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The interaction between the various ions

in the molten

systems NaNO;-NaNO,,

LiNO;-NaNO, and NaNO;-KNO, 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 NaNO;-NaNO, relative to the 7 level of NO;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 properties of
molten nitrate and nitrite systems have already been
studied extensively by means of calorimetry [1-15],
gravimetry [6], X-ray diffraction [7, 8], Raman
spectroscopy [9—21], and visible and ultraviolet
absorption spectroscopy [22, 23]. An investigation of
the interaction between the anions in a molten
system containing nitrate and iodate has also been
reported [24].

However, few molten nitrate-nitrite systems,
additive [25] or reciprocal [26], have been inves-
tigated. Therefore we have studied the ionic inter-
action in the molten systems NaNO;-NaNO,,
LiNO;-NaNO, and NaNO;-KNO, by means of
Raman, visible and ultraviolet absorption spectro-

scopy.

Experimental

The nitrates ANO, (A = Li, Na, K; 99.9%) were
dehydrated in vacuo at about 40 °C for several
days. Then we examined the ANO; purity and the
absence of nitrate (820 cm™' for NO;) by Raman
spectroscopy. In the same manner the nitrites BNO,
(B=Na, K) were dehydrated after recrystallization.
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A single crystal of NaNO, was grown via the Stock-
Barger method. But we failed to obtain single
crystals of LiNO, and KNO,. Therefore, we
repeated the recrystallization and dehydration
several times, put the samples into an alumina
crucible and kept them under argon just above the
melting point for 2 hrs. Again the nitrite purity was
examined by Raman spectroscopy.

The purified nitrates and nitrites were mixed in
the desired ratios in a dry box. Then the sample
were transferred into the furnance in argon atmo-
sphere and the temperature was raised just above
the melting temperature. A part of the fused sample
was transferred into the quartz Raman cell. After
the temperature was decreased, the Raman 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 mW) of an Ar ion Laser (Spectra Physics). To
analyze in detail we recorded over three ranges:
650-850 cm~', 1000—-1100 cm™! and 1100-1600
cm™!. For the 1000—1100 cm™' range the spectral
slit width was fixed at 1.5cm~!, for the other
ranges. at 3cm™!. Each range was scanned for
50 min. The calibration was carried out by using
Neon lines.

Visible (VIS) and ultraviolet (UV) absorption
spectra were recorded with a single beam JASCO-
SS 50 spectrophotometer using quartz sample cells
placed in an electric furnace. Samples of nitrate and
nitrite in the appropriate molar ratio were mixed
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and ground to fine powder in an Argon atmosphere,
transferred into the quartz sample cell and sealed
off in vacuo. Then the quartz cell was placed in the
furnace. After recording reference spectra (back
ground spectra of the empty part of the quartz cell)
the nitrate-nitrite mixtures were equilibrated and
the VIS and UV spectra measured. A Tungsten
lamp was used as light source for the VIS and a
Xenon lamp for the UV absorption measurements.
The UV spectrometer arrangement was always
purged with dried N,.

L1NO3 : NaNO2

10 g 0
( pure LiNO3 )

Results

Figures la—c show the Raman spectra of the
LiNO3;-NaNO; melts. The composition changes of
the Al mode of NO3 in the range of 1000—1100
cm~! are shown in Figure 1a. In a similar way, both
the £’ (v3) mode of NO3 and the A mode of NO;3 in
the range of 650—850 cm™! are shown in Fig. 1b
and, moreover, the £’ mode (v4) of NO3 and the A
and B modes of NO3 in the range of 1100—1600
cm™! are shown in Figure 1¢c. Figures 2a—c show
Raman shifts vs. composition of LiNO3;—NaNO,,
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Fig. 2. Raman shifts vs. mole fraction for molten
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NaNO;—NaNO, and NaNO;—KNO, melts. The
half widths of the A} mode of NO3 are shown in
Figure 3. Figures 4a—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

B -2 p/n 1
S B+ (F=v)? Y B,

Here, ff, and f, are half widths of Lorentzian and

Gaussian functions, respectively. The relative peak

intensity /. the peak center v(cm™') and the half
width 8 (cm™") for individual Raman bands,

V() exp (—v'/Bg) dv. (1)

separated into each Raman active mode by means
of the above method, are tabulated in Table 1. The
calculated force constants of NOj using a Urey-
Bradley potential are shown in Table 2.

The changes of the VIS absorption with com-
position of molten NaNO;-NaNQO,; at 360 °C are
shown in Figure 5. Figures 6a—b show VIS and UV
absorption spectra, respectively, at various tempera-
tures for the molar ratio NaNO;:NaNO, = 5:5.

The absorption at 240 nm in Fig. 6b is due to the
transiton from the n-orbital of NO3 to the empty
orbital of Na*. This absorption clearly indicates
“red shift” with temperature increase. Rhodes and
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Table 1. Raman shifts 7, relative intensities /, and half widths 8, of Raman active modes of NO3 and NO3 for various
ANO,:BNO,; 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™.

NO3(A) |  NO3(E) NO3(A) NOj3 (E')+NO3 (A) NO3 (B)
N yos 1 v s |1 A
LiNO;:NaNO,
10: 0 |Q|# 10608 116 122 7183 127 - 072 13575 64.2 -
100 7409 170 100 13694 683
§: 2  |Ql# 10592 111|173 7201 121 020 8138 7.4 |1.51 1357.8 658 -
100 7423 148 100 14639 67.1
Pl# 10581 111 * . . .
Pl# 10579 118 * - . .
505 |Q|# 10551 97 * * * *
P|# 10558 97 * * * *
4: 6 |Q|# 10553 96 |100 7230 147 336 8208 123|730 13513 579 078 12316 49
100 14487 54.3
2:8  |Ql# 10574 75 7198 63 1004 8196 7.6 393 13480 421 1.00 12610 81.2
P|# 10586 8.1 7201 84 1058 8181 79 * .
0:10 |Q|# - - # 8168 80 |847 13249 337 100 12320 445
NHNO3:N3NOZ
10: 0 |Q|# 1050 79 |# 7196 133 . 059 13402 52.8 =
8 2  |Q|# 10552 79 100 7210 137 089 8138 72 |160 13449 57.2 —
100 14379 69.3
P|# 10560 6.7 . . * *
IP|# 10562 7.0 * * * .
505  |Q[# 10525 81100 7213 121 232 8150 65 (228 13426 47.7 054 12506 783
100 14257 657
Pl# 10529 81 * * * .
2:8  |Q|# 10553 7.5[100 7206 97 1157 8166 65 213 13437 441 100 12321 785
P|# 10558 69 * * . -
Q|# 10530 87 = # 8149 74 |436 13427 528 100 12321 785
P|# 10534 9l * - . .
0:10 Q| - . # 8166 80 (427 13350 374 100 12310 494
NaNO;:KNO,
10: 0 |Q|# 10540 79 |# 7196 133 = 059 13402 52.8 -
100 1430.7 734
§: 2 |Q|# 10539 7.1 |100 7210 137 089 8138 73 |154 13415 5LS -
100 14282 66.1
Pl# 10514 72[100 7198 139 082 8143 79 . .
P|# 10523 78100 7206 138 08 8129 92 * -
5:5  |Q|# 10521 67100 7189 108 317 8100 63299 13350 422 060 12467 641
100 14076 75.1
P|# 10507 60100 7161 .89 1219 8058 50 430 13313 385 100 12513 672
100 14091 60.6
2:8  |Q|# 10507 60100 7161 89 1219 8058 S50 [430 13313 385 100 12513 77.1
P|# 10500 61100 7170 9.1 934 8066 67 * *
P |# 10499 69 100 7175 118 1097 8070 6.1 * .
0:10 Q| - - # 8032 44 (666 13405 337 100 12324 445
Pl = - # 8022 47 (800 13249 310 100 12318 404
KNO, Ql# 10481 59 |# 7147 94 ~ 100 13462 284 -
| 182 14134 429
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Fig. 3. Half width of A] mode of NO3 vs. mole fraction of
molten ANO;-BNO, systems.
a) A=Li, B=Na; b) A=Na, B=Na; c) A=Na,B=K.

Ubbelohde [22] explain this “red shift ” as follows:
the maximum absorption energy E .y is given by

h?
S )

Emax=E|+8 R
mrg

where E; is the energy necessary for removing an
electron from an anion, / is Planck’s constant and rg
is a distance obtained by subtracting the cation
radius from the distance between a cation and an
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anion, given by Wyckoff et al. [28]. Differentiation
of (2) with respect to temperature T results in

dEmax _ /12 dr() (3)
dT Amr3\dT)"
Since r, spreads with increasing temperature,

dro/dT>0. Therefore dE../dT <0, and the
absorption spectrum shows “red shift” with tem-
perature increase. Values of E,x obtained from our
experiments were 236 nm (5.253eV) at 260 °C,
240 nm (5.166 eV) at 360 °C and 242 nm (5.123 eV)
at 415°C. They gave a quite linear function with
temperature. Here, the value of dE,,,/d T amounts
to —6.8cm™'K~! for NO73 in molten NaNO3;-NaNO,-
Rhodes and Ubbelohde showed that dE,,/dT =
—-56cm "K' for LiNO;, —34cm'K' for
NaNO; and — 7.2cm™! K™! for KNO;. Our value
is twice larger than their value of NaNOj. In
Fig. 6a, E,, of NO3 also shows a slight “red shift”
as temperature increases. This fact indicates that E .
is not only to be assigned to the intramolecular n-7*
transition in NO3 [29] but also to the influence of
the empty orbital of Na*. According to a calculation
by the molecular orbital method [30], the highest
occupied orbital of the NO; anion is known to be
—3.435eV (—0.1263 Hartree). If the absorption

Table 2. Force constants of NO3 calculated by an approxi-
mate method using a Urey-Bradley potential for each
molten composition ANO;:BNO,. 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)
LINO} :NaNO:
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
NaNO3: NaNO:
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
NaNO; . KNOZ
8:2 5.579 0.529 1.628
5495 5.470 0.511 1.656
2:8 5.421 0.500 1.660
KNO; 5.401 0.519 1.599
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Fig. 7. Exprimentally estimated n* level of NO3 and the
empty orbital level of Na* in the molten NaNO;-NaNO,
system. the 7 levels of NO3 and NO3 are based on
calculations with the molecular orbital method [30].

Eax = 440 nm is simply assigned to the n-7* transi-
tion in NO3, the energy level of the lowest un-
occupied molecular orbital 7* becomes —0.617 eV
(= 0.022 Hartree). By use of the mentioned transi-
tion at 236 nm (260 °C) in NOj3, the energy level of
the empty orbital of Na™ can be determined to be
—0.578 eV, which leads to an energy difference of
2.857¢eV, (434nm) between the empty orbital of Na*
and the highest occupied molecular orbital (7) of
NO;3. As shown in Fig. 7, this energy difference
(434 nm) 1is very close to the mentioned n-7* tran-
sition (440 nm), suggesting the existence of a strong
interaction on approaching Na* to NO3 in the
molten system. Such energetic assignments in Fig. 7
are verified, because Na™ coexists with NOj and
NO;3.

Discussion

No Raman shifts in the Aj, E’(v3) and E’(v4)
modes of NO3j and the A and B modes of NO3
show any drastic composition dependences in
NaNO;-NaNO, melts (Figures 2a—c). The visible

absorptions of NO3 at 440 nm in Fig. 5 also undergo
no appreciable shifts with composition. Therefore
we conclude that the interaction between the anions,
NO3; and NOj3, is much weaker than the ones
between cations and anions. In other words, NO3
and NO37 exist independently, and Na* may exist
between them. The A{ mode of NOj in Fig.2a
shifts by about 2 ¢cm™' towards higher wave num-
bers and its half width (Fig. 3) becomes narrower.
These small anomalies in molten NaNO;-NaNO,
have not yet been rigorously accounted for in the
present situation. In the molten NaNO;-KNO,
system, each Raman mode shifts almost linearly
with composition, as shown in Figures 2a—c. We
conclude therefore that NO3 and NO3 are statist-
ically surrounded by Na* and K" ions according to
the NaNO;-KNO, melt composition. The molten
LiNO;3;-NaNO,; system differs from the other sys-
tems. Each mode of NO3, Aj and E’(v3), and the
A mode of NO; show a strong composition depen-
dence, especially for the Al mode of NO3. To
elucidate these results, we enumerate the charac-
teristic differences among Li", Na® and K* as
follows: Shannon’s octahedral ionic radius [31] is
0.76 A for Li*, 1.02 A for Na* and 1.38 A for K*.
The volume occupied by a cation in the molten
system is 0.439 A3 for Li*, 1.06 A3 for Na* and
2.63 A? for K*. The polarizing power of Li* is 1.85,
that of Na* 1.1 and that of K* 0.75 [32]. Judging
from the differences enumerated above, the drastic
composition dependence in Fig. 2a, where a little
amount of LiNO; was mixed with NaNO,, can be
explained as follows: there remaines some free
space after subtracting the values occupied by Na*
and NO; ions from the total volume of the molten
NaNO, system. Li* would occupy this free space
and attract several NOj anions to form a “Li*-
nitrate associate” in molten NaNO,, because Li* is
smaller in size and stronger in polarizing power.
Smith and Boston [23] observed a “red shift” of
the absorption maxima due to n-z* transition in
NO3 at ca. 300 nm as the size of the cation in-
creases from Li™ to Rb™ in the UV spectra of pure
alkali nitrate melts. They explained this “red shift”
on the basis of the Franck-Condon and conservation-
of-energy principles by showing that these n-m*
transitions are strongly related to the charge density
of the N-O bond. and this shifts the electron
density from the neighborhood of oxygen to that of
nitrogen. and the strength of the N-O bond in-
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creases as the size of the alkali cation decreases.
Basing on this, the n-7* transition in NOj strength-
ens the N-O stretching force constant K, which is
reflected in the Raman frequency v (cm™') given by

. 1 K @
Y= = g
2ne ¥ M°

where M is the reduced mass and ¢ is the speed of
light. Thus, the Raman frequency shifts towards
higher wave numbers as the size of the alkali cation
decreases. In the “Li*-nitrate associate”, since NO3
is strongly perturbed by Li*, the stretching force
constant K in the N-O bond becomes stronger and
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the Raman frequencies shift to higher wave num-
bers for the molten composition LiNO;:NaNO,
= 2:8 in Figure 2a. We can say that the shift of the
A} mode of NOj3 originates in the formation of
“Li*-nitrate associate”. With increasing Li* content
towards the ratio LiINO;:NaNO, = 5:5, every NO3
or NO3 is gradually shared by more than two Li™,
and there are fewer localized “Li*-nitrate asso-
ciates”. Therefore the Raman shift of the A] mode
of NO3 becomes smaller. As the concentration of
Li* increases, the influence of Li* and Na* on
NO3 is averaged and homogenized with com-
position. The absence of the drastic composition
dependence in the Raman shifts in molten
NaNO;-KNO, is due to the larger volume and the
smaller polarizing power of Na* as compared to
Li*. In Fig. 8 the stretching force constant K of NO3
is plotted against the averaged polarizing power of
alkali cations in the molten system.

Anomalous changes with addition of small
amounts of Li* to molten salts have also been
observed in mobility measurements of Li* [33] or
molecular dynamics simulations [34].
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