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The structure factors of molten LiN0 3 , RbN0 3 and AgN03 and the 1:1 L i N 0 3 - R b N 0 3 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 h symmetry) in the melts, independent of the cations involved. The 
radial distribution function (RDF) of the AgN03 melt has indicated that about four nitrate ions 
are bound to an Ag+ ion as a monodentate ligand with the shortest A g - 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 R a m a n and infrared spectroscopy 
[ 1 - 9 ] have so far been focused upon the split of the 
v3 band at about 1400 cm"1 , which is due to the 
loss of degeneracy of the E m o d e of the N 0 3 ion. 
i.e. the lowering symmetry f rom D 3 h to C2V or CS , 
and upon the low-frequency bands appear ing in the 
region of 100 to 350 cm"1 in molten L i N 0 3 , A g N 0 3 

and T 1 N 0 3 . The fo rmer characteristic of the spectra 
has been interpreted in terms of a specific ionic 
association between cations and nitrate anions 
[1—7,9], On the o ther hand, the low frequency 
bands have been ascribed to interionic interactions 
in quasi-crystalline aggregates f rom a comparison of 
the bands with those of the the corresponding crystal 
s t ructure [1 .8 , 9]. Clarke and Hartley [5], however, 
interpreted the spectra in terms of transient ionic 
associations and claimed that the low frequency 
R a m a n bands or iginate f rom localized librational 
modes of the ni trate ion around the C2 axis. In an 
X-ray dif f ract ion study of a series of molten uni-
valent metal nitrates [10] it has been suggested that 

Reprint requests to Prof. Hitoshi Ohtaki, Department of 
Electronic Chemistry, Tokyo Institute of Technology. 
Nagatsuta. Midori-ku. Yokohama 227. Japan. 

the nitrate ions and cations have a diamond-l ike 
ar rangement in mol ten N a N 0 3 , K N 0 3 , R b N 0 3 and 
C S N 0 3 and a s imple cubic a r rangement in molten 
A g N 0 3 and L i N 0 3 . In Time-of -Fl igh t (TOF) neu-
tron dif f ract ion measurements [11], two different 
0 - 0 distances within the nitrate ions were found 
in case of the L i N 0 3 , A g N 0 3 and T1N0 3 melts and 
were ascribed to the C2V symmetry of the nitrate 
ions. However, a recent X-ray d i f f rac t ion study on 
molten A g N 0 3 [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 per formed T O F 
neutron diffraction measurements on molten L i N 0 3 , 
R b N O j , A g N 0 3 and a 1 : 1 mixture of 
L i N O 3 — R b N 0 3 using a pulsed spallation neutron 
source in order to de te rmine the geometry of the 
ni trate ions in the melts and also to investigate the 
cat ion-nitrate ion interactions. T h e pulsed neutron 
source employed here is much more intense than 
the previous one using an electron LINAC [11], and 
hence a more rel iable 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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the Nat ional Labora tory for High Energy Physics 
(KEK), Tsukuba . A schemat ic d iagram of the 
spectrometer is shown in F igure 1. Detai ls of the 
instrument and its pe r fo rmance have been described 
elsewhere [13]. Neu t ron scattering da ta were collect-
ed simultaneously with 3 H e counters at scattering 
angles (29) of 8 ° , 13°, 23° , 32° , 51° , 91° and 
150°. At 29 = 91 ° and 150° counters were ar ranged 
in the geometrically focussing positions. 

Metal nitrates of reagent grade were used wi thout 
fur ther purif icat ion. Powder samples of the pure 
salts which had been dried in vacuo at 100—150 ° C 
overnight, were mel ted in Pyrex glass tubes with a 
d iameter of 10 mm. T h e 1:1 L i N 0 3 - R b N 0 3 mix-
ture was melted and stirred sufficiently in a cru-
cible before pour ing it into the Pyrex tube. Af ter 
cooling the melts in a desiccator the solidif ied metal 
nitrates were taken out f rom the tubes, t ransferred 
into quar tz sample cells and sealed in vacuo. The 
sample cells have 0.4 m m wall thickness, 10 m m in 
inner d iameter and 70 m m in height. 

The samples were placed in a vacuum c h a m b e r 
dur ing the measurements to prevent scattering of 

the incident beam by air. The sample cell was 
heated by two infrared lamps facing each other. The 
tempera ture of the sample was moni tored by a 
Chromel-Alumel thermocouple and controlled 
within ± 1 ° C dur ing the measurements . Besides the 
measurement of the samples, scattered intensities 
were measured for background, an empty cell and a 
vanad ium rod of the same dimension as the cell. 
Scattering f rom the vanad ium rod was used to 
normalize the measured intensities to absolute units. 

The observed intensities were corrected for ab-
sorpt ion [14], mult iple [15] and incoherent scattering 
and the recoil effect [16], 

The structure factor S ( ^ ) can be def ined by 

I(Q)-lbj+(YJbi)2 

(Z b,)2 (1) 

where / ( Q ) represents the normalized observed 
intensity and b, is the coherent scattering length of 
the /-th nucleus, which was taken f rom the l i terature 
[17], The isotope ratio of natural Li was checked by 
mass spectrometry. 
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Fig. 2. Structure functions i{Q) multiplied by Q of the 
melts (a) LiN0 3 , (b) RbN0 3 , (c) AgN03 and (d) 1:1 
L i N 0 3 - R b N 0 3 . Dots show the experimental values and 
solid lines the theoretical ones for the models described in 
the text. The dashed line in (c) shows the theoretical values 
for the A g - N 0 3 orientation model (Figure 8). 

The radial dis t r ibut ion funct ion is calculated by 
the conventional Four ier t ransform 

£?max 

D (/•) = <\n r1 Qq+ (2 r/n) J Q • i{Q) M(Q) 
Ömin 

• sin (£?/•) d , (2) 

where q0 denotes the number density, (?min and Qm a x 

the lower and upper limits of the m o m e n t u m 
transfer Q restricted under the experimental condi-
tions, M(Q) the modif ica t ion funct ion of the form 
s i n ( 7 r ß / ß m a x ) / ( 7 r 0 / ß m a x ) , and i(Q) (= S(Q) - 1) 
the structure funct ion. The i(Q) values mult ipl ied 
by Q are shown in Figure 2. 

The theoretical structure funct ion i(Q)m0d for 
a model s t ructure of a melt is calculated according 
to the Debye equat ion 

( ß ) m o d = Z Z "u b, fy jo (Q r u ) e x p ( - bu Q2) . ( 3 ) 

Here / 0 ( x ) is a spherical Bessel function of the 
zeroth order, n^ the number of interactions between 
the /-th and j-th nuclei. The tempera ture coefficient 
bjj is given by btj = ( I f ^ / l , where </,2) is the mean 
square variat ion of the distance between the /-th 

and y'-th nuclei. Peak shapes for a given model are 
calculated by the Four ie r t ransform of /((?)mod 
using (2). 

Results and Discussion 

A) Radial distribution functions (RDFs) 

The radial d is t r ibut ion funct ions for molten 
L i N 0 3 , R b N 0 3 , A g N 0 3 and (1 :1) L i N 0 3 - R b N 0 3 

mixture are shown in F igure 3. The first peak was 
observed at 125 pm for all the melts, corresponding 
to the expected N —O distance within a ni trate ion. 
The second peak appea red a round 220 pm for the 
melts of L i N 0 3 , R b N 0 3 and the mixture, assignable 
to the 0 — 0 interact ion within the ni t rate ion. In 
the R D F of the A g N 0 3 melt the second peak was 
split in two, the posit ions of which were around 
220 pm and 240 pm. In crystals of some N 0 3 - c o -
ordinated Ag c o m p o u n d s such as / ? -AgN0 3 [18], the 
shortest Ag —O dis tance has been reported to be 
2 4 0 - 2 5 0 pm. F r o m an X-ray d i f f rac t ion study of an 
A g N 0 3 melt the shortest distance between Ag+ and 
the nitrate oxygen a toms has been observed at 
245 pm [12]. Therefore , the peak a round 240 p m was 
assigned to the Ag - O interaction. 

In case of the L i N 0 3 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) 
LiN0 3 , (b) RbN0 3 , (c) AgN0 3 and (d) 1:1 L i N 0 3 -
R b N 0 3 . Dots: exper imenta l ; solid lines: model . 
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sum of the effective ionic radius of Li+ (60 pm) and 
the contact radius of oxygen a tom (140 pm) [19]. 
Since the Li nucleus has a negat ive scattering 
length, the L i - O interaction should give a nega-
tive contribution to the R D F around 200 pm. In a 
previous neutron dif f ract ion study [11], the asym-
metric peak at 220 pm was interpreted in terms of 
two different 0 - 0 interactions or iginat ing f rom an 
isosceles tr iangular structure of the N 0 3 ion. and 
the contr ibut ion of the L i - O interact ion was not 
taken into account in the analysis. However , the 
asymmetr ic feature of the peak at 220 pm can occur 
when the negative L i - O ( 2 0 0 p m ) and positive 
0 - 0 (220 pm) contributions to the R D F overlap. 
This point will be discussed in detail in the follow-
ing section. 

B) Structure of the NO J ion 

In general, short intramolecular interactions con-
tr ibute 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 ni trate ion was 
determined by a least-squares f i t t ing procedure 
applied to the Q • i (Q) values in the high Q 
region except for the R b N 0 3 . T h e funct ion 
u = Z ö 2 [ ' ( ß ) o b s - ' ( 0 ) m o d ] 2 w a s min imized with 
the distance /y,-, the tempera ture coeff icient and 
the n u m b e r of interactions n t j in (3) as opt imizing 
parameters . 

In case of the R b N 0 3 melt ano the r fitting pro-
cedure was used. As is seen in the R D F of the 
R b N 0 3 melt (Fig. 3 b), the peaks originat ing f rom 
the intra-ionic N - 0 and 0 — 0 interact ions within 
the nitrate ion are well separated f rom the inter-
molecular interactions appear ing at r > 290 pm. 
Thus, the experimental intra-ionic structure func-
tion Q • i ((2)intra can be obtained by a reverse 
Four ier t ransform according to 

'max 
i(Q)intra = 1 D (r) s in (Q r)/(Q r) dr. (4 ) 

'"min 

Here, rm i n and rmax are the lower and upper limits of 
the /--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)intra values thus 
obta ined, for which the least-squares fits were car-
ried out in the whole Q region. The dis tance and the 
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Fig. 4. Experimental intra-ionic part of the structure func-
tion of the R b N 0 3 melt obtained by (4) (dots) and calcu-
lated from the least-squares fit (line). 

t empera tu re coefficient of the N - 0 and O - O 
pairs within the nitrate ion were varied indepen-
dently. T h e final results are given in Table 1. The 
values ob ta ined in the present investigation are in 
good agreement with those reported in a previous 
study [11]. The nitrate ion has a D 3 h symmetry 
structure in the R b N 0 3 melt . The model reproduces 
the observed values well as shown in Figures 2 — 4. 

In case of the molten L i N 0 3 , A g N 0 3 and 
L i N 0 3 - R b N 0 3 mixture, the contr ibution f rom the 
short L i - O (200 pm) and A g - 0 (240 p m ) inter-
actions discussed in the previous section should be 
carefully checked over the £>-range employed in the 
ref inements since their contr ibut ion to the total 
s tructure funct ion might still remain in a modera te 
Q region. 

In order to est imate the contr ibution of the 
shortest Ag—O interactions, we analysed the peak at 
240 pm by assuming a Gauss ian shape. The result 
indicated that the f requency factor of the A g - 0 
contacts was about four with r A g _ 0 = 243 pm and 
^Ag-o = 100 pm 2 . The theoretical Q • i(Q) values of 
the Ag—O interact ion thus estimated are drawn in 
Fig. 5d , together with those of the N—O and O - O 
interactions (Figures 5 a - c ) . Figure 5d clearly shows 
that the A g - 0 contr ibut ion is significant up to 
0.2 p m - 1 , bu t negligible at Q > 0.2 p m - 1 . Therefore , 
the s t ructure of nitrate ion in the A g N 0 3 melt was 
de te rmined by the least-squares fits in the £>-range 
of 0 . 2 - 0 . 3 p m - 1 . In order to examine the symmetry 
of the ni t ra te ion, the following two models were 
tested. 

Model A: Ni t ra te ion with D 3 h symmetry. The 
distances and the t empera tu re coefficients of the 
N - 0 and O - O atom pairs were allowed to vary 
independent ly . 
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Table 1. Results of the least-squares fits with the distance r (pm), the temperature coefficient b (pm2), the number of 
interactions n, 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 - 0 O - O o r O ' - O ' O - O ' M - 0 
Q/10-2 
nm— 1 r h n r h n r A n r pm - l r b n r b n r b n r b n R 

LiN0 3 A 15-- 3 0 125.0(1) 8(1) 3 215.5 (4) 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* 3 189 (2) 16(5) 3.2 (9) 0.08 
[9 - 2 0 126 14 3 209 25 1 221 25 2] 

16(5) 3.2 (9) 

RbN0 3 0.1 - 3 0 125.5 (1) 11 (1) 3 216.1 (3) 25 (2) 3 0.03 
[9 - 2 0 125 10 3 217 27 3] 

AgN0 3 A 20-- 3 0 124.9(1) 10(1) 3 214.9(5) 19(2) 3 0.26 AgN0 3 
B 20-- 3 0 125.5(1) 10(1) 3 211 (1) 10(10) 1 220.5 (5) 10 2 0.36 

5' - 2 0 124.9* 10* 3 214.9* 19* 3 242 (2) 90 (10) 4.3 (5) 0.17 

< i • i \ [9 - 2 0 127 16 3 210 25 1 222 25 2] 
4.3 (5) 

( l . l ) 
L i N 0 3 _ 
RbN0 3 5 - 3 0 124.9(1) 12(3) 3 216.7 (2) 32 (2) 3 193 (2) 30 (20) 4(1) 0.18 
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Fig. 5. Comparison of the pair structure functions for the 
AgN0 3 melt (a) 3 x N - 0 , (b) 3 x 0 - 0 from D 3 h , (c) 
2 x 0 - 0 ' ( ), l x O ' - O ' ( ) from C2v and (d) 
4 x Ag—O, together with the observed ones (dots). 

Model B: Ni t ra te ion with C 2 v symmetry having 
two dif ferent 0 - 0 distances (2 x O - O ' , 1 x O ' - O ' ) 
with the same tempera ture coefficient. /"N_0 , b N _ 0 , 
r0-0'> r0'-0' and 0- (= ^o'-oO were treated as in-
dependent parameters . The values reported in [11] 
were taken as initial values. 

The usual agreement factor R def ined by 

R2 = IQ2 [ / ( 0 e x p - i(Q)mod]2/I Q2 i(ö)exp (5) 

was used to choose the most likely model . 

The final results are summar ized in Table 1. 
The /?-value for the D 3 h model was significantly 

smaller t han that for the C 2 v model, and thus it was 
concluded that the ni t rate ion has an equilateral 
t r iangular structure in the A g N 0 3 melt. 

The da ta for the mol ten L i N 0 3 and L i N 0 3 -
R b N 0 3 mixture were analysed in a similar manner 
as for the A g N 0 3 melt . Since the scattering length 
of the Li a tom is abou t one-third of that of the Ag 
a tom, the f requency factor of L i - O pairs was dif-
ficult to be est imated f rom the R D F . Thus the 
Li—O interact ion was assumed to have nu_0 = 4 
and r L i _ 0 = 200 pm according to the li terature [19] 
and its contr ibut ion was compared with those f rom 
the N - O and 0 - 0 interactions. The result showed 
that the oscillation of the short L i - O interaction 
d iminishes around 0.12 p m - 1 . Thus the least-squares 
fits were pe r fo rmed in the (2-range of 0 . 1 5 -
0.30 p m - 1 for the two models . The results are given 
in Table 1. Judging f r o m the /?-value, the D 3 h sym-
metry model was again preferred in the L i N 0 3 

melt. 

This conclusion held also for the L i N 0 3 - R b N 0 3 

mixed melt a l though the L i - O contribution was 
small in the R D F . T h e final parameter values f rom 
the least-squares fits are given in Table 1. 

The present conclusion that nitrate ions have a 
s t ructure of the D 3 h symmetry in the A g N 0 3 and 
L i N 0 3 melts differs f r o m that given in [11]. This is 
p robab ly because the significant L i - O and A g - 0 
interact ions were not taken into account in the 
analyses pe r fo rmed in [11], It should be borne in 
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mind that the D 3 h symmetry structure for ni trate 
ion concluded in the present study is both t ime- and 
space-averaged. F rom 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 f requency shifts in spectra. However, 
if the triangular structure of N O J could significant-
ly deform so as to be isosceles t r iangular , the tem-
pera ture coefficients of the N - 0 and 0 — 0 inter-
actions within the N O j 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-
format ion of the t r iangular structure of N O j ion 
may not be expected in these melts. It should be 
noted that a recent depolar ized Rayleigh spect rum 
of molten li thium ni t ra te has suppor ted the D 3 h 

symmetry of the nitrate ion in the melt [20]. 

C) Cation - nitrate ion interaction 

In the previous section the M + — N 0 3 interaction 
has been discussed for molten A g N 0 3 . The struc-
ture parameters of the A g - O interactions were 
de termined by least-squares fits in the Q region of 
0 . 0 5 - 0 . 2 0 pm" 1 , in which there is a significant 
Ag—O contribution in the experimental structure 
funct ion (Figure 5). Dur ing the calculations, the 
parameters of the N —O and 0 — 0 pairs within the 
nitrate ion were fixed to the values obta ined in the 
previous section to decrease the n u m b e r 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 
a tom pair is demonst ra ted in Figure 6. The agree-
ment between the exper imental and calculated 
Q • i(Q) and D(r) funct ions is shown in Figs. 2 c and 
3 c, respectively. 

In order to de te rmine the n u m b e r of oxygen 
a toms around Li+ , s imilar calculations were carried 
out in the Q range 0 . 0 5 - 0 . 2 0 p m - 1 for the structure 
functions of molten L i N 0 3 and the L i N 0 3 - R b N 0 3 

mixture. The final results are summarized in Table 1, 
showing that the n u m b e r of Li —O contacts at 
190 pm should be 3 - 4 in the melts. The peak shapes 
of the N - O , 0 - 0 and L i - 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 
ni trate ions must be shared by some of the cations. 

CL 
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Fig. 6. The peak shapes of the N - O , 0 - 0 and A g - O 
interactions for the AgN03 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 si tuation, various instantaneous geometries 
of the N 0 3 ions may exist in the system and the 
t ime-averaged structure of the various instantaneous 
distort ions of the nitrate ions is of D 3 h symmetry as 
is detected by the present di f f ract ion method . 

The b road peaks a round 2 9 0 - 3 2 0 p m and 4 0 0 -
500 p m in the R D F of the A g N 0 3 melt (Fig. 3) 
indicate the presence of long-range orientat ions in 
A g + - N 0 3 interactions. N o such peak was observed 
in the corresponding R D F s of the other melts. In an 
X-ray d i f f rac t ion study of an A g N 0 3 melt , Holm-
berg and Johansson [12] have proposed a model for 
an A g - N 0 3 orientat ion illustrated in Fig. 8, s imilar 
to that found in the structure of /?-AgN0 3 crystals 
[18]. T h e peak shape calculated f rom this model 
with pa ramete r values given in Table 2 is drawn in 
Fig. 6 by a dashed line, which corresponds well to 
the b road peaks at 2 9 0 - 3 2 0 pm and 4 0 0 - 5 0 0 pm 
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Table 2. Parameters used for the model calculation of 
A g - N 0 3 orientation illustrated in Fig. 8; interatomic dis-
tance r in pm, temperature coefficient b in pm2 and 
number of interactions n per Ag atom. 

/ - bl 10 n 

A g - N 315 40 4.3 
A g - O 1 242 9 4.3 
A g - O 2 307 40 4.3 
A g - O 3 435 60 4.3 

"Ag 02 
Fig. 8. An A g - N 0 3 orientation model [12]. 

in the R D F of the A g N 0 3 melt. Thus about four 
ni trate ions are likely to coordinate to Ag+ as a 
monoden ta te ligand. 

In the melts of L i N 0 3 , R b N 0 3 and L i N 0 3 - R b N 0 3 

mixture , the or ientat ion of the nitrate ions toward 
the cations was not concluded f rom the present dif-
fract ion data since longer M - N and M—O peaks 
within the M - N 0 3 interaction were not clearly 

resolved in the R D F s . However, molecular dynam-
ics (MD) calculations of the same systems have 
indicated that Li and R b a toms do not have any 
specific or ientat ion toward N 0 3 ion [21, 22], These 
results f rom the M D method are consistent with the 
non-appearance of a specific peak in the /--range of 
2 9 0 - 4 0 0 pm of the R D F s of molten L i N 0 3 , R b N 0 3 

and 1:1 L i N 0 3 - R b N 0 3 mixture (F igure 3). 
Concerning the coordinat ion n u m b e r n t j of the 

cation - ni trate interactions, the M D calculations 
have revealed various coordinat ion numbers around 
Li and R b a toms [21, 22], Fhus , the values obtained 
f rom the present d i f f rac t ion me thod should be 
taken as an averaged one of var ious numbers of the 
nearest neighbors in the melts. 
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