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Abstract

The structures of the ordered and isotype oxyfluorides NaMO2F2 (M = Nb, Ta) were 

thoroughly investigated by combining powder X-Ray Diffraction (PXRD), 19F and high-field 
23Na and 93Nb solid-state NMR, and DFT calculations. The structures, derived from Rietveld 

refinement of the PXRD data, exclusively consist of cis-[MO4F2]5– octahedra, in which cations 

are displaced from their ideal centered positions toward an oxide face. The NMR parameters 

were calculated for both the experimental (ES) and the atomic positions optimized (APO) 

structures, the latter exhibiting, as is often the case, the best agreement with the 

experimental data. Nb5+ and Ta5+ cations having the same size, niobium and tantalum 

isotypes have usually very close cell parameters. However, those of NaNbO2F2 and NaTaO2F2, 

particularly c, differ in unusual proportions. This difference in c parameters is due to 

stronger second-order Jahn-Teller effect (SOJTE) for the cis-[NbO4F2]5– than for the cis-

[TaO4F2]5– octahedra, further confirmed by band structure and projected density of states 

calculations. Furthermore, by optimizing the synthesis conditions of these compounds using 

thermal analysis, a very low amplitude endothermic event, upon heating, was observed only 

for NaNbO2F2. An extensive analysis of the variable temperature (VT) PXRD data revealed 

that this event is related to a deviation from linearity of the cell parameters evolution and 

that structural features of these two isotypes evolve differently with temperature.
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Heteroanionic Materials; oxyfluoroniobiates and oxyfluorotantalates; Second Order Jahn-

Teller effect (SOJTE); VT PXRD; Multinuclear solid-state NMR; DFT calculations.
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1. Introduction

Inorganic oxyfluorides are heteroanionic materials (HAMs) containing two anionic 

species with different characteristics, such as charge, ionic radii, electronegativity, and 

polarizability, which thus offer opportunities to control and tune the electronic and atomic 

structure and to develop new materials with targeted functionalities [1,2]. In recent years, 

early transition metal (ETM) d0 cation (Ti4+, V5+, Nb5+, Ta5+, Mo6+ and W6+) oxyfluorides have 

been investigated for their properties and applications as nonlinear optical (NLO) [3–6], 

ferroelectric [7,8], photocatalytic [9,10] and battery [11–13] materials. 

In HAMs, a metal cation is often bonded to two anionic ligands to form a heteroleptic 

polyhedron acting as the basic-building unit (BBU) of the structure. The closeness of the ionic 

radii for oxide and fluoride anions [14] allows them to occupy the same site(s) in a crystal, 

as for instance in NbO2F and TaO2F [15]. However, their different anionic characteristics lead 

to distinct bonding interactions in the heteroleptic polyhedra: M−O bonds are more covalent 

and thus shorter compared to the more ionic M−F bonds. These different bond lengths result 

in M cation displacements toward the oxide ions and produce cis rather than trans 

configurations for [MO2F4]n− and [MO4F2]n− octahedra and fac rather than mer configurations 

for [MO3F3]n− octahedra. These preferential configurations of ETM d0 [MOxF6-x]n- octahedra 

can lead to structures without anion-site disorder [1], as observed in compounds build on 

[MOF5]2– (M = V5+, Nb5+, Ta5+ [3,4,16–19]), [MO2F4]2– (M = Mo6+, W6+ [18,20]), [MoO3F3]3– 

[8,21,22], [NbO4F2]5– [6] and [MO5F]5– (M = Mo6+, W6+) [5,23]. Such distorted octahedra, 

because of their directing properties, anion ordering and greater probability to crystallize in 

non-centrosymmetric (NCS) space group are of interest for designing new second harmonic 

generation (SHG) NLO materials [3,24]. Nevertheless, more often than not, the anion-site 

order is only partial; between the limits of fully ordered and randomly disordered anions, 

there are many cases of intermediate anion-site orders with local clustering or extended 

correlations that may give rise to nonrandom site occupancies in the average crystal 

structure [1,2]. Among oxyfluoroniobiates and oxyfluorotantalates, correlated disorder 

manifesting as O/F-ordered strings has been evidenced and modeled in MO2F [25,15] and 

MOF3 [26] resulting, for the latter, from favored cis-[MO2F4]3- octahedra. Partial orderings 

are also likely, as observed, for example, in Bi2NbO5F [27].
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The studied compounds, NaMO2F2 (M = Nb, Ta), are part of the rich families of sodium 

oxyfluoroniobiates (V) and oxyfluorotantalates (V) [28], which include for the former, 

NaNb6O15F [29], Na3NbOF6 [30], Na2NbOF5 [31], NaNb3O5F [32], Na3Nb12O31F [33,34] and 

Na2Nb2O5F2 [35], and for the latter, Na2Ta2O5F2 [35], Na2Ta2O5F2-β [36] and NaTa2O5F [37]. 

Moreover, Na2Ta3O6F5, Na4Ta5O10F9, NaTa3O7F2, Na2Ta6O15F2, Na2Ta8O19F4, NaTa6O15F 

(isotype with NaNb6O15F) and NaTa4O8F5 [38,39] have been reported but their structures 

have not been determined. Among sodium oxyfluoroniobiates and oxyfluorotantalates 

whose crystal structures have been reported, only four, NaMO2F2 (M = Nb [40], Ta), 

NaNb6O15F [29] and Na3NbOF6 [30], are ordered. NaNbO2F2 [38,40] and NaTaO2F2 [38,39], 

whose atomic positions have not been determined, are isotype and crystallize in the 

monoclinic system (P21/c space group (no. 14)). NaMO2F2 structures are built up from 

[MO4F2]5– octahedra but P21/c is centrosymmetric, which is redhibitory for NLO properties.

In this work, we combine PXRD (for consistency both crystal structures have been 

refined), 19F, 23Na and 93Nb solid-state NMR and DFT calculations of NMR parameters to 

characterize the RT structures of NaMO2F2 (M = Nb, Ta). In the case of ordered structures, as 

oxide and fluoride anions have very similar X-ray and neutron scattering factors, their 

structural environments set them apart. Differences in formal charge and size are captured 

by the popular bond valence sum (BVS) method [41,42]. Due to equal values of ionic radii of 

Ta5+ and Nb5+ cations (0.78 Å if sixfold coordinated) [14], niobium and tantalum isotypes 

have usually very close cell parameters (Table S1). NaNbO2F2 and NaTaO2F2 are exceptions 

since their cell parameters, especially c, differ in unusual proportions, as a result of a 

stronger SOJTE for the [NbO4F2]5– octahedra in NaNbO2F2 than for the [TaO4F2]5– octahedra 

in NaTaO2F2.

Furthermore, in seeking to optimize their synthesis conditions thanks to 

thermogravimetric and differential thermal analyses (TGA and DTA), a very low amplitude 

endothermic event upon heating was observed for NaNbO2F2, but not for its tantalum 

isotype. The conducted VT PXRD experiments revealed that structural features of the two 

compounds evolve differently with temperature. 
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2. Materials and methods

2.1. Sample preparation

NaNbO2F2 was first synthesized in the form of plate-shaped crystals by Andersson and 

Galy [40], in the late 1960s, by heating a stoichiometric mixture of NaF and NbO2F at 600°C. 

A few years later, single-crystals of NaTaO2F2 were synthesized by Chaminade et al. [38] who 

declared it to be an isotype of its niobium counterpart. In the present work, polycrystalline 

powders of NaMO2F2 compounds were also obtained from a mixture of NaF and MO2F (M = 

Nb, Ta). MO2F compounds were prepared following the procedure reported in [15], and were 

subsequently mixed with NaF. As sodium fluoride is moisture sensitive, the steps of 

weighing, mixing and grinding were carried in a nitrogen-filled glove box. The mixtures were 

then loaded in platinum tubes, sealed and heated over two days at 550°C and 600°C for 

NaNbO2F2 and NaTaO2F2, respectively. The heating and cooling rates were set to 5°C.min-1.

2.2. Characterization techniques

2.2.1. Solid-state NMR spectroscopy
19F (I = 1/2) magic angle spinning (MAS) NMR spectra were recorded with a Bruker 

Avance III spectrometer operating at 7 T (Larmor frequency of 282.4 MHz) 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 20 s. The 90° pulse was set to 1.56 μs (RF field of 160 kHz). For 

NaNbO2F2, a 93Nb 64-step small-phase incremental alteration (SPINAL-64) [43] decoupling 

was employed during the acquisition process at a RF field of ~106 kHz.
23Na (I = 3/2) and 93Nb (I = 9/2) MAS NMR spectra were recorded with a Bruker Avance 

III spectrometer operating at 20 T (Larmor frequency of 224.9 and 208.1 MHz for 23Na and 
93Nb, respectively) using 2.5 and 1.3 mm CP-MAS probe-heads for 23Na and 93Nb, 

respectively. For 23Na, the spectra were recorded using a heteronuclear 23Na–19F SPINAL-64 

decoupling sequence at a RF field of 132 kHz and a recycle delay of 1 s. The pulse duration 

was set to 0.35 μs (RF field of 36 kHz) corresponding to a small pulse flip angle of 10° to 

ensure a total excitation of the entire spin system. For the 93Nb static spectrum, the Hahn 

echo sequence was used with a recycle delay of 1 s, the length of the CT 90° selective pulse 

was set to 2 μs (RF field of 125 kHz).
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The 19F, 23Na and 93Nb spectra were referenced to CFCl3, 1 M NaCl aqueous solution and 

saturated K[NbCl6]/CH3CN solution, respectively. All spectra were fitted using the DMFit 

software [44].

2.2.2. Thermal analysis

DTA and TGA analyses were carried on ~56 mg powder samples of NaNbO2F2 and 

NaTaO2F2 using a TGA/DTA Q600 SDT TA Instruments apparatus (Pt crucibles, α-Al2O3 as a 

reference) under argon atmosphere (flow rate of 100 mL.min-1). The heating process was set 

from RT to 300°C with heating and cooling rates of 10°C.min-1.

2.2.3. Powder X-ray diffraction

Both the RT and the temperature-controlled PXRD patterns were recorded with a 

PANalytical θ/θ Bragg–Brentano EMPYREAN diffractometer (CuKα1+2 radiations) equipped 

with a PIXcel1D detector. The RT PXRD patterns were measured in a 2θ range of 5° to 135° 

with a 0.0131° step size. The total acquisition time was approximately 7h30. The raw 

powders were dusted through a 63 μm sieve (Saulas) on a glass holder to avoid the strong 

preferential grain orientation. The temperature-controlled PXRD patterns were recorded 

under air in a temperature ranging from RT to 300°C using a HTK 900 Anton Paar furnace 

attachment and a glass ceramic Macor sample holder. The PXRD patterns were collected at 

intervals of 20°C and 10°C over the temperature ranges [25–220°C] and [220–300°C], 

respectively (heating rate of 5°C/min). The temperature was stabilized for 20 minutes 

before each pattern was recorded. Each PXRD pattern was collected at a given temperature over 

a 2θ range from 10° to 100° with a 0.0131° step size and a total acquisition time of 3 h. 

2.3. First principle calculations

Our first-principles calculations, based on density functional theory (DFT) [45], were all 

performed using the VASP code (version 6.2.1) [46,47], with a wave function expanded on a 

plane-wave basis set with a 550 eV kinetic energy cut-off and (4 × 6 × 4) shifted Monkhorst-

Pack k-point mesh. These calculations used the Perdew–Burke–Ernzerhof functional 

including the generalized gradient approximation (GGA-PBE) [48] to obtain the ground state 

electronic structure. The interactions between core and valence electrons were described 

using the projector augmented wave (PAW) method [49], with cores configurations of [He] 

for O, F and Na, [Ar], 3d10 for Nb and [Xe], 4f14 for Ta and the PAW potentials O_s_GW, F_GW, 

Na_sv_GW, Nb_sv_GW and Ta_sv_GW, for O, F, Na, Nb and Ta respectively, including six 
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electrons for O (2s2 2p4), seven electrons for F (2s2 2p5), nine electrons for Na (2s2 2p6 3s1) 

and thirteen for Nb (4s2 4p6 4d5) and Ta (5s2 5p6 5d5). The atomic positions were relaxed 

until all forces converged to less than 0.1 meV/Å. The total energy was converged up to 

change below 10–8 eV.

The PAW [49,50] and the gauge including projector augmented wave (GIPAW) [51,52] 

approaches were used to calculate the quadrupolar coupling NMR parameters and the 

magnetic shielding values, respectively. The PAW potentials, plane-wave energy cut-off and 

the shifted Monkhorst-Pack k-point mesh were set the same as the DFT relaxation.

2.4. Tensor convention and magnetic shielding to chemical shift conversion

The calculated magnetic shielding tensor and the experimental chemical shift parameters 

are defined by the Haeberlen convention [53]. 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|. Similarly, the chemical shift tensor is 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|. σiso is related to δiso by the relation: δiso ≃ σiso,ref – σiso, with σiso,ref being the absolute 

isotropic magnetic shielding reference.

In the present work, 23Na and 93Nb δiso values were obtained using previously established 

linear regressions δiso = –0.811(13) σiso + 449(7) [54] and δiso = –σiso – 586.9 [15], 

respectively. For 19F δiso values, two new linear regressions, established from NaF [55] and 

NaNbO2F2 or NaTaO2F2, were used.
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3. Results and discussion

3.1 RT PXRD data refinements

The experimental structures (ES) were obtained by refining the recorded RT PXRD 

diagrams using the structural Rietveld refinement method [56] implemented in the Fullprof 

software [57]. The crystal structure of NaNbO2F2 [40] was used as initial model for the 

refinements. Isotropic displacement parameters (IDPs, Uiso) were considered for all atoms. 

The background intensity was estimated from linear interpolation between points manually 

selected in regions free from Bragg reflections. The crystallographic data are gathered in 

Table 1. The atomic coordinates and Uiso values are gathered in Table 2. The observed, 

calculated and intensity difference patterns and reliability factors are given as 

supplementary material (SM) (Fig. S1 and S2). Crystal structures have been deposited via 

the joint CCDC/FIZ Karlsruhe deposition service. CSD [58] 2298195 and 2298196 

(deposition number) contain the supplementary crystallographic data for NaNbO2F2 and 

NaTaO2F2, respectively. These data can be found free of charge from FIZ Karlsruhe via 

https://www.ccdc.cam.ac.uk/structures.

The cell parameters differ slightly compared with those determined previously : a = 8.013 

Å (a different value is also reported (8.063 Å) in the abstract of the paper), b = 5.405 Å, c = 

7.626 Å and β = 101.70 (°), i.e., V = 323.42 Å3 (325.44 Å3) for NaNbO2F2 [40] and a = 8.091 Å, 

b = 5.434 Å, c = 7.498 Å and β = 102.15 (°), i.e., V = 322.28 Å3 for NaTaO2F2 [39]. As mentioned 

in the introduction, the cell parameters of NaNbO2F2 and NaTaO2F2, whether determined 

more than 50 years ago or for this study, differ in unusual proportions compared with others 

niobium and tantalum isotypes (Table S1): –1.2 % and +1.7 % from Nb to Ta, for a and c, 

respectively. These differences almost perfectly compensate since the volumes of the two 

cells differ by less than 0.1 %.

The BVS values gathered in Table 3 were calculated using the following values of R0 

parameters: 1.756 [59], 1.677, 1.911, 1.92 [41], 1.87 and 1.88 Å [42] for Na+/O2–, Na+/F–, 

Nb5+/O2–, Ta5+/O2–, Nb5+/F– and Ta5+/F– ion pairs, respectively, and b = 0.37 Å. They support 

the refined crystal structures and then the ordering proposed previously for NaNbO2F2 [40].
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Table 1. Crystal data for NaNbO2F2 and NaTaO2F2.

NaNbO2F2 NaTaO2F2

Crystal system monoclinic

SG P21/c

a (Å) 8.0026(3) 8.09997(3)

b (Å) 5.4072(3) 5.4391(1)

c (Å) 7.6243(3) 7.4982(3)

β (°) 101.916(2) 102.128(2)

V (Å3) 322.81(2) 322.96(1)

Z 2

Formula weight (g.mol–1) 371.7656 547.8488

Density (calculated, g.cm–3) 3.825 5.634

T (K) 298

Wavelength (Kα1/Kα2) (Å) 1.54056/1.54433

2θ range (°) 5–135

Rp/Rwp/Rexp (%) 10.8/11.4/2.3 9.2/9.2/2.0

RB/RF (%) 6.2/5.2 5.0/5.3

Table 2. Atom, atomic coordinates (x, y, z) and isotropic displacement parameter (Uiso, Å2) 

of NaNbO2F2 and NaTaO2F2. All atoms fully occupy 4e Wyckoff positions (symmetry 1).

NaNbO2F2 NaTaO2F2

Atom x y z Uiso x y z Uiso

Na1 0.3666(9) 0.780(3) 0.116(1) 0.014(3) 0.377(1) 0.793(3) 0.109(2) 0.014(5)

Nb1/Ta1 0.1549(3) 0.2644(9) 0.3180(4) 0.017(1) 0.1581(2) 0.2598(6) 0.2982(2) 0.0060(3)

O1 0.183(2) 0.156(2) 0.071(2) 0.018(4) 0.199(2) 0.154(3) 0.053(3) 0.007(5)

O2 0.043(2) 0.544(3) 0.212(2) 0.018(4) 0.037(3) 0.559(4) 0.216(3) 0.007(5)

F1 0.377(2) 0.444(2) 0.314(2) 0.023(4) 0.376(2) 0.472(3) 0.304(3) 0.014(4)

F2 0.310(2) 0.977(2) 0.378(2) 0.023(4) 0.330(2) 0.982(3) 0.377(3) 0.014(4)
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Fig. 1. Perspective views of the (a) (NbO2F2
–)n layers in the structure of NaNbO2F2, (b) of the 

unit cell and (c) of the coordination polyhedra of Na and Nb sites and one of the F sites, in 

which, atoms labeled X, X’ and X’’ (X = O1, O2, F1 and F2) are equivalent by symmetry 

operations. The drawings were created using VESTA [60].

Perspective views of the structure of NaNbO2F2 illustrating the (NbO2F2)∞ layers, the unit 

cell and the local environments of Na+, Nb5+ and F– ions are represented in Fig. 1. In NaMO2F2, 

the [MO4F2]5– octahedra adopt, as expected, a cis configuration and only share their four 

oxygen vertices with each other to build infinite (NbO2F2)∞ layers with outward-facing 

fluorine vertices. This is consistent with the strong affinity between the electropositive 

sodium and the most electronegative fluorine. Concurrently, the Nb5+ cations displace 

toward the oxide ions located trans to the fluoride ones, increasing the overall bonding 

strength and enhancing the inherent distortions of the heteroleptic [MO4F2]5– octahedra 

(Fig. 1(c), M–X bond lengths and X–M–X angles are reported in Tables 4 and S4, 

respectively). The wavy (NbO2F2)∞ layers are stacked along the crystallographic a axis and 

separated from each other by Na+ ions located in an irregular environment consisting of six 

F– ions and two O2– ions, in the sequence 4/1/2/1 (Table S3 and Fig. 1(c)). It was described 
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by Andersson et al. as a distorted octahedra considering only the F– ions or as sevenfold 

coordinated considering in addition the nearest O2– ion [40]. Na+ conduction properties were 

investigated in both the stoichiometric and sodium-deficient NaNbO2F2 phases but the ionic 

conductivity of both samples «could not be measured because they were too porous» [61].

The larger c value observed for NaNbO2F2 results from longer Nb–O1 bond lengths (Table 

4 and Fig. 1(c)) and larger Nb–O1–Nb (147.8°) and O1-Nb-O1 (166.9°) angles compared with 

their counterparts in NaTaO2F2 (143.9° and 161.1°, Fig. 1(b)). The lower a value observed 

for NaNbO2F2 is related to the lower thickness of the (NbO2F2
–)n layers (∼5.394 Å) compared 

to (TaO2F2
–)n layers (∼5.599 Å) in NaTaO2F2 (Fig. 1(a)). Further details are discussed in 

section 3.6.

Table 3. Bond valence sum values from ES and APO models of NaMO2F2 (M = Nb & Ta) 

M Model Vi
Na Vi

M Vi
O1 Vi

O2 Vi
F1 Vi

F2

Nb ES 1.003 5.069 1.783 2.070 1.107 1.112

APO 1.021 5.013 1.922 1.972 1.076 1.064

Ta ES 1.103 4.926 1.915 2.027 1.067 1.021

APO 1.020 5.135 1.980 2.011 1.094 1.070

Table 4. Individual and average M–X bond lengths (X = O1, O1’, O2, O2’, F1 and F2, Å) in the 

[MO4F2]5– octahedra in the ES and APO models of NaMO2F2 (M = Nb & Ta) and in the structure 

of NaNbO2F2 determined earlier from single crystal (SC) [40].

NaMO2F2 M = Nb M = Ta

Model ES APO SC ES APO

M–F1 2.03(2) 2.04 2.04 2.11(2) 2.05

M–F2 1.99(1) 2.02 2 2.06(2) 2.02

M–O1 1.94(2) 1.83 1.83 1.93(2) 1.94

M–O1’ 2.03(2) 2.14 2.12 2.02(2) 1.97

M–O2 1.86(2) 1.94 1.93 1.93(2) 1.93

M–O2’ 1.96(2) 1.90 1.88 1.90(2) 1.92

<M-X> 1.97 1.98 1.97 1.99 1.97
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3.2 Multinuclear solid-state NMR

High-resolution solid-state NMR data are essential to support a structure determination 

through powder diffraction techniques. Indeed, for each observed nucleus, NMR spectra 

provide information about the number of non-equivalent crystallographic sites and their 

relative multiplicity. In addition, NMR data can be used in conjunction with DFT calculations 

to assess the accuracy of structural models.

The experimental 19F, 23Na and 93Nb NMR spectra and their fits are gathered in Fig. 2 and 

the experimental NMR parameters relevant for the discussion, including δiso, δCSA, ηCSA, the 

quadrupolar coupling constant (CQ) and the asymmetry parameter (ηQ) are reported in 

Table 5. More details on the 23Na spectra and on the 19F and on the 23Na experimental NMR 

parameters are given as SM (Fig. S3-S4 and Tables S6-S8).

3.2.1 19F NMR

Both recorded 19F MAS NMR spectra (Fig. 2 (a) and (b)) present two main resonances 

with similar intensities, as expected for two F crystallographic sites of same multiplicity (4e), 

as well as low intensity resonances assigned to NaF (δiso = –224.2 ppm [62]) and unidentified 

impurities. Two or three contributions were used to reconstruct each main resonance 

perfectly (Tables S6 and S7). The 19F δiso values (Table 5) are in between those of NaF in 

which F– ions are sixfold coordinated to Na+ ions (2.32 Å [55]) and those of the terminal F– 

ions in NbF5 (193-268 ppm [63]), KNbF6 (100.0 ppm [64]), CsNbF6 (110.1 ppm [65]), TaF5 

(106-174 ppm [63]), and KTaF6 (37.1 ppm [64]). Accordingly, the δiso values of NaNbO2F2 are 

higher than those of NaTaO2F2. The significantly lower values for NaNbO2F2 and NaTaO2F2 

compared with the NbF5 and TaF5 ones can be explained by the presence of (two close) Na+ 

ions (Table 6) and longer Nb–F and Ta–F bond lengths in NaNbO2F2 and NaTaO2F2 (the 

shortest the bond length, the largest the δiso value [63,66]). The same last argument and the 

larger δiso values of KF (–133.2 ppm [62]) and CsF (–11.2 ppm [62]) compared to NaF, 

explains the significantly lower values compared with KNbF6 (2 F sites, doubtful bond 

lengths: Nb–F1,2 = 2.124, 2.130 Å [67]), CsNbF6 (Nb-F = 1,876 Å [68]) and KTaF6 (3 F sites, 

Ta–F(1,2,3) = 1.905, 1.930, 1.905 Å [69]). The δiso gaps between the two main lines are 

similar: 27.8 and 21.5 ppm for NaNbO2F2 and NaTaO2F2, respectively. The main difference 

between the environment of F1 and F2 in NaNbO2F2 and NaTaO2F2 relies on the F–Nb and F–
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Ta bond lengths which are shorter for F2 (Table 4). Then, for each compound, the 19F 

resonance with a lower (higher) δiso value is tentatively assigned to the F1 (F2) atoms.

3.2.2 23Na and 93Nb NMR
23Na (I = 3/2) and 93Nb (I = 9/2) are subjected to quadrupolar interaction. In this case, the 

use of high magnetic fields considerably improves the resolution in MAS spectra, since the 

chemical shift dispersion increases with the magnetic field while second-order quadrupolar 

broadenings decrease [70]. The use of high magnetic fields are most beneficial for niobium 

compounds with large 93Nb quadrupolar coupling constants (exceeding 20 MHz) [71]. The 

shapes of the central transition (CT) of the high magnetic field NMR spectra of 23Na and 93Nb 

(Fig. 2 (c, d, e)) are indicative of large ηQ values consistent with the low symmetry (1) of 

these distorted sites. 

While most of the 93Nb CQ values in homoleptic octahedra do not exceed 30 MHz for oxides 

[71] and are around 10 MHz for fluorides [64,65], the off-centering of Nb5+ in the heteroleptic 

cis-[NbO4F2]5– and [NbOF5]2– octahedra results on larger 93Nb CQ values (42.0 MHz in 

NaNbO2F2 (Table 5), 36.0 and 33.2 MHz in Cdpy4NbOF5 (py = C5H5N) and 

[pyH]2[Cdpy4(NbOF5)2] [72]). The 93Nb iso values for [NbO6-xFx](7-x)- octahedra decrease as x 

increases: between –900 and –1100 ppm for most of the [NbO6]7– octahedra [71], close to –

1300 ppm for [NbOF5]2– octahedra (–1310 and –1320 ppm [72]) and around –1600 ppm for 

[NbF6]- octahedra [64,65]. The 93Nb iso value for [NbO4F2]5– octahedron in NaNbO2F2 (Table 

5) respects this trend.

The satellite transitions (STs) in the 23Na spectrum of NaTaO2F2 are significantly less 

intense than those in the well reconstructed 23Na spectrum of NaNbO2F2 (Fig. S3 and S4). 

The shape of the STs in the 23Na spectrum of NaTaO2F2 is perfectly Lorentzian, so this 

undoubtedly reflects a dynamic effect. Two ‘Int2quad’ [44] lines with the same chemical 

shifts and quadrupolar parameters, one for the central transition (CT) and the second for the 

STs, were used to reconstruct the spectrum, allowing the intensity and width of the 

transitions to be adjusted separately (Table S8). The NMR parameters of 23Na in the two 

isotypes are close, as expected for Na+ similar environments (Table 5). The CQ values are in 

the same order of magnitude than those observed for eightfold-coordinated sodium 
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fluorides in -NaCaAlF6 (Na1, CQ = 1.36 MHz) [73], Na5Al3F14 (Na1 and Na2, CQ = 1.48 and 

3.18 MHz) and Na3AlF6 (Na2, CQ = 1.43 MHz) [74].

 Fig. 2. Experimental (blue) and fitted (dashed red) MAS NMR spectra of (a) 19F (64 kHz), (c) 

CT of 23Na (30 kHz) and (e) static NMR spectra of 93Nb for NaNbO2F2 and MAS NMR spectra 

of (b) 19F (64 kHz) and (d) CT of 23Na (30 kHz) for NaTaO2F2. On the 19F spectra and on the 
23Na CT of NaTaO2F2, the individual resonances used for the fits (Tables S6-S8) are shown 

below. On the 19F spectra, the stars indicate spinning sidebands, the main resonances are 

assigned and additional resonances, one assigned to NaF and the other to unidentified 

impurities, are outlined and their relative intensities are indicated.
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Table 5. Compound, nuclei, experimental δiso, δCSA (ppm), and ηCSA values for all observed 

nuclei, CQ (MHz) and ηQ values for 23Na and 93Nb, relative intensities (I, %) and corresponding 

assignments for 19F.

Compound Nucleus δiso δCSA ηCSA CQ ηQ I Assignment

NaNbO2F2
19F -90.8 -125 0 49.0 F1

-63.0 -130 0 49.4 F2
23Na -9.8 8.9 0.30 1.60 0.71
93Nb -1206.1 -285.2 0.08 42.0 0.60

NaTaO2F2
19F -102.8 -117.4 0 46.2 F1

-81.3 -127.2 0 49.6 F2
23Na -11.2 8.5 0.30 1.74 0.67

Table 6. F–M bond lengths (X = F1 and F2, Å) from the ES and APO models of NaMO2F2 (M = 

Nb, Ta).

NaMO2F2 M = Nb M = Ta

Model ES APO ES APO

F1–M 2.03(2) 2.04 2.11(2) 2.05

F1–Na1 2.22(2) 2.26 2.20(2) 2.27

F1–Na1’ 2.35(2) 2.29 2.28(3) 2.31

F2–M 1.99(1) 2.02 2.06(2) 2.02

F2–Na1 2.25(2) 2.26 2.27(2) 2.25

F2–Na1’ 2.39(2) 2.35 2.35(2) 2.37

3.3 DFT relaxation 

In order to assess the quality of the crystal structures and to confirm the 19F resonance 

assignments, NMR parameters were modeled, for each compound, from both the 

experimental (ES) and atomic position optimized (APO) crystal structures.
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Table 7. Distortion index (DI), quadratic elongation (⟨λ⟩), bond angle variance (σθ, deg.2) and 

dX–M–X - ⟨d⟩ (Å) with dX–M–X the sum of two opposite M–X (M = Nb, Ta; X = O, F) bond lengths 

and ⟨d⟩ the mean dX–M–X distance for the [MO12O22F1F2]5- octahedra in NaNbO2F2 and 

NaTaO2F2 calculated from ES and APO models.

Compound Model DI ⟨λ⟩ σθ dO1–M–O1’-⟨d⟩ dF1–M–O2’-⟨d⟩ dF2–M–O2-⟨d⟩

NaNbO2F2 ES 0.025 1.016 50.8 0.038 0.053 -0.090

APO 0.044 1.015 42.8 0.013 -0.012 0.000

NaTaO2F2 ES 0.034 1.015 48.5 -0.036 0.0027 0.010

APO 0.023 1.008 26.0 -0.036 0.0026 0.009

Focussing now on the relaxation effects with respect to the ES, as is often the case for 

powder-refined crystal structures, significant atomic displacements (up to 0.11 Å for O in 

NaNbO2F2) are observed for NaNbO2F2 and NaTaO2F2 (Table S2). Nevertheless, the average 

bond lengths evolve little in the cis-[MO4F2]5– octahedra (Table 4) and in the Na+ ions 

polyhedra (Table S3). The angular distortions in the cis-[MO4F2]5– octahedra, 𝛼 =  1
12

∑𝑛
𝑖=1 |𝛼𝑖 ― 90°| and 𝛽 =  13∑𝑛

𝑖=1 |𝛽𝑖 ― 180°| with αi the twelve angles between two adjacent M–

X bonds and βi the three angles between two opposite M–X bonds (Table S4) are slightly 

reduced for NaNbO2F2. They are further reduced for NaTaO2F2 and are thus stronger in the 

APO structure of NaNbO2F2 than in that of NaTaO2F2. These observations are corroborated 

by the evolution of the values of the distortion index [75], quadratic elongation (λ) and bond 

angle variance (σθ) [76] of the cis-[MO4F2]5– octahedra (Table 7). Unsurprisingly, for 

NaNbO2F2, the structural characteristics of the APO model are closer to the structure 

determined on single crystal (Table 4), confirming its accuracy [40].

As expected, for both the ES and APO models, the M–F bonds are longer than the M–O2 

bonds (Table 4) and the O2–M–O2 angles are larger (ranging from 96 to 98°) than the F1–

M–F2 angles (ranging from 82 to 84°, Table S4). In the APO structures, M–F bond lengths, 

on the one hand, and M–O2 bond lengths, on the other hand, are close. However, there is a 

markedly different structural feature in the two compounds; while the M–O1 bond lengths 

differ slightly from each other and to the same extent in each of the two ES (~0.09 Å), they 
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differ significantly (~0.31 Å) in NaNbO2F2 APO and almost not at all in NaTaO2F2 APO (~0.03 

Å). The c parameter is equal to the distance between two O1 atoms of two cis-[MO4F2]5– 

octahedra sharing a O1 atom (Fig. 1), and therefore depends on the lengths of the M–O1 

bonds and on the values of the O1–M–O1 and M–O1–M angles. Consequently, the longer Nb–

O1 (shorter Ta–O1) bonds are consistent with a higher (lower) c value for NaNbO2F2 

(NaTaO2F2). To verify that the divergence in cell parameters is not due to inaccuracies in 

structural refinements, they have been fully optimized. This results in slight increases in the 

cell parameters values (ranging from 0.3% to 1.1%). Nevertheless, the ratios of the 

parameters a on the one hand (0.986) and c on the other hand (1.013) remain far from 1 

(Table S5). These unusual ratios, whether from experimental or optimized cell parameters, 

have been assumed to be due to more pronounced SOJT effects experienced by Nb5+ ions 

compared to Ta5+ ions. 

3.4 Band structure and projected density of states (PDOS)

To confirm this hypothesis, band structures, density of states (DOSs), and orbital-resolved 

DOS were calculated. Fig. 3 displays the calculated band structures of NaNbO2F2 and 

NaTaO2F2 along high symmetry lines. Both compounds are large gap insulators with an 

Eg,indirect/direct of 3.40/3.48 and 3.86/3.88 eV for NaNbO2F2 and NaTaO2F2, respectively. The 

direct band gap occurs at the Γ-point for both compounds. It is worth mentioning that the 

band gaps computed at the DFT level are systematically underestimated with respect to 

experiments. Thus, state of the art calculations based on the GW approximation [77,78] 

might change the nature and ordering of the band gaps as self-energy corrections are not 

uniform across the Brillouin zone and depend on the compound.

As shown in the right panels of Fig. 3, the projected DOS (PDOS) of NaNb(Ta)O2F2 display 

a notable overlap between the electronic orbitals of the Nb(Ta) atoms and those of the O and 

F atoms across the whole energy region, demonstrating strong covalent interactions of the 

Nb(Ta)–O and Nb(Ta)–F bonds. The top of the valence band (VB) is mostly occupied by O 

and F 2p nonbonding states, while Nb(Ta) 4d (5d) orbitals are the main contributors to the 

bottom of the conduction band (CB). Interestingly, the bottom of the CB in NaNbO2F2 and 

NaTaO2F2 display different features while the top of the VB are quite similar. The main 

difference is related to the higher DOS at the VB maximum for NaTaO2F2 arising from a 

smaller bandwidth.
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Fig. 3. Calculated DFT band structures from APO models along high symmetry lines and 

PDOS of NaNbO2F2 (upper panels) and NaTaO2F2 (lower panels). The position of the valence 

band maximum (VBM) and conduction band minimum (CBM) are respectively indicated as 

red and blue dashed lines. The arrows show the indirect band gaps from VBM to CBM.

To further understand the observed differences in the PDOS ― the different features that the 

bottom of the CB display in NaNbO2F2 and NaTaO2F2 ― and the role that SOJT effects plays in 

these differences, orbital-resolved DOS of both compounds was thoroughly investigated 

(Fig. 4). In heteroleptic polyhedral units (such as cis-[MO4F2]5― octahedra in this study), the 

magnitude of the distortion, characterized by short M–O and long M–F bonds, depends on 

the strength of the SOJT effect, which in turn is contingent on the strength of the 

hybridization between the empty d orbitals of cations and occupied p orbitals of anions [78–

80]. The orbital-resolved DOS shows that for both O1 and O2 atoms, the 2p orbitals are 

primarily distributed from ~–4.8 eV to the Fermi energy (EF) with a higher DOS distribution 
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near EF. The 2p orbitals of F1 and F2 atoms are mainly distributed from ~–4.8 eV to EF with 

a lower DOS distribution near EF. This indicates that for both F and O atoms, the 2p orbitals 

are fully occupied. Meanwhile, the Nb(Ta) 4d(5d) orbitals are primarily distributed above EF. 

However, finite DOS of 2px and 2py for O1 and 2pz for O2 are located above EF between ~4 

and ~6 eV. In this energy range, major contributions from Nb(Ta) 4dxz(5dxz), 4dyz(5dyz), and 

4dx
2

–y
2(5dx

2
–y

2) are observed. This implies that there is hybridization between the 

unoccupied Nb(Ta) 4dxz(5dxz), 4dyz(5dyz), and 4dx
2

–y
2(5dx

2
–y

2) orbitals and the occupied 2px 

and 2py for O1 and 2pz for O2 orbitals, confirming the occurrence of SOJT effect in these 

compounds. The overlap between Nb(Ta) 4dxz(5dxz) orbitals and the finite DOS observed 

above EF for 2p orbitals of O1 and O2 being higher in NaNbO2F2 than in NaTaO2F2, the SOJT 

effect is stronger in NaNbO2F2, leading to longer Nb–O1 bonds than Ta–O1 bonds, and to the 

unusual difference observed for the c parameters of the studied compounds.
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Fig. 4. Orbital-resolved Nb 4d, Ta 5d, O 2p and F 2p DOS for (a) NaNbO2F2 and (b) NaTaO2F2. 

(c) Off-centered [NbO4F2]5– octahedron and (d) illustration of the added covalent bonding 

due to distortions induced by the SOJTE. The overlap of the Nb (Ta) 4d (5d) orbital with the 

symmetry-adapted 2p orbital of the surrounding oxygen atoms is shown in blue. In In 

[TaO4F2]5– octahedron, the positive contribution in the overlap cancels the negative one so 

the net overlap is zero. In [NbO4F2]5– octahedron, the Nb atom is off-center, shifted in the z-

direction, the net overlap gains a non-zero value.

Nevertheless, the structure of NaNbO2F2 determined by PXRD at RT does not show 

differences in Nb-O1 bond lengths (0.09 Å) as large as in the SC (0.29 Å) and APO (0.31 Å) 

structures (Table 4). In addition, except for Na, atoms in the structure of NaNbO2F2 

determined by PXRD at RT, show higher, over double, IDPs values compared to those from 

NaTaO2F2 (Table 2). These observations could be explained by a dynamic and then in 

average weaker SOJT effect at RT in our sample, compared with the SOJT effects in the SC 

sample of Andersson and Galy [40] or predicted by DFT calculations (at 0 K).

3.5 PAW/GIPAW calculations

The calculated NMR parameters from the ES and APO models are given in Table 8 and 

represented through comprehensive radar charts in Fig. 5, showcasing the relative 

difference, denoted as f{G; N}, expressed as a percentage and defined by the relation 𝑓{𝐺;𝑁}

= 100 ―
|𝐺𝑒𝑥𝑝 ― 𝐺𝑐𝑎𝑙|

𝐺𝑒𝑥𝑝
× 100. G represents NMR parameters including δiso, CQ, and ηQ and N 

refer to 19F, 23Na and 93Nb nuclei. 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. As the relationships are dependent on the metal atom(s) constituting the fluoride(s) 

[26,62,63], we considered the differences between the calculated σiso values and the 

experimental δiso values: 𝑓{∆;19𝐹} = 100 ―
|∆𝜎𝑖𝑠𝑜 ― ∆𝛿𝑖𝑠𝑜|

∆𝜎𝑖𝑠𝑜
× 100. 

These radar charts highlight the almost perfect agreement between the calculated and 

experimental NMR parameters calculated from APO structures, evidencing the efficiency of 

the DFT relaxation. The only exception is the ηQ value of 23Na in NaTaO2F2, this parameter 
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being difficult to reproduce accurately. The agreement between experimental and calculated 
93Nb CQ values is also improved. The 93Nb CQ value decreases due to the reduction of the 

radial distortions defined as dX–Nb–X - ⟨d⟩ (Å) with dX–Nb–X the sum of two opposite Nb–X (X = 

O, F) bond lengths and ⟨d⟩ the mean dX–Nb–X distance (Table 7) [82]. The CQ value is not as 

small as expected for such small radial distortions likely due to the heteroanionic nature of 

the Nb octahedron. 

For 19F, the calculations confirm our tentative assignments since the calculated σiso of F1 

is larger than those of F2 for both the compounds. The difference in σiso from APO structures 

is closer to the difference in δiso for both compounds. Furthermore, in agreement with slightly 

more intense spinning sidebands, the calculated σCSA values are higher for F2 atoms 

compared to F1 atoms (Tables 5 and 8). Two new linear relations have been established 

from NaF [55] and APO model of NaNbO2F2 (δiso = –0.706(15)σiso + 49.6(4.0)), on the one 

hand (Fig. S5), and APO model of NaTaO2F2 (δiso = –0.741(1)σiso + 63.5(2)), on the other hand 

(Fig. S6). These relations which could be useful in the future for the prediction of 19F δiso 

values in Na and (Nb/Ta)-based (oxy)fluorides, have been used to calculate the 19F δiso values 

of NaNbO2F2 and NaTaO2F2, respectively (Table 8).
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Table 8. δiso (ppm), σCSA (ppm), ηCSA, CQ (MHz) and ηQ values calculated for 19F, 23Na and 93Nb 

atoms from the ES and APO models of NaNbO2F2 and NaTaO2F2.

Model Nucleus Site σiso δiso σCSA ηCSA CQ ηQ

NaNbO2F2

ES 19F F1 188.6 -83.5 74.2 0.67

F2 148.4 -55.1 -109.7 0.86
23Na Na1 567.4 -11.2 11.5 0.22 1.82 0.12
93Nb Nb1 586.5 -1172.5 258.9 0.42 65.0 0.65

APO 19F F1 196.1 -88.8 -84.1 0.87

F2 161.9 -64.7 -113.2 0.75
23Na Na1 567.5 -11.2 10.0 0.34 1.66 0.69
93Nb Nb1 576.8 -1163.7 258.8 0.27 43.2 0.58

NaTaO2F2

ES 19F F1 225.2 -103.3 67.6 0.97

F2 177.0 -67.7 -103.7 0.85
23Na Na1 564.9 -9.1 10.8 0.30 1.78 0.92

APO 19F F1 224.6 -102.9 70.8 0.67

F2 195.3 -81.2 -90.0 0.88
23Na Na1 568.6 -12.2 9.9 0.39 1.78 0.95
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Fig. 5. Radar charts comparing experimental and calculated, from the ES (in red) and APO 

(in blue) models, NMR parameters of NaNbO2F2 (left) and NaTaO2F2 (right). 

3.6 Thermal and temperature-controlled PXRD analysis

DTA-TGA were used to determine the thermal stability of the two studied compounds and 

the optimal annealing temperature to obtain samples as pure as possible. In the course of 

this study, we found that NaNbO2F2 exhibits a very low amplitude endothermic event around 

240°C on heating up and one exothermic event with similar amplitude around 260°C on 

cooling down (hysteresis of ~20°C) whereas no similar event was detected for the tantalum 

isotype (Fig. 6). The TGA curves show no significant weight loss during these thermal 

treatments. Given the low intensity of these events, we have verified their reproducibility by 

running a second cycle (Fig. S7) immediately after the first (Fig. 6). Furthermore, additional 

experiments were performed on the NaTaO2F2 sample, up to 600°C, to ensure that the events 

observed in NaNbO2F2 do not occur at higher temperature in NaTaO2F2 (Fig. S7). A 

comparative structural study was then undertaken by temperature-controlled PXRD to 

elucidate this singular difference of thermal behavior.
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Fig. 6. DTA (blue) and TGA (red) curves of NaNbO2F2 (left) and NaTaO2F2 (right) recorded, 

under argon atmosphere (flow rate of 100 mL.min-1), from RT to 300°C, with heating/cooling 

rate of 10°C.min-1. The thermal accidents observed for NaNbO2F2 are highlighted in blue and 

their temperature values are indicated.

PXRD patterns were collected from 25 to 300°C for both compounds. For each compound, 

Fig. 7 shows the temperature dependence of the PXRD diagrams from RT to 300°C in the 2 

range [32.5–35.5°] where most of the significant changes in peak intensity and position are 

observed. All the diffraction peaks move towards the low 2 angles with increasing 

temperature, thus reflecting an expansion of the monoclinic cell in all three crystallographic 

directions. However, the displacement in position of the (300) peak with the temperature is 

greater for NaNbO2F2 than for NaTaO2F2, suggesting that the a-axis of the former has a 

greater expansion than that of the latter, which was confirmed by calculating the thermal 

expansion coefficients (TEC) along this axis (Fig. 8). For NaNbO2F2, this trend increases 

above 250°C particularly for the (212) and (120) reflections (Fig. 7). The (020) and (112) 

reflections overlap at RT for NaNbO2F2 (Fig. 7 (a)), but are separated for NaTaO2F2 (Fig. 7 

(b)). Conversely, the (212) and (300) reflections are separated for NaNbO2F2 (Fig. 7 (a)) but 

overlap for NaTaO2F2 (Fig. 7 (b)). These differences in reflection positions are related to the 

differences in cell parameters (Table 1). While the a and b cell parameters of NaTaO2F2 are 

longer than those of NaNbO2F2, the c parameter of NaTaO2F2 is shorter. The initially 
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overlapped peaks start, gradually, separating upon reaching 300°C, especially the (020) and 

(112) peaks for NaNbO2F2 and the (212) and (300) for NaTaO2F2. 

Rietveld refinements of the temperature-controlled PXRD data (Figures S8-S15) were 

achieved and the corresponding parameters and reliability factors are gathered in Tables 

S9 and S10. The thermal evolutions of the cell parameters, a, b, c and β and volume V for both 

NaNbO2F2 (Fig. 8 left) and NaTaO2F2 (Fig. 8 right) were plotted and the corresponding 

thermal expansion coefficients (TEC, noted ) were determined. The thermal evolutions of 

the four cell parameters of NaNbO2F2 show the same trend: they increase linearly up to 

~220°C and expand more strongly above this temperature (i.e. deviation). While the cell 

parameters a, b and c of NaTaO2F2 expand linearly in the whole temperature range explored, 

the expansion of the angle β shows a deviation above ~220°C but of a smaller magnitude 

than that observed for NaNbO2F2 (Fig. 8). In the [25-220°C] range, the unit cell of NaTaO2F2 

homotetically expands in the (a,b) plane with increasing the temperature (identical a and 

b) but deforms strongly in the (a,c) plane ( is 7 and 10 times greater than a and c, 

respectively). Although the  coefficients are very close for the two compounds, the unit cell 

of NaNbO2F2 deforms along all three axes (significantly different values of ) with increasing 

the temperature.

For the two compounds, the thermal analyses and the thermal evolutions of the cell 

parameters are in agreement. Indeed, the departure from linearity in the thermal expansion 

of the cell parameters for NaNbO2F2 at ~220°C (Fig. 8) is unquestionably correlated with the 

endothermic peak detected in the DTA curve at ~231°C (Fig. 6) whereas nothing is observed 

for NaTaO2F2 in this temperature range. To identify the underlying factors contributing to 

this difference in the thermal behavior of these isostructural compounds, a thorough 

examination of various structural features was carried out.
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Fig. 7. Maps showing the temperature evolution of the (020), (112), (212), (300) and (120) 

peaks upon heating from RT to 300°C of NaNbO2F2 (a) and NaTaO2F2 (b). 
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Fig. 8. Temperature dependence of the cell parameters a, b, c, β and V for NaNbO2F2 (left) 

and NaTaO2F2 (right) determined from Rietveld refinement of temperature-controlled PXRD 

data (Tables S9 and S10). TECs (αa, αb, αc and αβ, °C-1), which were calculated from linear 

regressions in the [25–220°C] temperature range (blue line), are given as well as the R2 

values.
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Fig. 9 (c) summarizes the evolution against temperature of M–F1 and M–O1 bond lengths 

and F1–M–O1 and O2–M–O1 angles from [MO12O22F1F2]5- octahedra (Fig. 9 (a)), the rest of 

the bond lengths and angles as well as those from NaO1O2F13F23 polyhedra are given as SM 

(Fig. S16-S21). The evolutions of the inter-octahedral angles within the (MO2F2)n
n– layers 

are shown in Fig. 10 and 11 for the (b,c) and (a,b) planes respectively, along with the layer 

thickness and distance between layers. 

Despite variations in bond lengths and angles upon heating, the volumes of the octahedra 

in each compound vary only slightly (Fig. 9 (b)). [TaO4F2]5– octahedron presents more 

pronounced radial distortion, with a distribution of the lengths of its diagonals X–X of ~0.3 

Å, in comparison to [NbO4F2]5– octahedron (~0.04 Å). For both octahedra, M–F(1,2) and M–

O2' bond lengths vary slightly or remain stable over the [25-220°C] range (Fig. 9 (c) and 

S18). For the [NbO4F2]5– octahedron, the angle variations remain smaller than 2° (Fig. S19-

S21), while two bond lengths show significant variations (0.09 Å for Nb–O1 and -0.11 Å for 

Nb–O1', Fig. 9 (c)). As both the diagonal O1–O1' length and O1-Nb-O1’ angle within the 

[NbO4F2]5– octahedron remain constant, there is a marked decentering of the Nb atom, 

resulting in one short (1.85 Å) and three relatively close (1.98, 2.00 and 2.11 Å) Nb–O bond 

lengths at 220°C (Fig. 9 (c)). In contrast, the angle variations in the [TaO4F2]5– octahedron 

are more important (up to 4.9° for F1–Ta–O2 and 3.9° for F2–Ta–O2’, Fig. S19), yet the bond 

length variations remain less significant than in [NbO4F2]5– octahedron (Fig. 9 (c) and S18). 

Three bond lengths exhibit variations exceeding 2%, resulting in a notably short Ta–O2 (1.79 

Å), one relatively short Ta–O1 (1.91 Å) and two longer Ta–O1’ and Ta–O2’ (2.09 and 2.10 Å) 

bond lengths, and indicating a displacement of the Ta atom from the octahedron center 

toward O2 and O1 atoms at 220°C (Fig. 9 (c)). Despite their different thermal evolutions of 

the distances and angles, the high gap between the distortion indices (DI) of the octahedron 

in NaNbO2F2 and NaTaO2F2 (Fig. 9 (d)) does not change in the range [25-220°C]. For 

NaNbO2F2, in the [220-300°C] range, the difference between the opposite Nb–O1 and Nb–

O1' bond lengths decreases (Fig. 9 (c)), in contrast to what was observed previously, while 

the diagonal O1–O1’ length remains more or less constant. Given the small angular variations 

(Fig. S19-S21), this indicates a shift of the Nb position back towards the center of the 

octahedron, indicating a decrease of the SOJT effect above 220°C. In addition, both Nb–F1 

bond length and diagonal F1–O2' length decrease by ~0.04 Å, while the Nb–O2' bond length 
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remains stable (Fig. 9 (c)), leading to an increase in radial distortion for the [NbO4F2]5– 

octahedron.

In the [25-220°C] temperature range, the volumes (Vp) of the NaO2F6 polyhedra increase 

(~0.8 to 0.9 Å3, Fig. S17). Between 220 and 300°C, the Vp value remains stable for NaNbO2F2 

but continues to increase for NaTaO2F2. This can be related to the evolution of the Na–O1 and 

Na–O2 bond lengths, which both increased markedly up to 220° (between 0.06 and 0.20 Å) 

and then remains stable for NaNbO2F2 whereas Na–O2 bond length continues to increase for 

NaTaO2F2 (~0.06 Å, Fig. S17).
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Fig. 9. (a) Perspective view of [NbO12O22F1F2]5- octahedron, in which, atoms labeled X and 

X’ (X = O1 and O2) are equivalent by symmetry operations. Temperature dependence of (b) 

[MO4F2]5– octahedron volume, (c) bond lengths and (d) distortion index of NaNbO2F2 (red 

dots) and NaTaO2F2 (blue dots). Linear regressions (blue lines) are plotted in the [25–220°C] 

temperature range guiding the evolution of each quantity. The amplitude of significant 

evolutions is highlighted in blue.
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Fig. 10. Perspective view of the smallest octahedron unit describing the NaNbO2F2 

framework with the inter-octahedral angles (Φ, Ψ, and Ω) (a). Inter-octahedral angles from 

NaNbO2F2 (left (b)) and NaTaO2F2 (right (b)) as a function of temperature. Linear regressions 

(blue lines) are plotted in the [25–220°C] temperature range guiding the evolution of each 

quantity. The amplitude of significant evolutions is highlighted in blue.
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Fig. 11. (a) Illustration of two (NbO2F2)n
n– layers with indicated inter-octahedral angles (χ, 

Ψ and Ω), layer thickness (d1) and distance between layers (d2). (b) χ, d1 and d2 from 

NaNbO2F2 (left (b)) and NaTaO2F2 (right (b)) as a function of temperature. Linear regressions 

(blue lines) are plotted in the [25–220°C] temperature range guiding the evolution of each 

quantity. The amplitude of significant evolutions is highlighted in blue.

The differences between the compounds are not only present at the polyhedral level but 

also in the (MO2F2)n
– layers. In the (b,c) plane (Fig. 10), all the octahedra are connected by 

neighboring O atoms, with four octahedra forming a parallelogram (O1,O2,O1,O2). Its 

evolution against temperature can be followed using the inter-octahedron O2–O1–O2 angle, 

Ψ, and its complementary angle, π-Ψ (Fig. 10). In the [25–220°C] range, Ψ value decreases 

by ~3° and the (O1,O2,O1,O2) parallelogram approaches a rectangle, more for NaTaO2F2 

than for NaNbO2F2., thus explaining the difference in c between the two compounds. In the 

(a,b) plane (Fig. 11), the opposite O2–O2–F1 and O2–O2–F2 angles, noted Ω and Φ 

respectively, and the F1–O2–F2 angle, χ, provide information about the unfolding of the 

(MO2F2)n
– layers along the b axis (Ω and Φ) and the a-axis (χ). In the [25–220°C] range and 
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for both compounds, Φ and χ increase whereas Ω decreases, but with a higher magnitude for 

NaTaO2F2. The zigzag form of the (TaO2F2)n
– layers is stretched, mostly along the b axis with 

the marked increase (decrease) in Φ (Ω) values by more than 6° at 300°C. This stretching is 

further reinforced by the evolution against temperature of χ (Fig. 11), which is increasing by 

~4° and may partially explain the slight increase of the (TaO2F2)n
– layer thickness, d1. In 

NaNbO2F2, the layers are initially more corrugated (57°, 133°, 109° and 148° for Φ, Ω, Ψ and 

χ, respectively); the stretching is limited (opening of Φ angle by 2.2°) and the layer thickness, 

d1, remains constant (Fig. 11). No further stretching is observed for this compound at higher 

temperatures ([220–300°C]).
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4. Conclusion

NaNbO2F2 and NaTaO2F2 compounds were prepared using solid-state synthesis, and 

characterized using PXRD, 19F NMR, and high-field 23Na and 93Nb NMR. For each compound, 

the atomic positions were optimized and the NMR parameters were calculated for ES and 

APO models. These parameters were subsequently compared to the experimental data, 

revealing that the APO models are more precise than the ES ones. Furthermore, these 

structural models revealed that NaNbO2F2 experienced second-order Jahn-Teller distortion, 

further confirmed by band structure and projected density of states calculations. This 

explains the unusual observed disparity between the cell parameters, particularly c, which 

is related to the Nb–O1 bond length. The observed low amplitude endothermic event was 

confirmed by the evolution against temperature of the cell parameters derived from Rietveld 

refinement of the VT PXRD data. For NaNbO2F2, these parameters evolve linearly with 

temperature until reaching ~220°C, close to the endothermic event temperature, after which 

the parameter evolution deviated from linearity. In contrast, for NaTaO2F2, and except for β, 

cell parameters exhibited linear evolution with no deviation observed above ~220°C. A 

thorough analysis of structural parameters at different temperatures revealed distinct 

behaviors of the two compounds. Notably, NaTaO2F2 exhibit significant evolutions of the 

angles between polyhedra with the stretching of the zigzag form in the (TaO2F2)n
– layers, 

mostly along the b axis, while NaNbO2F2 display strong evolutions of the bond lengths, 

especially opposite Nb–O1 and Nb–O1’ which indicates a variation of the SOJT strength with 

the temperature.
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