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The structure factors of molten LiNO3;, RbNO;z; and AgNOs and the 1:1 LiINO;—RbNO; mix-
ture have been determined over a wide range of momentum transfer by neutron total scattering
measurements using a pulsed spallation neutron source. Least-squares analyses applied to the
intra-ionic part of the structure factors have revealed the geometry of nitrate ions to be
equilateral triangular (the D3}, symmetry) in the melts, independent of the cations involved. The
radial distribution function (RDF) of the AgNO; melt has indicated that about four nitrate ions
are bound to an Ag* ion as a monodentate ligand with the shortest Ag—O distance of 240 pm.
The contact between lithium atoms and nitrate ions was also evidenced at about 190 pm in the
RDF of the melts containing lithium ions, but the orientation of the nitrate toward lithium ions

was not conclusive in the present study.

Introduction

Investigations of the structure of molten univalent
metal nitrates by Raman and infrared spectroscopy
[1—=9] have so far been focused upon the split of the
v; band at about 1400 cm™!, which is due to the
loss of degeneracy of the E mode of the NOj ion,
1.e. the lowering symmetry from Dj, to C,, or Cs,
and upon the low-frequency bands appearing in the
region of 100 to 350 cm™! in molten LiNO;, AgNO;
and TINOs;. The former characteristic of the spectra
has been interpreted in terms of a specific ionic
association between cations and nitrate anions
[1=7,9]. On the other hand, the low frequency
bands have been ascribed to interionic interactions
in quasi-crystalline aggregates from a comparison of
the bands with those of the the corresponding crystal
structure [1. 8, 9]. Clarke and Hartley [5], however,
interpreted the spectra in terms of transient ionic
associations and claimed that the low frequency
Raman bands originate from localized librational
modes of the nitrate ion around the C, axis. In an
X-ray diffraction study of a series of molten uni-
valent metal nitrates [10] it has been suggested that
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the nitrate ions and cations have a diamond-like
arrangement in molten NaNO;, KNO3;, RbNO; and
CsNOj and a simple cubic arrangement in molten
AgNOj; and LiNOj. In Time-of-Flight (TOF) neu-
tron diffraction measurements [11], two different
O—0 distances within the nitrate ions were found
in case of the LiNO;, AgNO; and TINO; melts and
were ascribed to the C,, symmetry of the nitrate
ions. However, a recent X-ray diffraction study on
molten AgNO; [12] has revealed that about four
nitrate ions are bonded to an Ag® ion and hence a
nitrate ion shares more than one Ag ion.

In the present study, we have performed TOF
neutron diffraction measurements on molten LiNOs,
RbNO;, AgNO; and a 1:1 mixture of
LiNO;—RbNO; using a pulsed spallation neutron
source in order to determine the geometry of the
nitrate ions in the melts and also to investigate the
cation-nitrate ion interactions. The pulsed neutron
source employed here is much more intense than
the previous one using an electron LINAC [11], and
hence a more reliable data analysis is expected.

Experimental

Neutron scattering measurements were performed
with a high intensity total scattering spectrometer
HIT using a pulsed spallation neutron source at
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Fig. 1. Schematic diagram of the spectrometer HIT.

the National Laboratory for High Energy Physics
(KEK), Tsukuba. A schematic diagram of the
spectrometer is shown in Figure 1. Details of the
instrument and its performance have been described
elsewhere [13]. Neutron scattering data were collect-
ed simultaneously with *He counters at scattering
angles (260) of 8°, 13°, 23°, 32°, 51°, 91° and
150°. At 260 =91° and 150° counters were arranged
in the geometrically focussing positions.

Metal nitrates of reagent grade were used without
further purification. Powder samples of the pure
salts which had been dried in vacuo at 100—150 °C
overnight, were melted in Pyrex glass tubes with a
diameter of 10 mm. The 1:1 LiNO;—RbNO; mix-
ture was melted and stirred sufficiently in a cru-
cible before pouring it into the Pyrex tube. After
cooling the melts in a desiccator the solidified metal
nitrates were taken out from the tubes, transferred
into quartz sample cells and sealed in vacuo. The
sample cells have 0.4 mm wall thickness, 10 mm in
inner diameter and 70 mm in height.

The samples were placed in a vacuum chamber
during the measurements to prevent scattering of

the incident beam by air. The sample cell was
heated by two infrared lamps facing each other. The
temperature of the sample was monitored by a
Chromel-Alumel thermocouple and controlled
within = 1 °C during the measurements. Besides the
measurement of the samples, scattered intensities
were measured for background, an empty cell and a
vanadium rod of the same dimension as the cell.
Scattering from the vanadium rod was used to
normalize the measured intensities to absolute units.

The observed intensities were corrected for ab-
sorption [14], multiple [15] and incoherent scattering
and the recoil effect [16].

The structure factor S (Q) can be defined by

1(Q)= 2. b2+ (D b)? "
2 by)? ’

where 7(Q) represents the normalized observed
intensity and b; is the coherent scattering length of
the i-th nucleus, which was taken from the literature
[17]. The isotope ratio of natural Li was checked by
mass spectrometry.

S(Q)=
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Fig. 2. Structure functions /(Q) multiplied by Q of the
melts (a) LiNO;, (b) RbNOs, (c) AgNO; and (d) 1:1
LiNO;—RbNOj;. Dots show the experimental values and
solid lines the theoretical ones for the models described in
the text. The dashed line in (¢) shows the theoretical values
for the Ag—NO; orientation model (Figure 8).

The radial distribution function is calculated by
the conventional Fourier transform

Omax
D(r)=4nrio+Q2r/n) | Q-i(Q)M(Q)
Omin
~sin(Qr) dQ, )

where g, denotes the number density, Qmin and Qnax
the lower and upper limits of the momentum
transfer Q restricted under the experimental condi-
tions, M (Q) the modification function of the form
Sin (7 Q/Qmax)/ (1 O/ Qmax). and i(Q) (= S(Q)—1)
the structure function. The /(Q) values multiplied
by Q are shown in Figure 2.

The theoretical structure function i(Q)meq for
a model structure of a melt is calculated according
to the Debye equation

i(Qmoa =2, 2, i bi b jo(Qrij) exp(—b;; 0% . (3)

Here jo(x) is a spherical Bessel function of the
zeroth order, n;; the number of interactions between
the /-th and j-th nuclei. The temperature coefficient
b;; is given by b;; = (I})/2, where (/%) is the mean
square variation of the distance between the i-th
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and j-th nuclei. Peak shapes for a given model are
calculated by the Fourier transform of i(Q)moq
using (2).

Results and Discussion

A) Radial distribution functions (RDFs)

The radial distribution functions for molten
LiNO;, RbNO;, AgNOs and (1:1) LINO3;—RbNO;
mixture are shown in Figure 3. The first peak was
observed at 125 pm for all the melts, corresponding
to the expected N—O distance within a nitrate ion.
The second peak appeared around 220 pm for the
melts of LINO3, RbNOj3 and the mixture, assignable
to the O—O interaction within the nitrate ion. In
the RDF of the AgNO; melt the second peak was
split in two, the positions of which were around
220 pm and 240 pm. In crystals of some NOj;-co-
ordinated Ag compounds such as f-AgNO; [18], the
shortest Ag—O distance has been reported to be
240—250 pm. From an X-ray diffraction study of an
AgNO; melt the shortest distance between Ag* and
the nitrate oxygen atoms has been observed at
245 pm [12]. Therefore, the peak around 240 pm was
assigned to the Ag— O interaction.

In case of the LiNO; melt, the Li—O distance
was expected to be about 200 pm according to the
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Fig. 3. Radial distribution functions of the melts: (a)
LINO;. (b) RbNO3 (c) AgNO“{ and (d) 1:1 LINO3‘—
RbNO;. Dots: experimental; solid lines: model.
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sum of the effective ionic radius of Li* (60 pm) and
the contact radius of oxygen atom (140 pm) [19].
Since the Li nucleus has a negative scattering
length, the Li—O interaction should give a nega-
tive contribution to the RDF around 200 pm. In a
previous neutron diffraction study [11], the asym-
metric peak at 220 pm was interpreted in terms of
two different O—O interactions originating from an
isosceles triangular structure of the NO3 ion, and
the contribution of the Li—O interaction was not
taken into account in the analysis. However, the
asymmetric feature of the peak at 220 pm can occur
when the negative Li—O (200 pm) and positive
O—0O (220 pm) contributions to the RDF overlap.
This point will be discussed in detail in the follow-
ing section.

B) Structure of the NO3 ion

In general, short intramolecular interactions con-
tribute to the structure factor up to high Q values
while the contribution of intermolecular interactions
diminishes rapidly with increasing Q. In the present
study, therefore, the structure of the nitrate ion was
determined by a least-squares fitting procedure
applied to the Q-i(Q) values in the high Q
region except for the RbNOj;. The function
U= 0%[i(Q)obs — i (Q)moa)* Was minimized with
the distance r;;, the temperature coefficient b;; and
the number of interactions n;; in (3) as optimizing
parameters.

In case of the RbNO; melt another fitting pro-
cedure was used. As is seen in the RDF of the
RbNO; melt (Fig. 3b), the peaks originating from
the intra-ionic N—O and O—O interactions within
the nitrate ion are well separated from the inter-
molecular interactions appearing at r> 290 pm.
Thus, the experimental intra-ionic structure func-
tion Q-i(Q)ma can be obtained by a reverse
Fourier transform according to

Tmax

{(Qinra= | D(r)sin(Qr)/(Qr)dr. 4)
Here, rpi, and rp,, are the lower and upper limits of
the r-range within which peaks of interest fall; in
the present case they were set to be 0 and 260 pm,
respectively.

Figure 4 (dots) shows the Q - i (Q)inra values thus
obtained, for which the least-squares fits were car-
ried out in the whole Q region. The distance and the
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Fig. 4. Experimental intra-ionic part of the structure func-
tion of the RbNO; melt obtained by (4) (dots) and calcu-
lated from the least-squares fit (line).

temperature coefficient of the N—O and O-0O
pairs within the nitrate ion were varied indepen-
dently. The final results are given in Table 1. The
values obtained in the present investigation are in
good agreement with those reported in a previous
study [I11]. The nitrate ion has a Dj, symmetry
structure in the RbNO3 melt. The model reproduces
the observed values well as shown in Figures 2—4.

In case of the molten LiNO;, AgNO; and
LiNO3;—RbNO; mixture, the contribution from the
short Li—O (200 pm) and Ag—O (240 pm) inter-
actions discussed in the previous section should be
carefully checked over the Q-range employed in the
refinements since their contribution to the total
structure function might still remain in a moderate
Q region.

In order to estimate the contribution of the
shortest Ag—O interactions, we analysed the peak at
240 pm by assuming a Gaussian shape. The result
indicated that the frequency factor of the Ag—O
contacts was about four with rs,_o =243 pm and
bag—o =100 pm2 The theoretical Q- i(Q) values of
the Ag—O interaction thus estimated are drawn in
Fig. 5d, together with those of the N—O and O-0O
interactions (Figures Sa—c). Figure 5d clearly shows
that the Ag—O contribution is significant up to
0.2 pm~!, but negligible at Q > 0.2 pm~'. Therefore,
the structure of nitrate ion in the AgNO; melt was
determined by the least-squares fits in the Q-range
of 0.2—-0.3 pm~!. In order to examine the symmetry
of the nitrate ion, the following two models were
tested.

Model A: Nitrate ion with D3, symmetry. The
distances and the temperature coefficients of the
N—-O and O—O atom pairs were allowed to vary
independently.
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Table 1. Results of the least-squares fits with the distance » (pm), the temperature coefficient b (pm?), the number of
interactions 7, and the agreement factor R defined in the text. The estimated standard deviations are given in parentheses.
The values in brackets are those reported by Suzuki and Fukushima [11] (* Fixed).

Melts Range of N-0O 0-0OorO'-0O’ o-0’ M-0
/1072
pm~! r b nor b nor b n r b n R
LiINO; A 15-30 125.0¢(1) 8(1) 3 2155M4) 29(2) 3 0.09
B 15-30 125.1(1) 8(1) 3 209(1) 10 (10) 1 219.6(1) 10 2 0.14
5-20 125.0* 8* 3 215.5* 29* 8 189(2) 16(5) 3.2(9) 0.08
[9-20 126 14 3 209 29 1 221 25
RbNO; 0.1-30 1255(1) 11(1) 3 216.1(3) 25(2) 3 0.03
[9-20 125 10 3217 27 3]
AgNO; A 20-30 1249(1) 10(1) 3 2149(5) 19(2) 3 0.26
B 20-30 1255(1) 10(1) 3 211(1)  10(10) 1 220.5(5) 10 2 0.36
5-20 124.9* 10* 3 2149* 19% 3 242 (2) 90 (10) 43(5 0.17
[9-20 127 16 3 210 25 1 222 25 2]
(1:1)
LiNO;_
RbNO, 5-30 1249(1) 12(3) 3 2167(2) 32(2) 3 193 (2) 30(20) 4(1) 0.18
[ | The final results are summarized in Table 1.
| " . | The R-value for the D3, model was significantly
In N K A om ! smaller than that for the C,, model, and thus it was
okl /£ A P z’ \TAYAY concluded that the nitrate ion has an equilateral
EI\N w7 v : .
B v oY | triangular structure in the AgNO; melt.
g "] The data for the molten LiNO; and LiNO;—
‘EO{\\%/\/\ AN A~ RbNO; mixture were anal'ysed in a similz}r manner
A = ¥ as for the AgNO; melt. Since the scattering length
= " of the Li atom is about one-third of that of the Ag
atom, the frequency factor of Li—O pairs was dif-
ficult to be estimated from the RDF. Thus the

8 2%
Q/1072pm-!
Fig. 5. Comparison of the pair structure functions for the
AgNO; melt (a) 3xN-0, (b) 3x0O-0 from Djy, (c)
2x0-0" (===), 1 x0’-0" (—) from C,, and (d)
4 x Ag—O0, together with the observed ones (dots).

Model B: Nitrate ion with C,, symmetry having
two different O—O distances (2 x O—0’, 1 x O’'=0’)
with the same temperature coefficient. ry_g, bn-0,
ro-os ro—or and bo_o (= bo—) were treated as in-
dependent parameters. The values reported in [11]
were taken as initial values.

The usual agreement factor R defined by

R2 = ZQZ [i(Q)exp - i(Q)modlz/): Q2 i(Q)gxp

was used to choose the most likely model.

(5)

Li—O interaction was assumed to have ny;_o=4
and r;_o =200 pm according to the literature [19]
and its contribution was compared with those from
the N—O and O—-0O interactions. The result showed
that the oscillation of the short Li—O interaction
diminishes around 0.12 pm~"'. Thus the least-squares
fits were performed in the Q-range of 0.15-
0.30 pm~! for the two models. The results are given
in Table 1. Judging from the R-value, the D3, sym-
metry model was again preferred in the LiNO;
melt.

This conclusion held also for the LiNO;—RbNO;
mixed melt although the Li—O contribution was
small in the RDF. The final parameter values from
the least-squares fits are given in Table 1.

The present conclusion that nitrate ions have a
structure of the D3, symmetry in the AgNO; and
LiNO; melts differs from that given in [11]. This is
probably because the significant Li—O and Ag—O
interactions were not taken into account in the
analyses performed in [11]. It should be borne in
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mind that the Dj, symmetry structure for nitrate
ion concluded in the present study is both time- and
space-averaged. From a dynamical point of view,
the structural distortion of the nitrate ion indicated
in the spectroscopic studies [1 —9] may be discussed
on the basis of frequency shifts in spectra. However,
if the triangular structure of NO3 could significant-
ly deform so as to be isosceles triangular, the tem-
perature coefficients of the N—O and O—O inter-
actions within the NO3 ion should be very large.
The b values in Table 1, however, show that this is
not the case in the melts and hence a significant de-
formation of the triangular structure of NO3 ion
may not be expected in these melts. It should be
noted that a recent depolarized Rayleigh spectrum
of molten lithium nitrate has supported the Djy
symmetry of the nitrate ion in the melt [20].

C) Cation — nitrate ion interaction

In the previous section the M*—NO73 interaction
has been discussed for molten AgNO;. The struc-
ture parameters of the Ag—O interactions were
determined by least-squares fits in the Q region of
0.05-0.20 pm~!, in which there is a significant
Ag—O contribution in the experimental structure
function (Figure 5). During the calculations, the
parameters of the N—O and O—O pairs within the
nitrate ion were fixed to the values obtained in the
previous section to decrease the number of indepen-
dent parameters varied simultaneously. The final
results given in Table 1 show that about four nitrate
oxygen atoms coordinate to an Ag" ion with an
Ag—O distance of 242 pm. The peak shape of each
atom pair is demonstrated in Figure 6. The agree-
ment between the experimental and calculated
Q- i(Q) and D (r) functions is shown in Figs. 2¢c and
3¢, respectively.

In order to determine the number of oxygen
atoms around Li*, similar calculations were carried
out in the Q range 0.05-0.20 pm~! for the structure
functions of molten LiNOj and the LiNO3;—RbNO;
mixture. The final results are summarized in Table I,
showing that the number of Li—O contacts at
190 pm should be 3—4 in the melts. The peak shapes
of the N-O, O—O and Li—O interactions are
reproduced in Figure 7.

The present result that more than one nitrate ion
coordinates to an Ag* and an Li* ion implies that
nitrate ions must be shared by some of the cations.
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Fig. 6. The peak shapes of the N—O, O—O and Ag—-O
interactions for the AgNO; melt (below). Their sum is
shown by the solid line (above), together with the experi-
mental values (circles). The dashed line shows the calcu-
lated values based on the orientation model (Fig. 8). The
difference between the experimental and the calculated
values is represented by the dots.
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Fig. 7. The peak shapes of the N—O, O—O and Li—O in-
teractions (below) and their sum (solid line, above),
together with the experimental values (dots).

In this situation, various instantaneous geometries
of the NO3 ions may exist in the system and the
time-averaged structure of the various instantaneous
distortions of the nitrate ions is of D3, symmetry as
is detected by the present diffraction method.

The broad peaks around 290-320 pm and 400—
500 pm in the RDF of the AgNO; melt (Fig. 3)
indicate the presence of long-range orientations in
Ag*—NOj3 interactions. No such peak was observed
in the corresponding RDFs of the other melts. In an
X-ray diffraction study of an AgNO; melt, Holm-
berg and Johansson [12] have proposed a model for
an Ag—NOs; orientation illustrated in Fig. 8, similar
to that found in the structure of f-AgNOs; crystals
[18]. The peak shape calculated from this model
with parameter values given in Table 2 is drawn in
Fig. 6 by a dashed line, which corresponds well to
the broad peaks at 290—320 pm and 400—500 pm
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Table 2. Parameters used for the model calculation of
Ag—NO; orientation illustrated in Fig. 8; interatomic dis-
tance r in pm, temperature coefficient » in pm? and
number of intgractions n per Ag atom.

r b/10 n
Ag—N 315 40 43
Ag-01 242 9 4.3
Ag—-02 307 40 4.3
Ag—-03 435 60 4.3
01 03
N
Ag 02

Fig. 8. An Ag—NOj orientation model [12].

in the RDF of the AgNO; melt. Thus about four
nitrate ions are likely to coordinate to Ag* as a
monodentate ligand.

In the melts of LiNO3, RbNO; and LiNO3;—RbNO;
mixture, the orientation of the nitrate ions toward
the cations was not concluded from the present dif-
fraction data since longer M—N and M—O peaks
within the M—NO; interaction were not clearly
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