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The interaction between the various ions in the molten systems N a N 0 3 - N a N 0 2 , 
L iN0 3 -NaN0 2 and N a N 0 3 - K N 0 2 has been investigated by Raman, visible and ultraviolet 
absorption spectroscopy. It is concluded that the interaction between the anions is very weak and 
that the cations Na+ and K+ are randomly distributed around the nitrate and nitrite anions. The 
empty orbital level of Na+ (434 nm) in N a N 0 3 - N a N 0 2 relative to the n level of N O j is 
estimated. When small amounts of Li+ are added to the binary sodium melt, an anomalous 
spectroscopic result is obtained. 

The structure and other physical propert ies of 
molten nitrate and nitri te systems have already been 
studied extensively by means of calor imetry [ 1 - 5 ] , 
gravimetry [6], X-ray d i f f rac t ion [7, 8], R a m a n 
spectroscopy [ 9 - 2 1 ] , and visible and ultraviolet 
absorpt ion spectroscopy [22, 23], An investigation of 
the interaction between the anions in a molten 
system containing ni trate and iodate has also been 
reported [24], 

However, few molten nitrate-nitr i te systems, 
addi t ive [25] or reciprocal [26], have been inves-
tigated. Therefore we have s tudied the ionic inter-
action in the molten systems N a N 0 3 - N a N 0 2 , 
L i N 0 3 - N a N 0 2 and N a N 0 3 - K N 0 2 by means of 
Raman , visible and ultraviolet absorpt ion spectro-
scopy. 

Experimental 

The nitrates A N 0 2 (A = Li, Na , K; 99.9%) were 
dehydrated in vacuo at about 40 °C for several 
days. Then we examined the A N 0 3 purity and the 
absence of nitrate (820 c m - 1 for NO^") by R a m a n 
spectroscopy. In the same manner the nitrites B N 0 2 

(B = Na, K) were dehydra ted af ter recrystallization. 
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Reprint requests to Prof. T. Nakamura. Research Labora-
tory of Engineering Materials, Tokyo Institute of Tech-
nology, 4259 Nagatsuta. Midoriku, Yokohama 227, Japan. 

A single crystal of N a N 0 2 was grown via the Stock-
Barger method. But we failed to obta in single 
crystals of L i N 0 2 and K N 0 2 . Therefore , we 
repeated the recrystallization and dehydra t ion 
several times, put the samples into an a lumina 
crucible and kept them under argon just above the 
melting point for 2 hrs. Again the nitrite puri ty was 
examined by Raman spectroscopy. 

The purif ied nitrates and nitrites were mixed in 
the desired ratios in a dry box. Then the sample 
were transferred into the furnance in argon a tmo-
sphere and the tempera ture was raised just above 
the melting temperature . A part of the fused sample 
was transferred into the quar tz R a m a n cell. Af ter 
the tempera ture was decreased, the R a m a n cell was 
sealed off in vacuo. 

The Raman spectra were recorded at 360 ° C by a 
JEOL spectrometer with 514.5 nm excitation (ca. 
300 m W ) of an Ar ion Laser (Spectra Physics). To 
analyze in detail we recorded over three ranges: 
6 5 0 - 8 5 0 cm" 1 , 1000-1100 cm" 1 and 1 1 0 0 - 1 6 0 0 
c m - 1 . For the 1000-1100 c m - 1 range the spectral 
slit width was fixed at 1.5 cm" 1 , for the other 
ranges, at 3 cm" 1 . Each range was scanned for 
50 min. The calibration was carried out by using 
Neon lines. 

Visible (VIS) and ultraviolet (UV) absorpt ion 
spectra were recorded with a single beam JASCO-
SS 50 spectrophotometer using quartz sample cells 
placed in an electric furnace. Samples of ni t ra te and 
nitrite in the appropr ia te molar ratio were mixed 
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and ground to fine powder in an Argon a tmosphere , 
transferred into the quar tz sample cell and sealed 
off in vacuo. Then the quar tz cell was placed in the 
furnace. After recording reference spectra (back 
ground spectra of the empty part of the quar tz cell) 
the nitrate-nitri te mixtures were equi l ibrated and 
the VIS and UV spectra measured. A Tungsten 
lamp was used as light source for the VIS and a 
Xenon l amp for the UV absorpt ion measurements . 
The UV spectrometer ar rangement was always 
purged with dried N 2 . 

Results 

Figures 1 a - c show the R a m a n spectra of the 
L i N 0 3 - N a N 0 2 melts. The composi t ion changes of 
the A{ mode of N O j in the range of 1 0 0 0 - 1 1 0 0 
c m - 1 are shown in Figure 1 a. In a similar way, both 
the E' (v3) mode of N O J and the A m o d e of N 0 2 in 
the range of 6 5 0 - 8 5 0 c m - 1 are shown in Fig. l b 
and, moreover, the E' m o d e (v4) of N O J and the A 
and B modes of N 0 2 in the range of 1 1 0 0 - 1 6 0 0 
c m - 1 are shown in F igure 1 c. Figures 2 a - c show 
R a m a n shifts vs. composi t ion of L i N 0 3 - N a N 0 2 , 

Raman shift (cm 

Fig. 1. Raman spectra for various L iN0 3 : NaN0 2 ratios, 
a) A[ mode of N 0 3 ; b) E' mode of N 0 3 and A mode of N 0 2 ; 
c) overlapping spectra of E' mode of N O j and A and B modes 
of N 0 2 . 
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Fig. 2. Raman shifts vs. mole fraction for molten 
A N 0 3 - B N 0 2 systems. — © — A = Li, B = Na, 
••••••• A = Na, B = Na, — A — A = Na, B = K. 

^ a) A, mode of N O j ; b) E' mode of N O j ; c) A 
mode o fNOö 

b) mole fraction 

N a N 0 3 - N a N 0 2 and N a N 0 3 - K N 0 2 melts. The 
half widths of the A'i mode of N O J are shown in 
Figure 3. Figures 4 a - c are examples of the decon-
volution of bands by use of the non-linear least 
squares method with Voigt function [27], which is 
given by 

+ x 
F(v) = J 

ßi/n 

ß] + (v- V)2 ][nß% 

exp (—v'/ßg) dv'. (1) 

Here, ß\ and ßg are half widths of Lorentzian and 
Gauss ian functions, respectively. The relative peak 
intensity / , the peak center v ( c i r r ' ) and the half 
width / ^ ( c i r T 1 ) for individual Raman bands. 

separated into each R a m a n active m o d e by means 
of the above method , are tabulated in Table 1. The 
calculated force constants of N O j using a Urey-
Bradley potential are shown in Table 2. 

The changes of the VIS absorpt ion with com-
position of molten N a N 0 3 - N a N 0 2 at 360 °C are 
shown in F igure 5. F igures 6 a - b show VIS and UV 
absorpt ion spectra, respectively, at various tempera-
tures for the molar rat io N a N 0 3 : N a N 0 2 = 5:5. 

The absorpt ion at 240 nm in Fig. 6 b is due to the 
transiton f rom the 7:-orbital of N O j to the empty 
orbital of Na + . Fhis absorpt ion clearly indicates 
"red sh i f t " with t empera tu re increase. Rhodes and 
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Table 1. Raman shifts v, relative intensities /, and half widths /?, of Raman active modes of N O j and NOT for various 
A N 0 3 : B N 0 2 ratios [(A, B) = (Li, Na), (Na, Na), (Na, K)]. Capitals Q and P in the second column denote: Obtained by 
use of a quartz sample cell and a platinum basket cell, respectively. The symbol # denotes "impossible to compare"; the 
symbols — and * denote "no modes expected" and "failed to observe". 

N 0 3 ( A { ) N 0 2 ( E ' ) N 0 2 ( A ) NO3 (E') + NO :(A) N 0 2 ( B ) 

/ V ß\ I V AI / V ß\ / V ß\ I V ß\ 

LiN0 3 : N a N 0 2 

10 0 Q # 1060.8 11.6 1.22 718.3 12.7 - 0.72 1357.5 64.2 -

1.00 740.9 17.0 1.00 1469.4 68.3 
8 2 Q # 1059.2 11.1 1.73 720.1 12.1 0.20 813.8 1A 1.51 1357.8 65.8 -

1.00 742.3 14.8 1.00 1463.9 67.1 
P # 1058.1 11.1 * * * * 

P # 1057.9 11.8 * * * * 

5 5 Q # 1055.1 9.7 * * * * 

P # 1055.8 9.7 * * * * 

4 6 0 # 1055.3 9.6 1.00 723.0 14.7 3.36 820.8 12.3 7.30 1351.3 57.9 0.78 1231.6 49.2 
1.00 1448.7 54.3 

2 8 0 # 1057.4 7.5 1.00 719.8 6.3 10.04 819.6 7.6 3.93 1348.0 42.1 1.00 1261.0 81.2 
P # 1058.6 8.1 1.00 720.1 8.4 10.58 818.1 7.9 * * 

0 10 0 # - - # 816.8 8.0 8.47 1324.9 33.7 1.00 1232.0 44.5 

N a N 0 3 : N a N 0 2 

10 0 0 # 1054.0 7.9 # 719.6 13.3 - 0.59 1340.2 52.8 -

8 2 0 # 1055.2 7.9 1.00 721.0 13.7 0.89 813.8 7.2 1.60 1344.9 57.2 -

1.00 1437.9 69.3 
P # 1056.0 6.7 * * * * 

P # 1056.2 7.0 * * * * 

5 5 0 # 1052.5 8.1 1.00 721.3 12.1 2.32 815.0 6.5 2.28 1342.6 47.7 0.54 1250.6 78.3 
1.00 1425.7 65.7 

p # 1052.9 8.1 * * * * 

2 8 Q # 1055.3 7.5 1.00 720.6 9.7 11.57 816.6 6.5 2.13 1343.7 44.1 1.00 1232.1 78.5 
p # 1055.8 6.9 * * * * 

Q # 1053.0 8.7 — # 814.9 7.4 4.36 1342.7 52.8 1.00 1232.1 78.5 
P # 1053.4 9.1 * * * * 

0 10 0 - - # 816.6 8.0 4.27 1335.0 37.4 1.00 1231.0 49.4 

N a N 0 3 : K N 0 2 

10 0 0 # 1054.0 7.9 # 719.6 13.3 — 0.59 1340.2 52.8 -

1.00 1430.7 73.4 
8 2 Q # 1053.9 7.1 1.00 721.0 13.7 0.89 813.8 7.3 1.54 1341.5 51.5 — 

1.00 1428.2 66.1 
P # 1051.4 7.2 1.00 719.8 13.9 0.82 814.3 7.9 * * 

P # 1052.3 7.8 1.00 720.6 13.8 0.81 812.9 9.2 * * 

5 5 Q # 1052.1 6.7 1.00 718.9 10.8 3.17 810.0 6.3 2.99 1335.0 42.2 0.60 1246.7 64.1 
1.00 1407.6 75.1 

P # 1050.7 6.0 1.00 716.1 -8.9 12.19 805.8 5.0 4.30 1331.3 38.5 1.00 1251.3 67.2 
1.00 1409.1 60.6 

2 8 Q # 1050.7 6.0 1.00 716.1 8.9 12.19 805.8 5.0 4.30 1331.3 38.5 1.00 1251.3 77.1 
P # 1050.0 6.1 1.00 717.0 9.1 9.34 806.6 6.7 * * 

P # 1049.9 6.9 1.00 717.5 11.8 10.97 807.0 6.1 * * 

0 10 Q — — # 803.2 4.4 6.66 1340.5 33.7 1 . 0 0 1232.4 44.5 
p - - # 802.2 4.7 8.00 1324.9 31.0 1 . 0 0 1231.8 40.4 

KNO 3 0 # 1048.1 5.9 # 714.7 9.4 _ 1 . 0 0 1346.2 28.4 — 

1.82 1413.4 42.9 
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6 

mole fraction 

Fig. 3. Half width of A{ mode of N 0 3 vs. mole fraction of 
molten A N 0 3 - B N 0 2 systems. 
a) A = Li, B = Na; b) A = Na, B = Na; c) A = Na, B = K. 

Ubbe lohde [22] explain this "red shift " as follows: 
the m a x i m u m absorpt ion energy £ m a x is given by 

E = Fx + -«-'max ^ 1 
8 mr\ 

(2) 

where £", is the energy necessary for removing an 
electron f rom an anion, h is Planck's constant and r0 

is a distance obta ined by subtracting the cation 
radius f rom the distance between a cation and an 

anion, given by Wyckoff et al. [28], Different ia t ion 
of (2) with respect to t empera tu re T results in 

d £ n 

d r 

dr . 
(3) 

Since r0 spreads with increasing temperature , 
d / - 0 / d r > 0 . There fo re d £ m a x / d r < 0 , and the 
absorpt ion spec t rum shows " red shi f t" with tem-
perature increase. Values of F m a x obtained f rom our 
experiments were 236 nm (5.253 eV) at 260 °C, 
240 nm (5.166eV) at 360 ° C and 242 nm (5.123 eV) 
at 415 °C. They gave a qui te l inear function with 
temperature . Here, the value of d £ m a x / d T amounts 
to - 6 . 8 c m - 1 K _ 1 for N O j in molten N a N 0 3 - N a N 0 2 -
Rhodes and Ubbe lohde showed that d £ m a x / d F = 
- 5.6 c m - 1 KT1 for L i N 0 3 , - 3 . 4 c m - 1 KT1 for 
N a N 0 3 and - 7 . 2 c m - ' KT1 for K N 0 3 . Our value 
is twice larger than their value of N a N 0 3 . In 
Fig. 6 a, F m a x of N 0 2 also shows a slight "red shi f t" 
as temperature increases. This fact indicates that Fm a x 

is not only to be assigned to the intramolecular n-n* 
transition in N 0 2 [29] but also to the influence of 
the empty orbital of N a + . According to a calculation 
by the molecular orbi tal me thod [30], the highest 
occupied orbital of the N O J anion is known to be 
- 3 . 4 3 5 eV ( - 0 . 1 2 6 3 Hartree) . If the absorpt ion 

Table 2. Force constants of N 0 3 calculated by an approxi-
mate method using a Urey-Bradley potential for each 
molten composition A N 0 3 : B N 0 2 . K, H and F are the 
stretching force constants, the bending force constants and 
those between non-bonding atoms, respectively. 

K H F 
(mdyn/A) (mdyn/A) (mdyn/A) 

LiN0 3 NaN0 2 

10 0 5.802 0.570 1.600 
8 2 5.810 0.551 1.587 
4 6 5.704 0.548 1.596 
2 8 5.732 0.532 1.609 

NaNO, NaN0 2 

10 0 5.592 0.525 1.625 
8 2 5.640 0.533 1.617 
5 5 5.568 0.532 1.625 
2 8 5.676 0.542 1.591 

N a N 0 3 K N O 2 

8 2 5.579 0.529 1.628 
5 5 5.470 0.511 1.656 
2 8 5.421 0.500 1.660 

K N O 3 5.401 0.519 1.599 
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Fig. 4c) L i N 0 3 : N a N 0 2 = 4:6. 
Fig. 4. Three examples of the de-
convolution of Raman bands into 
individual modes by use of a non-
linear least squares method. Devi-
ation of the observed Raman pro-
file from the calculated profile are 
indicated below. 
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Wave length (nm) Fig. 6a 

Fig. 6. Temperature dependence 
of visible absorption spectra (a) 
and ultraviolet absorption spec-
tra (b) for the composition 
N a N O j : N a N 0 2 = 5 : 5 . 
— ••— 510 °C, 

410 °C, 
360 °C, 
260 °C. 

_ l I I I I I 
2 2 0 2 4 0 2 6 0 2 8 0 

Wave l e n g t h (nm) Fig. 6b. 
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system, the n levels of N 0 3 and N 0 2 are based on 
calculations with the molecular orbital method [30]. 

£m ax = n m is s imply assigned to the n-n* transi-
tion in N O J , the energy level of the lowest un-
occupied molecular orbital n* becomes — 0.617 eV 
(— 0.022 Hartree). By use of the ment ioned transi-
tion at 236 nm (260 °C) in N O j , the energy level of 
the empty orbital of N a + can be determined to be 
— 0.578 eV. which leads to an energy difference of 
2.857 eV. (434nm) between the empty orbital of N a + 

and the highest occupied molecular orbital (7r) of 
N O j . AS shown in Fig. 7, this energy difference 
(434 nm) is very close to the ment ioned n-n* tran-
sition (440 nm), suggesting the existence of a strong 
interaction on approach ing N a + to N O J in the 
molten system. Such energetic assignments in Fig. 7 
are verif ied, because N a + coexists with N O j and 
N O J . 

Discussion 

N o R a m a n shifts in the AJ, E'(V3) and E ' ( Y 4 ) 

modes of N O j and the A and B modes of N O j 
show any drastic composi t ion dependences in 
N a N 0 3 - N a N 0 2 melts (Figures 2 a - c ) . Fhe visible 

absorptions of N O j at 440 nm in Fig. 5 also undergo 
no appreciable shifts with composit ion. Therefore 
we conclude that the interaction between the anions, 
N O j and N O J , is much weaker than the ones 
between cations and anions. In other words, N O j 
and N O j exist independent ly , and N a + may exist 
between them. The AJ m o d e of N O J in Fig. 2a 
shifts by about 2 c m - 1 towards higher wave num-
bers and its half width (Fig. 3) becomes narrower. 
These small anomal ies in molten N a N 0 3 - N a N 0 2 

have not yet been rigorously accounted for in the 
present si tuation. In the molten N a N 0 3 - K N 0 2 

system, each R a m a n m o d e shifts almost linearly 
with composi t ion, as shown in Figures 2 a - c . We 
conclude therefore that N O j and N O j are statist-
ically sur rounded by N a + and K + ions according to 
the N a N 0 3 - K N 0 2 melt composi t ion. The molten 
L i N 0 3 - N a N 0 2 system differs f rom the other sys-
tems. Each m o d e of N O j , AJ and £ ' ( v 3 ) , and the 
A mode of N O J show a strong composi t ion depen-
dence. especially for the AJ mode of N O J . To 
elucidate these results, we enumera te the charac-
teristic di f ferences among Li4", N a + and K + as 
follows: Shannon 's octahedral ionic radius [31] is 
0.76 A for Li+ , 1.02 A for N a + and 1.38 A for K+ . 
The volume occupied by a cation in the molten 
system is 0.439 A 3 for Li + , 1.06 A 3 for N a + and 
2.63 A3 for K + . T h e polar izing power of Li + is 1.85, 
that of N a + 1.1 and that of K+ 0.75 [32], Judging 
f rom the di f ferences enumera ted above, the drastic 
composit ion dependence in Fig. 2a , where a little 
amount of L i N 0 3 was mixed with N a N 0 2 . can be 
explained as follows: there remaines some free 
space after subtract ing the values occupied by N a + 

and N O j ions f rom the total volume of the molten 
N a N 0 2 system. Li+ would occupy this free space 
and attract several N O j anions to form a "Li + -
nitrate associate" in molten N a N 0 2 , because Li+ is 
smaller in size and stronger in polarizing power. 

Smith and Boston [23] observed a "red sh i f t " of 
the absorpt ion max ima due to n-7r* transit ion in 
N O j at ca. 300 nm as the size of the cation in-
creases f rom Li+ to R b " in the UV spectra of pure 
alkali ni trate melts. They explained this "red shi f t" 
on the basis of the Franck-Condon and conservation-
of-energy principles by showing that these n-7r* 
transitions are strongly related to the charge density 
of the N - O bond, and this shifts the electron 
density f rom the ne ighborhood of oxygen to that of 
nitrogen, and the strength of the N - O bond in-
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0.5 1.0 1.5 2.0 

P o l a r i z i n g p o w e r 

Fig. 8. Stretching force constant K (mdyn/A) in Table 2 vs. 
averaged polarizing power for the molten AN03-BN0-> 
systems. (A. B) = (Li, Na) and (Na. K). 

creases as the size of the alkali cat ion decreases. 
Basing on this, the n-/r* transi t ion in NO^~ strength-
ens the N - 0 stretching force constant K, which is 
reflected in the R a m a n f requency v (cirT 1) given by 

1 1 [K 

2TCC r M 

where M is the reduced mass and c is the speed of 
light. Thus , the R a m a n f requency shifts towards 
higher wave numbers as the size of the alkali cation 
decreases. In the "Li + -n i t ra te associate", since N O j 
is strongly per turbed by Li+ , the stretching force 
constant K in the N - O bond becomes stronger and 

the Raman frequencies shift to higher wave num-
bers for the molten composi t ion L i N 0 3 : N a N 0 i 
= 2 :8 in Figure 2a . We can say that the shift of the 
A| mode of N O J originates in the fo rmat ion of 
"Li+-ni t rate associate". With increasing Li+ content 
towards the ratio L i N 0 3 : N a N 0 2 = 5:5, every N O J 
or NOy is gradually shared by more than two Li+ , 
and there are fewer localized "Li + -n i t ra te asso-
ciates". Therefore the R a m a n shift of the A{ m o d e 
of N O 3 becomes smaller. As the concentrat ion of 
Li+ increases, the influence of Li + and N a + on 
N O j is averaged and homogenized with com-
position. The absence of the drastic composi t ion 
dependence in the R a m a n shifts in mol ten 
N a N 0 3 - K N 0 2 is due to the larger volume and the 
smaller polarizing power of N a + as compared to 
Li+ . In Fig. 8 the stretching force constant K of N O j 
is plotted against the averaged polarizing power of 
alkali cations in the molten system. 

Anomalous changes with addi t ion of small 
amounts of Li+ to molten salts have also been 
observed in mobil i ty measurements of Li+ [33] or 
molecular dynamics simulat ions [34]. 
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