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Structural Analysis of Molten NayBeF4 and NaBeF3

by X-ray Diffraction?

Nobuya IWAMOTO*, Norimasa UMESAKI **, Hideo OHNO*** and Kazuo FURUKAWA ##%

Abstract

The structures of molten NazBeFq (650 % ]0°C} and NaBeF3 (470 i5°C} have been investigated by X-ray diffrac-
tion structural analysis. It is shown that BeFg4 tetrahedra existing in the crystallme state persist as the fundamental

structural unit in the molten state. Molten NaaBeFa contains mainly monomeric BeF4?

“with four unshared F " corners. A

configuration for two Na* cations around ¢ BeF4 tetrahedron is suggested for molten NazBeFa. In molten NaBeF3,

dimeric Be2F7

“with one shared F~ corner common to two BeFa tetrahedra appears. By comparison of the observed

radial distribution functions D(r) of molten NaBeF3 and CaSiO3, it is conclued that both the chemicals have essentially

the same structure.
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1. Introduction

The physical properties, such as self-diffusion!’~3),
electrical conductance®) and viscositys), etc., of molten
alkali fluoroberyllates, XF (X : Li, Na and K) - BeF,
system, are greatly different from those of molten alkali
halides due to the network chracter of beryllium fluoride.
Moreover, it is known that a corresponding-state princi-
p1e6) is set up between the following pairs, (1) LiF-BeF,
and MgO - SiO3, (2) NaF - BeF, and CaO - SiO, and (3)
KF - BeF, and BaO - SiO, , in their intermediate composi-
tion regions under a reduced absolute temperature scale,
and the physical properties, such as phase diagram, ionic
packing density, self-diffusion coefficient, viscosity coeffi-
cient and equivalent conductivity in these pairs are in
excellent agreement. We have measured the self-diffusion
coefficients of lithium®) and fluorine!’?) in molten
Li; BeFs and LiBeFs, respectively, and have shown the
exchange mechanism of F~ between neighbouring beryl-
late units with the rotation of beryllate anions and the
strong similarity between these molten alkali fluoroberyl-
lates and molten silicates. However, further understanding
of the structures of these molten alkali fluoroberyllates is
essential for elcucidating the mechanism of their phyisical
properties. Up to data only a structural investigation of
molten LiF - BeF, system using the X-ray diffraction
method has been carried out by Vaslow and Narten”’.

They indicated only that Be?* is tetrahedrally surrounded
by four F~in the melts.

In this paper, we report an X-ray diffraction structural
analysis of molten Na, BeFs and NaBeF3, and discuss the
depolymerization mechanism of the network structure on
the addition of sodium fluoride, and also show a struc-
tural similarity between molten NaBeF3 and CaSiO3®) by
comparison of the observed radial distribution functions
D(r) of these melts.

2. Experimental

Prior to the X-ray diffraction experiment, the samples
were prepared as follows. The weighed amounts of analy-
tical reagant grade NaF (prepared by Merck Co.) and
BeF, (Rare Metallic Co.) were thoroughly mixed in a dry
glove box and melted in a Pt crucible under a He atmos-
phere. After melting for about an hour, the samples were
cooled and crushed.

The prepared samples were placed on a flat Pt tray (35
% 25 x 3 mm) and heated in a small electric furnace made
of Pt wire. The sample-heater assembly was enclosed
under a He atmosphere by putting it in an air-tight
chamber with a window of Al foil of thickness 10 um to
allow passage of the X-ray beam. The temperature was
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controlled to within a maxium error of 10 °C throughout
the measurement.

The X-ray diffraction experiment was carried out with
the use of a 8 - 6 diffractometer with parafocusing re-
flexion geometry and Mo K& (A = 0.7107 A) mono-
chromatized by a curved graphite monochromator
mounted in the path of the diffracted beam. Slit systems
of 1/2° -1/2° and 1° - 1° were employed in the low (3° <
8 < 10°) and high (8° < 6 < 50°) scattering agnles, re-
spectively, where @ is the scattering angles. The X-ray

scattering intensities were measured at 0.5° interaval over -

the whole scattering angle range by way of the step-scann-
ing technique. Several runs were made in order to ac-
cumulate 20000 counts per datum point in the low
scattering angles and 34000 ~ 40000 in the high scatter-
ing angles. .

The observed X-ray intensities were corrected for the
background, polarization and Compton scattering, and
then were scaled by means of the Krong-Moe-Norman
method to the theoretical intensities arising from in-
dependent atoms contained in the stoichiometric unit.
The radial distribution function D(r), the correlation
function G(r), and the reduced intensity function S-i(S)
are given as:

m _ m _ 2 Smax
D(r) = 4mr’po Z Ki + 2 R’ [ Si(S)sin(Sr)ds,
i=1 i=1 0

1

Gy =1 +[ E®o2 3 Rirtoor| [ SU(S)sin(SOS,
i=1 i=1 0 19

si=s [ ®/ Z s -1], @

where m is the number of atoms contained in the stoichio-
metric unit, K; the effective electron number of atom i,
po the mean electron density, fij(S) the independent
atomic scattering factor of atom i, Igﬁh (S) the total
coherent scattering intensity and Sp,x the maximum

value of S (= 4nsind/\) reached in the diffraction experi-

ment. The constants used in the calculation of Egs. (1),
(2) and (3) are given in Table 1.

3. Results and Discussion

Fig. 1 shows the observed reduced intensity function
S4i(S) of molten Na; BeF4 (650£10°C) and NaBeF3 (470
+5°C). The radial distribution functions D(r), the func-
tions D(r)/r and the correlation functions G(r) are shown
in Figs. 2 and 3. As shown in Figs.2 and 3, these curves
indicate peaks at 1.60 ~ 1.65 &, 222 ~ 2.35 &, 2.26 ~
2.66 A and so on. Table 2 shows the distances and coordi-
nation numbers of the ionic pairs in molten Na; BeF4 and
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Table 1 Constants used in the calculations of Egs. (1), (2) and (3)

NozBqu N(:BeF3
temperature (°C) 650+10 47045
density (g/cm) D) 2,093 2,133
molar weight 130,997 88,991
Nyg 2 1
Nge 1 1
N i 3
effective
electron number
KNUV 11,84 11.98
¥ge 3.73 3.77
Ke 8.65 8.75
-1
Spax A7H 13.5 13.0

NaBeF3 derived from the functions D(r)/r by assuming a
Gaussian distribution!®?. In the known crystalline forms
of some alkali fluoroberyllates such as Na, BeF,'V and
Li; BeF4'?, each Be?* is tetrahedrally surrounded by four
F~with Be-F distance of 1.54 ~ 1.56 A and F-F distance
of 2.50 ~ 2.56 A. Therefore, the first peaks at 1.60 ~
1.65 A and the third peaks at 2.60 ~ 2.65 & of the
observed curves are due to Be-F and F-F pairs in the BeFa
tetrahedra. In addition, the observed coordination number
of the nearest neighbouring F~ around Be®, npe/F, is
about 3.4 ~ 4.0. These results indicate that BeFa tetra-
hedra existing the crystalline state persist as the funda-
mental structural unit in the molten state, and the mean
distances between the ions in a BeFa tetrahedron become
slightly longer in the melt than in the solid. The second
peaks at 2.22 ~ 2.35 A are due to the nearest neighbour-
ing Na-F, between which ions the distance is nearly the
sum of the ionic radii'®) of Na* (0.95 &) and F~(1.36 &).

Molten Na, BeF,

In molten Na,BeF4, the observed coordination
number of F-F pairs in BeF4 tetrahedra, ng/r, is 3.0.
This suggests that BeF4 tetrahedra exist mainly in the
isolated form with four unshared F~corners, monomeric
BeF,*7 in molten Na; BeF4. Quist et al 4)showed, using
Raman spectroscopy measurment, that monomeric BeF4 %"
was the only beryllium-containg species in molten
Na;BeFs and LizBeF4. A similar result was pointed out
from e.m.f. measurement of molten LiF-BéF, system by
Holm and Kleppa'®). They reported that, up to XBeF, =



Molten structures of Naz BeF4 and NaBeF3 (1 8 3)
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Fig. 1 Observed (full line) and calculated (open circle) reduced
mtens1ty functions S-i(S) of (a) molten NazBeFs (650t
6 X 104 10° C) and (b) molten NaBeF3 (47015 C)
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Fig. 2

Radial Distribution function D(xr), function D(r)/r and
correlation function G(r) of molten NazBeF4 (650"‘10 Q).
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Table 2 The observed distances and coordination numbers of the
ionic pairs in molten Naz BeF4 and NaBeFs3.

1iquid crystal sum of
NayBeF,, NaBeFs Na,BeF,, fontc radit
(650410°C) (470+5°C) Deganello 1973

MBe-F () 1.65  1.60 1.54~1,56 1,67
P ek 40 3.4 2.27-2.54
o e h 2.2 23 2.27-2.54 2,31

Ma/E 28 1.8
e TEF ™ 2,65 2,60 2.50-2.56  2.72

e/ 30 3.5

0.33 corresponding to the composition of Li; BeFa, the
partial molar excess entropy of beryllium fluoride was
positive and changed little with composition due to
complete depolymerization of the network structure of
beryllium fluoride, that is, the formation of monomeric
BeF42~. Therefore, it is considered that the significant
feature of molten Na;BeFs consist of Na" cations and
monomeric BeF4 2 ~anions bonding by Coulombic forces.
Most of the Na* might occupy the, several stable positions
around monomeric BeF42™ for some time and then
migrate to other stable positions through voids in the mielt.
In order to advance understanding of the transport pro-
perties of molten Na, BeF4, the stable positions occupies
by Na* around a BeF4 tetrahedron would have to be
clarified. The following three typical configuration can be
supposed: a Na" occupies (a) the corner-site position, (b)
the edge-site position and/or (c) the face-site position
around a BeF4 tetrahedron, as shown in Fig. 4. Structural
models of various combinations of these typical configu-
rations were constructed taking into consideration of the
stoichiometric unit, and compared with the observed
S-(S) curve using the Debye scattering Eq. (4)'¢? as:

S4(S)

—_—

£ty =

m

13 3 O(S)exp(—byS*)sin(Sry)ry, “)
where f;(S) and fj(S) are the independent atomic scatter-
ing factors or atoms i and j; r;; the distance between ions i
and j and by; the temperature.factor that is half of the
mean square variation in rj;. The lower limit of S in the
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S.i(S) curve depends on the size of the structural model;
since it is about the maximum intraionic distance in the
structural model, we examined the range 2.0 8! < S <
13.5 A1, Fig. 5 shows a comparison of the-calculated
S-i(S) curves of three typical configurations ((a), (b) and
(c) in Fig. 4) with the observed one. The most possible
structure, showing the best fit for the observed S-i(S)
curve as shown in Fig. 1, is made up of two Na* around a
BeFa tetrahedron, that is, one of the two Na' occupies the
corner-site position ((a) in Fig. 4) and the other occupies
the edge-site position ((b) in Fig. 4). The constants used in
the calculation were obtained by a least square variation
of Eq. (4) against the observed S-i(S) curve, and are given
in Table 2. The coordination number of the nearest
neighbouring Na-F pair, ny,/F, in this model is 3.0 which
is almost equal to the observed one. From measurement
of the spin-lattice relaxation time for molten Li; BeF,,
LiBeFs and NaBeF; by means of nuclear magnetic
resonance, Matsuo and Suzuki! 7) pointed out the possi-
bility of the edge-site position of Na' around the BeF4
tetrahedron.
A subsequent communication will be discussed a long-
range arrangement of neighbouring Na, BeF4 units around
a Na, BeF4 unit.

Fig.4 Schematic illustration of typical configurations of Na"
jons around a BeF4 tetrahedron. (a) corner-site position;
(b) egde-site position; (c) face-site position.
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Molten structures of Nay BeF4 and NaBeF3
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Fig. 5 Comparison of observed (molten NazBeF4) and calculat-
ed S.i(S) curves. (a) observed; (b) a BeF4 tetrahedron;
(c) corner-site position; (d) edge-site position; (e) face-site
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position.

Table 3 Constants used in the calculation of the most possible
structural model by Eq. (4). Njjj, 1jj and <Arjj2> Yeare
the coordination numbers of j ions around any origin i
ion, the distance and the associated root mean square dis-
placement between ions i and j, respectively.

i J Ny/j M- cary B2
) )
Na  Na 2,0 — _
Be Be 1.0 —_— —_—
F F 4,0 _—
Be F 8.0 1.65 0.100
F F 12.0 2,62 0.141
Na  Be 1.0 3,32 0.142
Na  Be 1.0 4,19 0,142
Na F 3,0 2,22 0.110
Na F 2.0 3,76 0.236
Na F 3,0 4,64 0.285
Na Na 2.0 5,37 0.437
Molten NaBeF3

Up to the composition range of Na, BeF4, the mixtures
rich in sodium fluoride will chiefly contain Na" cations, F~
and monomeric BeF42~ anions. As the region rich in
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beryllium fluoride attained, the polymerization process
proceeds and molten pure beryllium fluoride forms
three-dimensional network structure of BeFs; tetrahedra.
NaBeF3 is intermediate between these composition range.
From viscosity’) and thermodynamics data'®), we can
estimate that a mixture with the composition of NaBeF3
contains a high percentage of some polymeric anions with
small size.

In molten NaBeF3;, the observed coordination number
ng/r was 3.5. This value is close to the ng/r of the
following three dimeric anions: (1) the corner sharing
Be;F7®~ (np/r = 3.5), (2) the edge sharing BepFe?~
(ng/p = 3.8) and (3) the face sharing Be; Fs “(ng/F =3.6).
However, the existance of Be,F¢2~ and Be; Fs5~ is not
supported due to the following reasons: (1) because of the
remarkable decrease in the distance of the two Be?*
within Be; F¢2 ~and Be; Fs “compared to within Be; F3 7,
the repulsive forces between these two Be, within
Be,Fs2~ and Be,Fs ™ increase, and these two dimeric
anions would be accordingly unstable. (2) only corner
sharing anions are found in analogous silicate systems, and
(3) the existance of BeyF3~in molten Na, LiBe, F7 was
pointed out from measurement using Raman spectros-
copy! 8) Therefore, the main polymeric anion in molten
NaBeFs would be dimeric Be;F73~ In addition, the
observed coordination number ny,/F was 1.8. Na" cations
are presumably placed in contact with the two unshared
F~corners of the two Bea F73 "~
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As was noted above in the introduction, a molten NaF-
BeF, system would have essentially the same structure as
a molten Ca0-SiO; system by the corresponding-state
principleG). X-ray structural analysis of molten CaSiO3
only was carried out Waseda and Togurig). We examined
the similarity of this to the structure of molten NaBeF3
(measured temperature: T = 743 K, m.p. temperature:
Tm = 645 K, reduced absolute temperature scale: T/Ty, =

1.15) and that of molten CaSiO3 (T = 1873 K, Tm =
1813 K, T/Tm = 1.03). Fig. 6 shows a comparison of the
observed D(r) curves of these chemicals. The value peak
positions of both D(r) curves show good agreement.
Therefore, by analogy with Be,F3~in molten NaBeFs,
Si207%~ would also exist in molten CaSiO;. It is well
known that there are two configurations, that is, the
eclipsed ((a) in Fig. 7) and staggered ((b) in Fig. 7) forms
for dimeric anions which consist of two tetrahedra sharing
one commom F~ corner. As shown in Fig. 6, the peak
positions of the two forms in Be;F73~ and Si; 0,°~
qualitatively coincide with those of the observed D(r)

T T T T
CaSi0,
NJBng
5
]
= ', |
g o i o g 13
T # %o pn/ o | | 1§
= A 8o " 11
o ioN/® 8/ 0o 8
:]t iV e 5288 @
" ‘ .',l l | ) na Ul l
Ay
i\ { (b
o\ | |
u- u 2
Lol 2y (@
U 3
3 )
| '? T |
L/\I i | 1 L 1
0 2 4 6 8

Fig. 6 Comparison of D(r) curves of molten NaBeF3 (470i5°C,

T/Tm = 1.15) and CaSiO3 (1600°C, T/Tm = 1.03).
T: experimental temperature; Ty, : m.p. temperature.
(a) eclipsed form. (b) staggered form.
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curves of molten NaBeF3 and CaSiOs . This result leads to
the conclusion that both the chemicals have essentially
the same structure.

Fig. 7 Configurations of dimeric A2 X7 ions.
(a) eclipsed form; (b) staggered form.

4. Conclusion

From the results obtained, we can summarize as follow,
(1) In molten NayBeF; and NaBeFs, BeF4 tetrahedra
exist as the fundamental structural unit. The mean
distances of the ionic pairs in a BeF4 tetrahedron
become slightly longer in the melts than those found
in the solid. The mean distances of the nearest
neighbouring Na-F pair are close to the sum of the
ionic radii of Na" and F~,
(2) Molten Na;BeF4 contains mainly monomeric BeFa?~
with four unshared F~ corners. This result is support-
ed by the results of Raman spectroscopy and e.m.f.
measurements. Furthermore, two Na" are situated in
the following configurations around a BeFs tetra-
hedron: one of the two Na* occupies the corner-site
position and the other occupies the edge-site position.
(3) Dimeric Be, F73~with one shared F~corner common
to two BeF, tetrahedra appears in molten NaBeF3.
From comparison of the observed D(r) curves of
molten NaBeF3 and CaSiO3, both the chemicals have
essentially the same structure.
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