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Diffusion process in crystalline and vitreous Lio.1s Tho.2sF 1.1s by NMR investigations by

A 7 Li and 19 F NMR study allowed us to compare, in the temperature range 273-400 K, the ionic conductivity of both the materials: the Li 3 ThF 7 crystallized phase and the Li 0 _,sTh 0 _ 25 F 1 .,s vitreous composition, which possess the same LiF/ThF 4 ratio. Fluorine diffusion is not observed in the crystallized sample meanwhile the fluorine mobility in the glass can be explained by the variable coordination number of thorium (8.5 to 9.5) and by the numerous breaks in the layers of [ThF 9 ] polyhedra. The lithium atoms are mobile in the two phases, this diffusion occurs at a higher temperature ( about 35 °C) in the crystalline phase than in the vitreous compound. The discussion of diffusion processes is based on the knowledge of the Li 3 ThF 7 structure.

INTRODUCTION

If ZrF 4 -based fluoride glasses contammg alkalifluorides have been widely studied in the recent past [1,2], research on glass based on ThF 4 is less developed [3,4,5] but has found recently a new development [7]. The interest of this study is the recent determination of the crystalline structure of Li 3 ThF 7 [8]. The diffusion processes can be compared in two phases with the same molar ratio LiF /ThF 4 : the crystalline phase Li 3 ThF 7 and the vitre ous composition Li 0 _ 75 Th 0 _ 25 F 1 . 75 . The starting materials are LiF ( commercial product) and ThF 4 • ThF 4 is obtained from ThO 2 using a 40% HF solution at 100 °C and followed by gas anhydrous HF for 4 hours at 500 °C. The mixed fluoride com ponents are pressed into pellets and heated to melting in a nickel crucible under an argon atmosphere. The glass preparation bas been carried out in open crucible using the "splat roller quenching" procedure which has been described elsewhere [6]. The quenching speed attains 10 6 Ks-1 and the quenching temperature is 900 °C.

Hydrolysis and thermal properties studied elsewhere [5] show that this sample is stable at room atmosphere and also in aqueous solutions at 20 °C. The transition (T G ) and crystallisation (Tc) temperature of Li 0 _ 75 Th 0 _ 25 F 1. 75 glass are respectively 227 and 223 °C.

Crystalline phase Li 3 ThF 7 was synthetized from vitreous phase Li 0 . 75 Th 0 . 25 F 1.7 5 by melting, followed by slow cooling [8].

The samples were monitored by EPR: the presence of small amounts of paramagnetic impurities (Mn 2+ ) was revealed in the two compositions. Susceptibility determination at 21 °C with a Faraday balance shows that these samples exhibit a weak paramagnetism.

II. NMR INVESTIGATIONS

Experimental methods

(a) C.W. NMR measurements have been performed on 19 F and 7 Li nuclei over the temperature range 170-450 K ( i. e. between -100 and l 80 °C) on the two samples.

The 30 MHz frequency used allowed us to record under the same conditions the absorption signais of fluorine (at 7,500 G) and of lithium (at 18,130 G). The very good signal/noise ratio obtained leads to weak modulation fields and avoids data corrections.
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From the resonance spectra two types of informations have been col lected and analyzed:

1. the surface of the integrated line shape which is proportional to the number of resonance nuclei. When there is a partial overlapping of the two curves corresponding to mobile and non mobile nuclei, deconvolution allows an evaluation of each contribution; 2. the temperature dependence of the fluorine and lithium line-width (the measured peak to peak linewidth is called AH PP ) .

(b) Pulsed NMR: Relaxation measurements have been performed on 7 Li and 19 F on a pulse spectrometer in the same temperature range than the C. W. measurements. But the presence of paramagnetic impurities (weak but undertermined concentration) induce a new contribution, diffi cult to evaluate. For this reason the values determined from the lithium and fluorine motional narrowing will be retained for the discussion.

Results

(a) Fluorine Resonance: The thermal evolution of the 19 F line shape is given for the glass sample on figure 1 a and for the polycrystalline sample on figure 1 b.

For Li 0 _ 75 Th 0 _ 25 F 1 .1 5 , at low temperature only a broad line can be observed; at increasing temperature, above 287 Ka narrow line characteri zing mobile fluorine appears and grows at the expense of the broad one. Extreme narrowing is not reached at the highest experimental temperature.

For Li 3 ThF 7 there is no thermal evolution of the 19 F line shape (AH PP = 17 KHz). This result indicates that the jump frequency for fluorine is smaller than 17 KHz, i.e., the time of permanence in one site is higher than 60 µs. For the glass no quadrupolar effect can be detected but a continuous line narrowing up to the highest experimental temperature. The linewidth is constant at low temperature in the rigid lattice range and decreases above 239 K. As the line narrowing occurs when the lithium jump frequency v s u is of the order of the (Av: p ) L ;, where (Av! p ) Li is the value of correspond ing (AH! p ) Li expressed in Hertz, the thermal evolution of v. can be deduced from (Av pp ) Li [START_REF] Rushworth | Nuclear Magnetism Resonance[END_REF]. �.:J.,,... v si. i presents an activated behaviour with temperature: So, the activation energy AE L ; relative to the lithium mobility can be deduced from ln v. versus T-1 variation. In this temperature range the fluorine motion doesn't affect the motional narrowing of the lithium line
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The variation of ln v. versus T-1 (fig. 3) presents two linear parts separated by a break at T R =276 K. Two activation energies were deduced from the two slopes: AEL (0.18 eV) above T R and AEt (0.22 eV) under T R.

For polycrystalline Li 3 ThF 7 , at 273 K, only a broad line ( AH PP = 8 KHz) can be observed. At increasing temperature a continuous line narrowing can be detected and over to 333 K two symmetric satellites point out, characterizing a first order quadrupolar effect of the 7 Li nuclei.

Meanwhile it was not possible to observe the line width in the rigid lattice range, the activation energy due to the motions of the lithium was estimated from the thermal evolution of the central linewidth (AE Li =0.15 eV).

III. DISCUSSION

(a) Lithium Mobility

In the vitreous sample the continuous narrowing of the lithium line shape indicates a mobility of all Li + ions above 233 K, but two different behaviours can be distinguished. Up to T R =276 K: dEl;=0.22 eV, above 276 Ka weaker value can be determined : AEL;=0.18 eV. This result may be associated to the dissociation of Li-F bonds. Ali the lithium ions are liberated at T R and above this temperature their conduc tivity requires only the activation energy dEl i> connected to the diffusion process.

Diffusion coefficient is deduced from the relation D = v. ( ( À.2 ) /6) [START_REF] Bowman | [END_REF] where v. corresponds to the Li + jump frequency and ( J...2) is the mean square distance between two jumps Li + . An available value of J.. (3.0 Â) is deduced from Li-Li distances in crystalline Li 3 ThF 7 which are of the same order than in the amorphous phase. D 400 = 2. 4 x 10i i ( cm 2 • s -i) is the diffusion coefficient at 400 K.

The lithium diffusion phenomenon detected by NMR in the crystalline sample Li 3 ThF 7 appears only at a temperature higher than 323 K. They occupy two types of different sites. 9 atoms (denoted Li 1) are statistically disordered on 16 g sites and 3 others ( denoted Li 2) are statisti cally localized on 8 f sites.

At low temperatures, up to 273 K, the jump frequency of lithium atoms is smaller than 8 kHz. NMR spectra show a 7 Li central dipolar lineshape and the superposition of the quadrupolar splitting prevent the satellites observation.

Between 273 and 333 K the lithium diffusion phenomenon narrows the dipolar line and the local motions are supported through Li 1 and through Li 2.

Over to 333 K an exchange between lithium on different sites becomes possible, averaging the electric field gradient and permissing the pointing out of the quadrupolar satellites. This exchange induces a large distance diffusion with the increasing temperature, favouring the line narrowing as a consequence of the lithium frequency rise (D 400 =0,9 x 10-11 cm 2 . s-1 ).

(b) Fluorine Mobility

As only a fraction (f) of the fluorine is mobile, increasing with tempera ture, it is possible to determine f at a given temperature, from the ratio of the integrated surfaces of the narrow and broad fluorine resonance lines [4,7].

For Li 0 . 75 Th 0.25 F 1 . 75 about 1/7 of fluorine anions are mobile at 414 K. As f increases with increasing temperature, it means that several energy levels are involved. Severa) distribution of activation energies have been investigated [4,7]. A fiat distribution was retained: the values of the activation energies limits distribution �E A and �E 8 (0.12 and 0.25 eV), distribution width, �E 8 -�E A , (0.13 eV) and center of the distribution range, (�E A +�E 8 )/2 (0.185 eV) were determined.

For the crystalline Li 3 ThF 7 there is no appreciable fluorine diffusion. It can be explained by its structure: the thorium polyhedra [ThF 9 ] layers, sharing 4 corners, hinders the F-ions liberation in this temperature range.

Because of their same molar ratio LiF /ThF 4 the conductivity perfor mance of crystalline and vitreous Li 0 _ 7 5 Th 0 . 25 F 1. 7 5 can be compared.

The absence of appreciable fluorine diffusion on the crystalline sample can be explained by the large range linkage of the thorium polyhedra sharing corners. The F-ions liberation is more difficult than in the vitreous case, where there are a lot of polyhedra layers breaks. This lability is also a consequence of lithium diffusion because of the simultaneous rupture of Li-F bonds.

On the crystalline sample the lithium diffusion phenomenon is thermally displaced for values higher than 323 K suggesting an analogous displace ment for the fluorine diffusion.

Looking on the crystalline structure of Li 3 ThF 7 and on Li and Th neighbours, it is reasonable to think that the lithium diffusion occurs between the polyhedra layers, because the sites occupated by Li 1 and Li 2 are, effectively, localized between successive thorium polyhedra layers.

This planar diffusion can occur on a long range in crystal where there is periodicity of the lithium layers. lt can explain the slightly weaker activation energy observed in the crystal. The periodicity of the u + layers in the crystal facilitates this mobility, hindered, at the contrary by the short range distorted chains of thorium polyhedra in the vitreous composition.

  Vitreous compositions Li 0 _ 75 Th 0_25 F 1 . 75

  (b) Lithium Resonance: The thermal evolution of the 7 Li line shape is shown for the vitreous sample on figure 2 a and for the polycrystalline one on figure 2 b.
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 12 Fig. 1. -Thermal evolution of the 19 F NMR line shape for:
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 3 Fig. 3. -Thermal evolution of 7 Li jump frequency v, for Li 0 _75Th 0 . 25 F 1 , 75 glass (semi-logorithmic scale).
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 4 Fig. 4. -Variation of the fraction f (%) of mobile fluorine with temperature for Li 0 _ 75 Th 0 _ 25 F,. 75 glass.

Li 3

 3 ThF 7 crystallize in the P 4/ncc space group with a tetragonal cell [a=6.200{l)Â; c=l2.937(2)Â] with Z=4. This structure is formed by layers of thorium polyhedra [ThF 9 ]. These polyhedra are monocaped antyprisms (9 corners and 13 faces) which share 4 corners in the a, b plane. A projection of [ThF 9 ] polyhedra, with fluorine atoms indentified, along c and b crystallographic axis is shown on figure 5. Lithium a toms are localized between Iayers of [ThF 9 ] polyhedra. Lithium atoms layers eut c crystallographic axis in approximately 0, 1/4, 1/2 and 3/4 of z fractional coordinates.
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  Fig. S. � Projection of [ThF 9 ] polyhedra along c and b crystallographic axis.
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