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INTRODUCTION

Nuclear Magnetic Resonance (NMR) applied to solid is a powerful and increasingly important technique for the characterization of a wide range of structural materials. The transition metal nuclei often exhibit very large chemical shift ranges that may extend to more than thousand parts per million (ppm). Therefore, this parameter becomes extremely sensitive to small changes in the environment of the probed nucleus. The nuclear quadrupole moment is a fundamental character associated with the nucleus that is related to the non-pure spherical distribution of the charge. The quadrupole moment measuring method consists in studying the electrical hyperfine interaction energy between the quadrupole moment and the gradient of the electric field due to atomic electrons. Therefore, this parameter is also very sensitive to the environment of the probed nucleus. In particular, the effects of covalency in the NMR parameters may be quite important [1,2,3,4,5,6].

The combination of several interactions often makes complex solid-state NMR spectra and it is frequently difficult to extract all the information from these measurements. First-principles calculations are often used to complement experimental investigations. Density functional theory (DFT) is currently one of the most used methods in quantum calculations of the electronic structure of molecules and solids. More than thirty years ago, Blaha et al. developed a method for calculating electric field gradients (EFG) in solids using the linearized augmented planar wave (LAPW) approach [7]. In 1994, P. E. Blöchl developed a new approach called the projector augmented wave (PAW) method, which combines the versatility of the LAPW method with the formal simplicity of the traditional pseudopotential plane-wave approach [8]. This method allows the use of ultra-flexible pseudopotentials which are one of the crucial factors for saving CPU time.

In 2001, C. Pickard and F. Mauri developed a method for calculating chemical shifts under periodic boundary conditions and the pseudopotential (PP) approximation [9]. This method has been used successfully to calculate NMR shielding in various types of transition metal compounds [10,11,12]. Laskowski and Blaha developed another formalism to compute nuclear shielding tensors within the LAPW and APW+lo frameworks [13,14] (APW+lo approach uses local orbitals for an improved convergence according to the number of PWs). Although recent, the few applications of this formalism have demonstrated a result quality almost equivalent to that of GIPAW for various nuclei [13,14,15]. 93 Nb is a 9/2 spin nucleus with 100% natural abundance and a relatively large gyromagnetic ratio.

It is thus a relatively sensitive nucleus (equal to 0.48). However, it suffers from a large nuclear quadrupole moment (Q =32 x10 -30 m 2 ) and in the solid state, 93 Nb NMR spectra are dominated by the second-order quadrupolar interaction. Thus, the resonance of the central transition (-1/21/2) may be considerably broad. J. V. Hanna et al. studied several inorganic niobates using solid-state NMR [16]. They showed that both 93 Nb quadrupolar and chemical shift parameters are sensitive to structural details. They also computed NMR parameters using DFT periodic calculations. Later, E. Papulovskiy et al. completed these experimental and theoretical results for additional inorganic niobates [17]. Except for some structures, both computational investigations were carried out using X-ray crystallographic structures. Since some of us demonstrated that geometry optimizations of the crystal structures is a pre-requisite for accurate computed NMR parameters [ 18 , 19 ], we investigated the effect of geometry optimization on the computed 93 Nb NMR parameters of twelve niobates.

CONVENTIONS AND METHODS

Calculations give access to the shielding tensor expressed in the crystal frame. The three chemical shielding parameters, iso, aniso, and , are calculated from the eigenvalues (xx, yy, zz) using the following equations:

𝜎 𝑖𝑠𝑜 = (𝜎 𝑥𝑥 + 𝜎 𝑦𝑦 + 𝜎 𝑧𝑧 ) 3 𝜎 𝑎𝑛𝑖𝑠𝑜 = (𝜎 𝑥𝑥 -𝜎 𝑧𝑧 ) , with 𝜎 𝑥𝑥 ≥ 𝜎 𝑦𝑦 ≥ 𝜎 𝑧𝑧 𝜂 𝜎 = (𝜎 𝑦𝑦 -𝜎 𝑥𝑥 )/(𝜎 𝑧𝑧 -𝜎 𝑖𝑠𝑜 )
𝛿 𝑖𝑠𝑜 is calculated from the isotropic shielding using the relation defined by E. Papulovskiy et al.

in Ref. 17:

𝛿 𝑖𝑠𝑜 = 0.9774(-578.09 -𝜎 𝑖𝑠𝑜 )
The EFG tensor is traceless, that is, its eigenvalues (Vxx, Vyy, Vzz) obey Vxx + Vyy + Vzz = 0. We used the following conventions for the quadrupolar coupling constant CQ and the asymmetric parameter Q:

𝐶 𝑄 = 𝑒𝑄𝑉 𝑧𝑧 ℎ 𝜂 𝑄 = (𝑉 𝑦𝑦 -𝑉 𝑥𝑥 ) 𝑉 𝑧𝑧
with |Vzz| ≥ |Vyy| ≥ |Vxx| 93 Nb NMR parameters were computed for both X-ray and relaxed crystal structures of eleven compounds. Two of these compounds exhibit four-coordinated NbO4 sites (LaNbO4 [20], YNbO4 [21]) whereas the nine others exhibit six-coordinated NbO6 sites (MgNb2O6 [22], CaNb2O6 [23],

SnNb2O6 [24], BiNbO4 [25], La3NbO7 [26], Mg4Nb2O9 [27], CsBiNb2O7 [28], Cd2Nb2O7, (tetragonal [29] and cubic [30] structures), and Sn2Nb2O7 [31]. Full geometry optimizations (cell parameters and atomic positions) were performed with the CASTEP 4.3 code [32] using the PBE functional [33]. The convergence parameters were set equal to 210 -5 eV for dE/ion (energy convergence parameter per ion), 20 meV for |F|max (force convergence parameter), 10 -3 for |dr|max (displacement convergence parameter), and 10 -1 GPa for Smax (stress convergence parameter).

Optimizations were performed using initial symmetry constraints automatically determined by CASTEP 4.3. All calculations were checked for convergence with respect to the kinetic energy cutoff of the plane waves basis set (up to 800 eV) and the k-points grid used for integration over the Brillouin zone (BZ).

PAW [8] and GIPAW [9] calculations were carried out with the CASTEP 4.3 code [32] using the same GGA functional [33]. A set of convergence test calculations with energy cut-off values ranging from 500 to 900 eV were performed with steps of about 200 eV. All calculations were proven to converge in EFG and CS values with a cut-off energy of 700 eV. Increasing the cut-off energy to 800 eV resulted in maximum variations of 0.01 MHz, 0.01, 1.00 ppm, 0.10 ppm and 0.01 for CQ, Q, iso, aniso and , respectively. Different Monkhorst-Pack k-point grids for each compound were tested until convergence of the computed NMR parameters [34]. All USPP were generated using the OTF_ultra-soft PP generator included in CASTEP 4.3 [32]. Relativistic effects were taken into account for all elements by using the scalar relativistic PP.

APW + lo calculations were carried out using the WIEN2k code [35,36] in the PBE GGA [33] for the following compounds: BiNbO4, La3NbO7, Mg4Nb2O9, and Sn2Nb2O7. X-ray and optimized crystal structures were both used to compute quadrupolar interaction and chemical shift NMR parameters. The optimized structures were relaxed using the CASTEP code. For all compounds, sphere sizes were determined automatically. An RminKmax value of 7 was used. Convergence of calculations was checked for each crystallographic structure with an RminKmax value of 8. All calculations were also converged towards the number of k-points used for the BZ integration.

RESULTS

The parameters computed for both X-ray and optimized crystal structures are reported in Table 1.

The results will be discussed in the three following sections: Nb-O distances, quadrupolar interaction and chemical shift parameters. Nb-O bond distances. Averaged and standard deviations of X-ray and optimized structures are sketched in Figure 1. Further structural details are given in the Supporting Information section (Table S1). Four coordinated Nb atoms show shorter Nb-O distances than six-coordinated Nb atoms. Except for Sn2Nb2O7 and the cubic structure of Cd2Nb2O7, the difference between optimized and X-ray averaged Nb-O distances is smaller than 0.05 Å. It is noteworthy to mention that most of the optimized distances are larger than X-ray ones, that is consistent with the overestimation generally observed for DFT-PBE optimized crystal structures. The discrepancy with the pyrochlores may arise from the non-stoichiometric character of these compounds, whereas stoichiometric A2Nb2O7 (A = Cd, Sn) formula have been considered for computations.

Moreover, in the case of the cubic structure of Cd2Nb2O7, the difference between X-ray and DFT may come from the fact that this compound undergoes a transition to a lower symmetry than the room-temperature cubic structure. Quadrupolar parameters. 93 Nb quadrupolar coupling constant and asymmetry parameters computed for X-ray and optimized structures using the CASTEP code are sketched in Figure 2.

CQ of relaxed structures is computed lower than the one computed considering X-ray structures for LaNbO4, Sn2Nb2O7 and Cd2Nb2O7 (t) whereas it is computed higher for CaNb2O6, BiNbO4 and La3NbO7. The values computed for the six remaining structures are almost identical whatever the way (diffraction or in silico studies) they were obtained. It is noteworthy to mention that the underestimation of CQ for LaNbO4, Sn2Nb2O7 and Cd2Nb2O7 (t) can be linked to large differences in Nb-O distances. In LaNbO4 and the tetragonal structures of Cd2Nb2O7, Nb-O standard deviations are largely different in X-ray and optimized structures; optimized Nb-O distance in Sn2Nb2O7 is much shorter than the X-ray one. For CaNb2O6, BiNbO4 and La3NbO7, lengthening of Nb-O distances upon optimization goes along with an overestimation of CQ. Larger deviations are generally computed for the asymmetry parameter compared to the quadrupolar coupling constant, since the former is obtained from the three eigenvalues of the EFG tensor whereas the latter only depends on the largest eigenvalue of this tensor. The largest deviations between X-ray and relaxed structures computed for Q occur for La3NbO7, SnNb2O6, and CaNb2O6. For the other compounds, the difference is lower than 0.2. It is important to mention that 93 Nb quadrupolar parameters computed using WIEN2k are in a fairly good agreement with the one computed with the PAW approach embedded in the CASTEP code (see Table 1). Chemical shift parameters. 93 Nb chemical shift parameters (iso, aniso, ) computed using the GIPAW approach for X-ray and optimized structures are sketched in Figure 3. Except for La3NbO7 and YNbO4, relaxing the geometry goes along with a decrease of the isotropic chemical shift. This was also observed by Papulovskiy et al. for several niobates [17]. The difference between both computed iso can reach up to 150 ppm in the case of Sn2Nb2O7. It is noteworthy to mention that using another approach than GIPAW to compute iso leads to similar results (cf.

(a) (b)

Table 1). Whatever the method, the effect of structure relaxation on the calculation of the isotropic chemical shielding is very significant. Such an influence has often been described in the literature [START_REF] Cuny | Handbook of Solid-State Chemistry[END_REF]. On the contrary, the computed anisotropic chemical shieldings do not much depend on the crystal structures, except for La3NbO7 and LaNbO4. For the latter, aniso is computed more than three times larger for the X-ray structures than for the relaxed one, whereas for La3NbO7 it is computed 150 ppm larger for the relaxed structure. In the case of Sn2Nb2O7, the large difference between the computed valued certainly arises from the large difference of Nb-O bond distances in X-ray and relaxed structures. It is interesting to mention that aniso computed using the CASTEP and WIEN2K codes are very close. Finally, calculating the asymmetry parameter of the chemical shielding leads to similar results from a qualitative point of view (except for La3NbO7). But, differences between computed values can reach 0.25 or larger (for La3NbO7). Computed values have been compared to the experimental one; R 2 values are given in Table 2.

DISCUSSION

The correlation of the computed and measured isotropic chemical shift is rather poor whatever the crystal structure considered (X-ray or optimized) whereas the correlation is good for aniso and For iso and aniso, the computed parameters better compare with experiments using X-ray crystal structure. On the contrary, optimizing the crystal structure of the niobates significantly improves the agreement between computed and measured 93 Nb quadrupolar coupling constant whereas it weakens the agreement between measured and computed values for the asymmetry parameter. It is interesting to note that 93 Nb NMR parameters computed in this work are overall, in a lower agreement with experimental results, compared to the results published by J. V. Hanna et al. [10]. However, this latter study is based on a slightly different set of niobates. In particular, alkaline perovskite systems were also considered as well as Bi3NbO7. Moreover, the version of the codes they used is different from the one used in this study. 

CONCLUSIONS

In this study, we performed DFT calculations of 93 Nb parameters for twelve structures of niobates.

A special attention was paid to the influence of structure relaxation on the computed spectroscopic properties. We demonstrated that structural parameters can play a part in the calculations of both quadrupolar interaction and chemical shift parameters of 93 Nb in various niobates. We also showed that, from a qualitative point of view, most of the quadrupolar interaction and chemical shift parameters are computed similar whatever the DFT code used. 
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 1 Figure 1. X-ray and optimized Nb-O distances of twelve structures: averaged (a) and standard deviation (b).

Figure 2 .

 2 Figure 2. 93 Nb quadrupolar interaction parameters computed for X-ray and optimized structures of twelve structures: quadrupolar coupling constant, CQ, in MHz (a) and asymmetry parameter, Q (b).

  It is worth mentioning that all computed93 Nb NMR parameters (either from X-ray and optimized structures) were plotted as a function of the Nb-O averaged distances or as a function of the standard deviations of the Nb-O distances (not shown here). However only poor correlations were observed (most of R 2 values were lower than 0.4) showing that93 Nb NMR parameters cannot be rationalized on the basis of Nb-O bond distances.

Figure 3 .

 3 Figure 3. 93 Nb chemical shift parameters computed for X-ray and optimized structures of twelve structures: isotropic chemical shift, iso, in ppm (a), anisotropic chemical shielding, aniso in ppm (b), and asymmetry parameter,  (c).

TABLE 1 .

 1 93 Nb iso (ppm) aniso (ppm), , CQ (MHz), Q, averaged and standard deviation of Nb-O distances (Å) computed using the CASTEP code from X-ray (roman) and optimized (italic) structures.93 Nb NMR parameters computed using the WIEN2k code are given in parentheses.

		iso	aniso		CQ	Q	Nb-O	Nb-O
		(ppm)	(ppm)		(MHz)		aver.	std. dev.
							(Å)	(Å)
	LaNbO4	911 799	430 134	0.73 0.62	123 54	0.22 0.31	1.851 1.870	0.066 0.003
	YNbO4	839 905	250 249	0.40 0.52	72 76	0.31 0.41	1.894 1.890	0.057 0.033
	MgNb2O6	1000 952	493 495	0.28 0.28	50 58	0.27 0.32	2.015 2.034	0.147 0.168
	CaNb2O6	1033 913	498 415	0.59 0.29	40 67	0.78 0.31	2.016 2.053	0.172 0.208
	SnNb2O6	948 940	217 230	0.72 0.64	33 41	0.83 0.34	2.014 2.012	0.117 0.160
	BiNbO4	962 (954) 863 (853)	182 (201) 180 (193)	0.19 (0.38) 0.21 (0.65)	21 (31) 41 (56)	0.57 (0.31) 0.79 (0.51)	1.998 2.038	0.127 0.123
	La3NbO7	801 (825) 878 (875)	139 (101) 294 (252)	0.86 (0.85) 0.16 (0.37)	12 (17) 43 (60)	0.86 (0.84) 0.39 (0.21)	1.999 2.011	0.015 0.014
	Mg4Nb2O9	869 (969) 814 (786)	384 (393) 377 (386)	0	43 (62) 42 (61)	0	2.005 2.022	0.114 0.116
	CsBiNb2O7	950 887	578 584	0.10 0.06	24 17	0.72 0.47	2.029 2.031	0.198 0.164
	Cd2Nb2O7 (t)	910 833	29 91	0.30 0.16	27 19	0.27 0.45	1.958 1.974	0.048 0.089
	Cd2Nb2O7 (c)	887 791	76 22	0	44 14	0	1.967 1.896	0.000 0.000
	Sn2Nb2O7	1108 (1146) 855	2923 (2357) 296	0	93 (82) 32	0	2.101 2.007	0.000 0.000

TABLE 2 .

 2 R 2 values of93 Nb NMR parameters: experimental data vs computed ones (X-ray and optimized structures).

		iso	aniso 	CQ	Q
	X-ray vs exp.	0.24	0.93	0.63	0.28	0.55
	Optimized vs exp. 0.13	0.81	0.64	0.62	0.28