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New and refined bond valence parameters related to ion pairs constituted of the tellurium Te 4+ cation and nonoxide X n-anions (X = F, S or Se) are proposed. After a selection of specific crystalline structures, the optimization of the bond valence parameters R and b with a cutoff distance is carried out by minimizing the root mean square deviation of the Te 4+ cation valence. The results are R = 1.728 Å and b = 0.622 Å with cutoff = 5.3 Å for the Te 4+ -F -pair and R = 2.444 Å and b = 0.387 Å with cutoff = 4.5 Å for the Te 4+ -S 2-pair. These parameters lead to a lower dispersion of the calculated valences around the formal valence compared to that obtained with the parameters available in the literature. As for the new set related to the Te 4+ -Se 2-pair, we find R = 2.578 Å and b = 0.296 Å with cutoff = 3.7 Å.
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New and refined bond valence parameters for Te 4+ -X n-ion pairs are proposed (X = F, S or Se). The results are R = 1.728 Å and b = 0.622 Å with cutoff = 5.3 Å for the Te 4+ -F -pair ; R = 2.444 Å and b = 0.387 Å with cutoff = 4.5 Å for the Te 4+ -S 2-pair ; R = 2.578 Å and b = 0.296 Å with cutoff = 3.7 Å for the Te 4+ -Se 2-pair. Frequency Te 4+ valence (v.u.)

Brese & O'Keeffe [START_REF] Brese | Bond-valence parameters for solids[END_REF] This work with b fixed at 0.37 Å This work

Introduction

The bond valence sum rule is widely used in crystal chemistry as a verification and predictive tool for crystalline structures [START_REF] Brown | The Chemical Bond in Inorganic Chemistry: The Bond Valence Model[END_REF]. The valence of an ion i is calculated by adding up the bond valences Sij between i and its neighbouring ions j of opposite charge, by applying the Brown and Altermatt [START_REF] Brown | Bond-valence parameters obtained from a systematic analysis of the Inorganic Crystal Structure Database[END_REF][START_REF] Altermatt | The automatic searching for chemical bonds in inorganic crystal structures[END_REF] relation given by:

𝑆 𝑖𝑗 = 𝑒𝑥𝑝 ( 𝑅 𝑖𝑗 -𝑑 𝑖𝑗 𝑏 )
Where dij is the bond length and Rij is a parameter specific to the i-j pair whose value is the bond length corresponding to one valence unit. The parameter b is often considered as a universal constant equal to 0.37 Å so that Rij is expressed as follows:

𝑅 𝑖𝑗 = 𝑏 × 𝑙𝑛 ( 𝑉 𝑖 ∑ 𝑒𝑥𝑝 (- 𝑑 𝑖𝑗 𝑏 ) 𝑗 )
Where Vi is the valence of the ion i, i.e. its formal oxidation state. Rij is generally determined and used by dealing with a cutoff distance beyond which an anion is no longer considered to be bonded to a cation; in practice a cutoff value of about 3 Å is often used [START_REF] Brown | The Chemical Bond in Inorganic Chemistry: The Bond Valence Model[END_REF][START_REF] Brown | Recent developments in the methods and applications of the bond valence model[END_REF].

Several authors recommended to use different values for the parameter b [START_REF] Adams | Relationship between bond valence and bond softness of alkali halides and chalcogenides[END_REF][START_REF] Bv | version 0.96[END_REF][START_REF] Sidey | Alternative presentation of the Brown-Wu bond-valence parameters for some s 2 cation/O 2ion pairs[END_REF][START_REF] Krivovichev | Derivation of bond-valence parameters for some cation-oxygen pairs on the basis of empirical relationships between r0 and b[END_REF][START_REF] Gagné | Comprehensive derivation of bond-valence parameters for ion pairs involving oxygen[END_REF]. Adams [START_REF] Adams | Relationship between bond valence and bond softness of alkali halides and chalcogenides[END_REF] has shown that the value of b depends on the chosen cutoff distance. In particular, the parameters determined relying on the first and second coordination shells can differ significantly from those determined using only the first coordination shell while adding the third and fourth coordination shells does not modify the parameters. Chen and Adams [START_REF] Chen | Bond softness sensitive bond-valence parameters for crystal structure plausibility tests[END_REF] emphasized that the first coordination shell can be an effective quantity to improve the bond valence parameters of a cationanion pair by revising the parameter R while keeping the same parameter b value from Adams [START_REF] Adams | Relationship between bond valence and bond softness of alkali halides and chalcogenides[END_REF][START_REF] Bv | version 0.96[END_REF]. Other studies notably focused on structures that contain cations carrying lone electron pairs (see [START_REF] Krivovichev | Are the compressive effects of encapsulation an artifact of the bond valence parameters?[END_REF][START_REF] Locock | Revised Tl(I)-O bond valence parameters and the structures of thallous dichromate and thallous uranyl phosphate hydrate[END_REF][START_REF] Sidey | Accurate bond-valence parameters for the Bi 3+ /Brion pair[END_REF][START_REF] Hu | A new approach to bond valence parameters for Pb(II)-halide bonds[END_REF][START_REF] Mills | Revised values of the bond valence parameters for [6] Sb(V)-O and [3-11] Sb(III)-O[END_REF][START_REF] Christy | Effect of lone-pair stereoactivity on polyhedral volume and structural flexibility: application to Te IV O6 octahedra[END_REF][START_REF] Hamani | Localization and steric effect of the lone electron pair of the tellurium Te 4+ cation and other cations of the p-block elements. A systematic study[END_REF]). The Te 4+ cation belongs to this category and the determination of accurate bond valence parameters mainly focused on the most common Te 4+ -O 2-linkages [START_REF] Brown | Bond-valence parameters obtained from a systematic analysis of the Inorganic Crystal Structure Database[END_REF][START_REF] Bv | version 0.96[END_REF][START_REF] Sidey | Alternative presentation of the Brown-Wu bond-valence parameters for some s 2 cation/O 2ion pairs[END_REF][START_REF] Gagné | Comprehensive derivation of bond-valence parameters for ion pairs involving oxygen[END_REF][START_REF] Chen | Bond softness sensitive bond-valence parameters for crystal structure plausibility tests[END_REF][START_REF] Mills | Revised values of the bond-valence parameters for Te IV -O, Te VI -O and Te IV -Cl[END_REF] in addition to linkages with other anion types such as Cl - [START_REF] Bv | version 0.96[END_REF][START_REF] Chen | Bond softness sensitive bond-valence parameters for crystal structure plausibility tests[END_REF][START_REF] Mills | Revised values of the bond-valence parameters for Te IV -O, Te VI -O and Te IV -Cl[END_REF][START_REF] Brese | Bond-valence parameters for solids[END_REF], Br - [START_REF] Bv | version 0.96[END_REF][START_REF] Chen | Bond softness sensitive bond-valence parameters for crystal structure plausibility tests[END_REF][START_REF] Brown | Private communication[END_REF] or I - [START_REF] Bv | version 0.96[END_REF][START_REF] Chen | Bond softness sensitive bond-valence parameters for crystal structure plausibility tests[END_REF][START_REF] Sidey | X-ray Rietveld structure refinement and bond-valence analysis of Cs2TeI6[END_REF]. As outlined below, handling R, b and cutoff allows us to tend towards valences closer to those theoretically expected and to ensure the validity of structures previously considered questionable.

In this paper, we propose bond valence parameters for the Te 4+ -F -, Te 4+ -S 2-and Te 4+ -Se 2-ion pairs. For Te 4+ -F -, we aim at improving the parameters with respect to the only set established by Brese & O'Keeffe back in 1991 [START_REF] Brese | Bond-valence parameters for solids[END_REF]. For Te 4+ -S 2-, the unique parameter set available to us is from a private communication from Brown that should be used with caution according to the author himself [START_REF] Brown | Private communication[END_REF]. For Te 4+ -Se 2-, to the best of our knowledge no valence parameters exist in the literature.

In section 2, we present the method used to determine these three parameter sets. In section 3, we discuss the results following the application of these new parameters to structures of inventoried crystalline phases.

Methodology

The crystalline structures were selected from the Inorganic Crystal Structure Database (ICSD [START_REF]Inorganic Crystal Structure Database (ICSD)[END_REF]) using the following criteria: a) Entry from experimental inorganic structures; b) Data of high quality according to the ICSD, i.e. temperature factors given, standard deviation given for cell parameters, R-value specified, no unusual difference between calculated and measured densities; c) No hydrogen element; d) Only one anion type per structure so that the Te 4+ valence is only influenced by the bonds with one anion type (F -, Se 2-or S 2-); e) Only one ion type per site with full occupation; f) Crystal structure determined at temperature in between 278 and 308 K and at ambient pressure; g) No interatomic distances shorter than 70% of the sum of the ionic radii (using the Shannon effective ionic radii [START_REF] Shannon | Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides[END_REF]). Cation-cation, cation-anion and anion-anion distances were checked. The bond valence parameters were determined by minimising the root mean square deviation (RMSD) of the valence (see [START_REF] Brown | The Chemical Bond in Inorganic Chemistry: The Bond Valence Model[END_REF][START_REF] Gagné | Comprehensive derivation of bond-valence parameters for ion pairs involving oxygen[END_REF][START_REF] Locock | Revised Tl(I)-O bond valence parameters and the structures of thallous dichromate and thallous uranyl phosphate hydrate[END_REF][START_REF] Mills | Revised values of the bond valence parameters for [6] Sb(V)-O and [3-11] Sb(III)-O[END_REF]):

𝑅𝑀𝑆𝐷 = √ ∑ (∑ 𝑆 𝑖𝑗 𝑗 -𝑉 𝑖 ) 2 𝑚 𝑚
With m the number of non-equivalent positions of cation i in the whole selected structures. In the present work, given the very small number of structures containing only one cation type and one anion type, the bond valence sum rule is applied on Te 4+ only, not on the anion. Thereby, the obtained bond valence parameters remain independent of other bond valence parameters involving the anion type considered and another cation type different from Te 4+ .

Results and discussion

We present below the results of the bond valence parameters obtained for the three Te 4+ -F -, Te 4+ -S 2-and Te 4+ -Se 2-pairs. The details for the anion valences are gathered in the Appendix.

The case of Te 4+ -F -

The bond valence parameters were adjusted using 13 non-equivalent Te 4+ positions from 11 structures and 2448 Te 4+ -F -distances up to 10 Å (see Table 1, Table 2 and Figure 1). The application of the procedure reaches a minimal RMSD value of 0.086 for R = 1.724 Å, b = 0.625 Å and cutoff = 5.6 Å. These parameters lead to an average valence of 3.998 v.u. for Te 4+ . As reported by Adams [START_REF] Adams | Relationship between bond valence and bond softness of alkali halides and chalcogenides[END_REF], the parameters R and b depend on each other, i.e. for a short cutoff (2.6 Å), a minimal R value is found so the b value increases in order to maintain valences close to 4 v.u. (see Figure 2). The optimized parameters are found when their values converge beyond a cutoff distance of 5.6 Å in that case, this value encompassing the first and second coordination shells (see Figure 1). Frequency Te 4+ -F -distances (Å) 

Comparison with former bond valence parameters

Our results are compared to those calculated with two other parameter sets. The unique set identified in the literature for the Te 4+ -F -pair was proposed by Brese and O'Keeffe [START_REF] Brese | Bond-valence parameters for solids[END_REF] with R = 1.87 Å and b = 0.37 Å but for which the cutoff distance was not specified. First, we optimized this set following our methodology so that the results are compared in the most relevant way possible with results from other sets. For that, we carried out the optimization of the cutoff distance by reaching a minimal RMSD of 0.245 for the 11 structures with only one anion type. In that case, a cutoff of 3.7 Å is obtained. These parameters entail average Te 4+ and F -valences of 4.108 v.u. (RMSD = 0.229) and 1.018 v.u. (RMSD = 0.108), respectively. For the overall 33 structures, the average Te 4+ valence is 3.970 v.u. (RMSD = 0.245).

For comparison, we also used another parameter set in which R and cutoff were optimized while b was fixed at 0.37 Å. This led to R = 1.861 Å and cutoff = 3.3 Å for an optimization carried out from the 11 structures with one anion type. In that case the average Te 4+ and F -valences are equal to 3.991 v.u. (RMSD = 0.198) and 0.998 v.u.

(RMSD = 0.101), respectively, expressing that the latter set is of lower quality than the set with optimized R, b and cutoff but of better quality than that with the parameters from Brese and O'Keeffe. However, the results diverge from the ideal valence when considering the structures with more than one anion type, leading to an average Te 4+ valence of 3.920 v.u. for the overall 33 structures. The distributions of the Te 4+ valences are gathered in Figure 3 and one can notice the smaller dispersion for the proposed set with optimized R, b and cutoff, the sidelined valences (assuming values inferior or superior to 0.5 v.u. from the ideal valence) being found for sets in which b is fixed at 0.37 Å. 

The case of Te 4+ -S 2-

Considering the methodology described above, the refinement of the bond valence parameters was carried out for the Te 4+ -S 2-pair dealing with 7 non-equivalent Te 4+ positions in 6 structures with one anion type and 561 Te 4+ -S 2- distances up to 10 Å (see Table 3 and Table 4). This led to a minimal RMSD value of 0.070 for R = 2.444 Å, b = 0.387 Å and cutoff = 4.6 Å. The corresponding average Te 4+ and S 2-valences are equal to 3.998 v.u. and 2.056 v.u. respectively. This set applied to a unique additional structure with more than one anion type led to a Te 4+ valence equal to 3.962 v.u. for the overall 7 structures. Brown [START_REF] Brown | Private communication[END_REF] proposed a parameter set with R = 2.44 Å and b = 0.37 Å for which, as above, we optimized the cutoff value and obtained 4.5 Å. We also determined a parameter set by b at 0.37 Å and found values close to those of Brown with R = 2.442 Å and cutoff = 4.5 Å. The values of R, b and cutoff for these three sets are alike, the set proposed in the present work slightly improving the Te 4+ valence only mostly because of a procedure with a precision of three decimal digits. Following the same procedure, the bond valence parameters for the Te 4+ -Se 2-pair are R = 2.579 Å and b = 0.304 Å with a cutoff distance of 4.6 Å (see Table 5 andTable 6). A minimal RMSD value of 0.029 was reached by considering 4 non-equivalent Te 4+ positions within 4 structures containing 301 Te 4+ -Se 2-distances up to 10 Å. An additional parameter set with b fixed at 0.37 Å was also determined but the resulting RMSD is larger with a value of 0.070. One can note that no additional structure with more than one anion type fulfils the above selection criteria in that case. 

Conclusion

The bond valence parameters R and b with a cutoff distance are revised from a procedure using the root mean square deviation of the Te 4+ valence for the Te 4+ -F -(R = 1.728 Å and b = 0.622 Å with cutoff = 5.3 Å) and Te 4+ -S 2-(R = 2.444 Å and b = 0.387 Å with cutoff = 4.5 Å) ion pairs. The new parameters lead to a lower dispersion of the calculated valences compared to that obtained with the parameters of the literature. The new ones also remove the ambiguity related to the validity of some crystalline structures that apparently do not present structural singularities. Following the same procedure, new parameter set is proposed for the Te 4+ -Se 

Figure 2 :

 2 Figure 2: Influence of the cutoff value (a, b) on the bond valence parameters b and R and (c) on the root mean square deviation (RMSD) for 11 structures containing one anion type, F -.The parameters R, b and cutoff were also used to check the bond valence sums for all the anions F -, corresponding to 62 non-equivalent positions in the 11 structures. Note that for those calculations, the bond valence parameters associated to the M x+ -F -pairs (M x+ = cation different from Te 4+ ) were extracted from the Adams' database[START_REF] Bv | version 0.96[END_REF]. The average F -valence is equal to 1.001 v.u. (RMSD = 0.062), very close to the formal value of 1 v.u.. Then we extended the application of this refined parameter set to structures containing more than one anion type, still considering the above selection criteria (except point d)). This corresponds to 31 additional non-equivalent Te 4+ positions from 22 structures. The average calculated Te 4+ valence is equal to 4.064 v.u. (with RMSD = 0.181) in the overall 44 positions from 33 structures.

Figure 3 :

 3 Figure 3: Distribution of the Te 4+ valence calculated with different bond valence parameter sets of the Te 4+ -F -pair for 33 structures.

Table 1 :

 1 Comparison of the Te 4+ and F -valences obtained from different parameter sets for the Te 4+ -F -pair.

	Brese & O'Keeffe [19]	This work with b fixed at 0.37 Å	This work
	R, b, cutoff (Å)		
	1.87, 0.37, 3.7	1.861, 0.37, 3.3	1.724, 0.625, 5.6

Table 2 :

 2 Comparison of the Te 4+ valences obtained from different parameter sets for the Te 4+ -F -pair for 11 structures containing one anion type, F -(colourless) and 22 structures containing several anion types (in grey).

	ICSD #	Structure	Non-equivalent Te 4+ position #	Brese & O'Keeffe [19]	Te 4+ valence (v.u.) This work with b fixed at 0.37 Å	This work
	16108	Sb2TeF14	1	3.794	3.692	3.882
	81862	BaTe2F10	1	4.136	4.020	4.141
	81865	PbTeF6	1	3.750	3.660	3.980
	84364	KTe2F9	1	4.032	3.935	4.004
	84364	KTeF5	1	4.230	4.128	3.933
			2	4.118	4.003	3.965

Table 3 :

 3 Comparison of the average Te 4+ and S 2-valences obtained from different parameter sets for the Te 4+ -S 2-pair.

	Brown [20]	This work with b fixed at 0.37 Å	This work
	R, b, cutoff (Å)		
	2.44, 0.37, 4.5	2.442, 0.37, 4.5	2.444, 0.387, 4.6

Table 4 :

 4 Comparison of the Te 4+ valences obtained from different parameter sets for the Te 4+ -S 2-pair for 6 structures containing one anion type, S 2-(colourless) and 1 structure containing several anion types (in grey).

	ICSD #	Structure	Non-equivalent Te 4+ position #	Brown [20]	Te 4+ valence (v.u.) This work with b fixed at 0.37 Å	This work

The case of Te 4+ -Se 2-

  

Table 5 :

 5 Comparison of the average Te 4+ and Se 2-valences obtained from different parameter sets for the Te 4+ -Se 2-pair.

	This work with b fixed at 0.37 Å	This work
	R, b, cutoff (Å)	
	2.587, 0.37, 4.7	2.579, 0.304, 4.6

Table 6 :

 6 Comparison of the Te 4+ valences obtained from different parameter sets for the Te 4+ -Se 2-pair for 4 structures containing one anion type, Se 2-(no structure containing several anion types).

	ICSD #	Structure	Non-equivalent Te 4+ position #	Te 4+ valence (v.u.) This work with b fixed at 0.37 Å This work
	63011	Na2TeSe3 (mC48)	1	3.957	3.955
	63012	K2TeSe3	1	3.945	4.026
	415121	Li2TeSe3	1	4.121	4.025
	430313	Na2TeSe3 (mP24)	1	3.992	3.995

Appendix

Comparison of the F -, S 2-and Se 2-valences obtained from different bond valence parameter sets for structures containing one anion type [START_REF] Krivovichev | Are the compressive effects of encapsulation an artifact of the bond valence parameters?[END_REF]