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Abstract, The structure of molten MOD (M = 'Li, Naand K) at 773 K has been investigated
by neutron diffraction measurement using a nickel metal cell. The intraionic O-D bond
lengths were 97, 98 and 98 pm and the most probable interionic M-O distances were 194,
242 and 279 pm for "LiOD, NaOD and KOD, respectively. The difference in the intraionic
O-D distance among these melts was within the experimental error. The M-O distance
depends linearly on the ionic radius of the cations; the OD~ ion possesses an effective ionic
radius of 139 pm in the melts. Long ranged oscillatory character was observed in the G"(r)
for 'LiOD but not for NaOD or KOD.

1. Introduction

Alkali metal hydroxides consist of spherical alkali metal ion and the simplest polyatomic
ion, OH™. The size of the hydroxide ion is as small as that of the F~ ion and the centre
of its negative charge is polarized to the oxygen side, so that it interacts anisotropically
with the cation through the strong coulombic attraction [1]. According to the results of
solid structure investigations [2], the LiOH crystal forms a layer structure in which four
Li* ions coordinate squarely to an OH™ ion only on its oxygen side and four OH™ ions
coordinate tetrahedrally to a Li* ion. The orientation of all the OH™ ions is vertical to
the layer, the oxygen side pointing to the cations. The NaOH crystal [3] also forms a
layer structure, in which five Na* and five OH™ ions coordinate pyramidally to each
other. In the structural study of KOH crystal [4], it has been shown that each K atom is
surrounded by a distorted octahedron of O atoms and vice versa. The hydrogen atoms
in KOH have been shown to lie on or very near to the O-O axes.

The purpose of the present study is to elucidate the structure of molten alkali
hydroxides by means of neutron diffraction. In a previous study [5], neutron diffraction
measurements were successfully carried out for highly corrosive NaOD melt using a
nickel metal cell. The intraionic structure was evaluated with good accuracy and a
peak, traceable mainly to the Na—O correlation, was observed at 242 pm in the radial
distribution function. In the present study, neutron diffraction measurement has been
performed for molten 'LiOD and KOD as well as for the NaOD melit measured in the
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previous study [S]. The cation dependence of the intraionic structure and the atom-
atom distance has been examined.

2. Experimental details

The deuteroxide samples were used instead of hydroxides to avoid large incoherent
scattering by the H atoms. The KOD sample was prepared from commercially available
aqueous solution (CEA; 98.5 mol% D) and heavy water of high purity (Wako Pure
Chemical Industries Ltd, Osaka; 99.75mol% D) inasimilar procedure to that for NaOD
[5]. The purity of the prepared sample was about 99.5 mol% D.

Lithium-7 deuteroxide ("LiOD) was prepared from ’LiOH - H,O (Tomiyama
Chemical Co Ltd., Tokyo: 99.95 mol% ’Li) and the heavy water. The 'LiOH - H,O was
dehydrated at about 470 K for a few hours in a nickel crucible. The melt was decomposed
to 'Li,O [6] by heating it to 950 K in an alumina crucible under vacuum (about 1600 Pa).
The obtained "Li,O was dissolved into D,0 in a stainless steel dry box filled with dried
nitrogen gas. The Raman intensity ratio of the OH stretching mode at 3400 cm ™! to the
OD stretching mode at 2500 cm ™! in the deuteroxide solution was less than 0.0025, which
indicates that the H/D ratio was negligibly small. The solution was again dehydrated
and heated at about 770 K for 3 h under a flow of dried nitrogen. Subsequently, the melt
was poured into the nickel cell (inner diameter 8 mm). After cooling, the nickel cell was
evacuated and sealed by a copper gasket.

Time of flight (TOF) pulsed neutron diffraction measurement was performed with
the high intensity total scattering spectrometer (HIT) equipped with a pulsed spallation
neutron source at the National Laboratory for High Energy Physics, Tsukuba. The
scattering intensities were observed at 773 K only for the cell and then for the cell filled
up with the sample. The observed intensities for the sample were corrected for the nickel
metal cell, background, absorption [7], and multiple [8] and incoherent scatterings. The
data at the scattering angle 26 = 32° were used for further analyses, since the inelastic
scattering effect from light atoms is smaller with a decrease in the angle. The Placzek
correction was made for the self term of all the constituent atoms according to the Powles
method [9]. The interference term did not influence the results practically as described
in the previous paper [5] at 26 = 32°. The coherent scattering intensities I(Q) were
normalized by the use of the vanadium standard, where £Q denotes the momentum
transfer. More details of the nickel cell and the instrument are given in [S] and [10].

The total structure factor S(Q) in the Faber-Ziman form [11] is obtained from the
definition

S(Q) = [H(Q) — Z(x;b}) — (Zx,b:))*}/(Ex,b,)? (1)

where b; is the coherent scattering length of the ith nuclear species and x; the atomic
fraction. The weights of the partial structure factors to the total one, xx;bb,/(Zx.b,)%,
are shown in table 1. The neutron weighted radial distribution function G"(r) is
derived by numerical Fourier transformation of the total structure function Qi(Q)

(=0(8(0) - 1))
Qmax
G*() = 1+ (1/27r00) | ™ 0i(Q) sin(rQ) dQ @)
0
where p, is the average number density of atoms, and Q... is a cut-off value of Q, i.e.

0.20[12],0.22 and 0.22 pm™! for "LiOD, NaOD and KOD, respectively, for the Fourier
transformation.
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Table 1. The weight of the partial structure factor to the total one, xx;b,6,/(Zx;5))?, for alkali
hydroxides. The letter ‘M’ denotes a metal atom.

System  M-M M-O M-D 0-0 0-D D-D
LiOD 0.047 -0.122 -0.141  0.320 0.368 0.423
NaOD  0.051 0.081 0.093  0.130 0.149 0.172
KOD 0.053 0.082 0.095 0.129 0.148 0.170

Q-i(Q)/10%pm'

Figure 1. Structure function Qi(Q) for molten
alkali hydroxides at 773 K. (a), (b) and (¢) refer to
'LiOD, NaOD and KOD, respectively.

P experimental results; ———: Qi,,..(Q) derived
Q/10pm from the Debye equation.

The intraionic structure function Qi;,.(Q) was evaluated by optimization of the
experimenal Qi(Q) in the Q range from 0.13 pm™' to Q,,,, using the Debye equation
[13];

Qiina(Q) = 2nopXobobp sin(Qrop) eXP(“l%)DQZ/2)/{’0D (Zx;b,)%} (3)

where there are three parameters to be optimized; ngp is the intraionic coordination
number of D atoms around an O atom, and /3, is the mean squared displacement of the
intraionic equilibrium distance rgp.

3. Results and discussion

Figure 1 shows the obtained total structure functions for molten MOD (M = "Li, Na
and K) at 773 K. The estimated statistical error of the data is shown by the error bars in
the figure. Asseen from the figure, the first peak was single and intense for ’LiOD, while
the first peak splits into a doublet for NaOD and KOD. The difference could be caused
by the negative scattering length of ’Li. It was, however, revealed by molecular dynamics
(MD) calculation for molten LiOH [14] that the first peak of LiOD is mainly based on
long ranged O-O correlation.

The Qi(Q) points oscillate nearly sinusoidally at Q > 0.13 pm™! in all the cases. At
large Q, the intraionic O-D correlation is predominant in the Qi(Q) points. In the
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Table 2. Comparison of parameters obtained from reciprocal space for the intraionic O-D
correlations and from real space for the M-O correlations in molten alkali hydroxides at
773 K. The values in parentheses denote the coordination numbers in the crystals.

System ¥op (pm) nop lop (pm) yo (pm) i (pm) [16]
LiOD 97 = 1 0.95=0.10 82=0.3 194 = 10 59 (1V)
NaOD 98 + 1 0.99 =0.10 7705 242+ 5 102 (VD)
KOD 98 £ 1 1.02 = 0.10 6.7=0.5 279 + 5 138 (VD)
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W : 7 Figure 2. Radial distribution functions G"(r) for
Vo | | | | molten alkali hydroxides at 773 K. (a), (b) and
2 3 4 g 6 (c) refer to 'LiOD, NaOD and KOD,

2 respectively. : with a Riemann window;
r/10° pm - ——: without a Riemann window.

evaluation of the Debye equation, the value of ngp changes within 109% at most according
to the range of optimization. Table 2 shows the optimized parameters of rop, ngp and
lop. This result shows that the difference in the intraionic O-D distances among these
melts was within the experimental error. The intraionic Debye structure functions
obtained are also shown in figure 1. The ngp values obtained from the Debye equation
are reasonable and consistent with the values calculated from the integration of the
intraionic O--D correlation in the following G"(r) values.

The total structure functions were Fourier transformed with and without a Riemann
window [15]. The G*(r) of 'LiOD, NaOD and KOD are presented in figures 2(a), 2(b)
and 2(c), respectively. Each maximum peak at about 100 pm can clearly be assigned to
theintraionic O-D correlation. The peaks at smaller r should be caused by the truncation
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Figure 3. Plot ot the M~O distance ryo against the
0 015 1 10 1 l5 cation radius ry. —— —is the best fit to the plot with
‘ ' ' aslope of unity; the intersection of the ordinate is
/1 0? pm 139 pm. As for the ionic radii, see also table 2.

of the Fourier transformation at a finite value. The G"(r) without the window function,
however, may be preferable for the evaluation of this sharp and large peak of intraionic
O-D correlation, since the window function more or less causes broadening of the peak.
On the other hand, the position of small interionic peaks must be evaluated from G"(r)
with the window function in order to avoid the uncertainty caused by the relatively large
Fourier truncation ripple. In the case of G"(r) without the window function, from which
the intraionic coordination numbers ngp were calculated, only O-D intraionic peaks
are shown in the figures.

The most probable Li-O distance was 194 pm, which could reasonably be assigned
by taking account of the Li-O distance being 198 pm in the crystal [2]. This is also
supported from the MD calculation [14]. According to analogous consideration, the
peaks observed at 242 and 279 pm for NaOD and KOD are assigned mainly to the
Na-O and K-O correlation, respectively. The coordination number could not definitely
be determined because there exists some overlap of the other atom-atom correlations
as well as the influence of the window function. The ryo values are plotted in figure 3
against the ionicradii of cations ry; [16], which are presented in table 2. This plot approxi-
mately shows a straight line with a slope of unity. This suggests that the OD ™ ion has an
effective ionic radius of 139 pm (the intersection of the ordinate in figure 3) against the
cation in the melt. In the short ranged structure, the liquid may have a similarity with the
crystal. The interionic distances of nearest-neighbour ions of an unlike sign can be
determined by the cation size and the effective oxygen size in the melts. In this respect,
it is interesting to investigate other oxy-anion systems such as nitrates and carbonates.
On the other hand, no distinct M-D correlation is observed for all systems because of a
great overlap of other atom—atom correlations. A very small negative peak or dent
can be found at about 250 pm in G"(r) for the LiOD melt. However, this cannot be
distinguished from the Fourier ripple and might not represent real correlation, although
strong partial Li-D correlation was observed at this location by MD simulation [14].

The G"(r) for "LiOD shows oscillatory behaviour at » > 300 pm while such behaviour
is not observed for NaOD or KOD. This is traceable to the single and intense peak at
Q =0.023 pm™" in reciprocal space for 'LiOD. According to the MD calculation for
molten LiOH, the oscillatory behaviour in real space was also found and assigned to
O-Ocorrelation. For the present G"(r), there isadifference in the long-range correlation
between 'LiOD and the others.

There seems to exist a slight correlation around 150 pm in the G"(r) of the LiOD
melt. This may represent D-D correlation, although large ghost peaks prevent further
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analysis. In order to examine each correlation in more detail, an isotope substitution
method is required from an experimental point of view. Further, computer simulation
is a powerful tool for elucidating detailed structure of the liquids. The MD calculation
for molten LiOH will be reported elsewhere [14].

4. Conclusions

Neutron diffraction measurements have been performed for molten MOD (M = "Li,
Na and K) at 773 K using a nickel metal cell. From the Qi(Q) values, the intraionic
O-D bond lengths were determined to be 97, 98 and 98 pm for ’LiOD, NaOD and KOD,
respectively. The difference in the intraionic O-D distances among these melts was
within the experimental error. The peaks in the M—O correlations were observed in the
G"(r) values for "LiOD, NaOD and KOD at 194, 242 and 279 pm, respectively. The plot
of the M—OQ distance against the ionic radii of the cation shows a good straight line with
a slope of unity. This suggests that the OD~ ion has an effective radius of 139 pm in the
melts. The distances between adjacent ions of unlike sign can be determined from the
radii of cation and the O atom size of the OD ™ ion.

Long-ranged oscillatory character was observed in the G*(r) for "LiOD but not for
the NaOD or KOD melts.
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