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Abstract

The infrared spectra of sodium nitrite NaNO, have been investigated between 400 and 4000 cm™ ' over a wide range of
temperature (27-250°C). The results are reported during the order—disorder phase transition (II—I) at temperature about
161°C. The study includes spectral analysis and interpretation of band shape, peak height, band width and band intensities of
the internal modes of vibrations as functions of temperature. The present results strongly confirm the phase transformation
process from the ordered state II to the disordered state I of NaNO, by clear variations obtained in the spectral parameters for
the bending modes v, (~830cm ') asymmetric stretching mode v; (1270 cm™') and combination mode (v; + v3)
(~2552 cm™ V).

The rotational energy barrier for the nitrite group NO, is determined for both ordered and disordered phases using v, and v3
modes. Also, the phase transition process is found to be activated by an energy of 0.16 eV in the regions of these two modes.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Sodium nitrite is a compound that has a phase
transition temperature at about 162°C. Above this
temperature, the crystal structure is non-polar and
belongs to the orthorhombic system. Its space group
is D3;-Immm [1]. Below the transition temperature,
the structure is still orthorhombic but is polar along the
b-axis and its space group being C%i-lmmm [2].

A considerable amount of experimental and theo-
retical work has been carried out on the ordered and
disordered phases of sodium nitrite NaNO, following
as the electrical [3], spectroscopic [4,5] and structural
[6] properties over a wide temperature range. The
permanent dipoles of the NaNO, radical in the ordered
phase (ferroelectric phase) below the phase transition
point are aligned parallel to the spontaneous polariza-

tion along the b-axis. In the disordered phase (para-
electric phase) beyond higher than the phase transition
point, the NO, "radicals point to be £ b-directions [7].

Although the phase transition phenomenon in
NaNO, has been intensively studied, there are many
contrary statements in the literature since there is an
additional anomalies at 100°C [8] and at 178°C [9,10].
It was also reported that the character of the NaNO,
phase transition is closed to the second order kind [11]
and not of the first order one [7,9].

On the other hand, some authors reported that the
rotation of the NO, radicals takes place around c-axis
[1,12] or around a-axis as reported by the authors
[10,13]. But the studying of the phase transition in
NaNO; in the high frequency range using spectro-
scopic analysis is not clearly reported. Thus, the
purpose of this investigation is to study in detail the
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infrared (IR) spectrum of NaNO, in both ordered
phase II and disordered I between room temperature
(27°C) and (250°C) below the melting point (270°C).
Also, one of the fundamental aims in the interpretation
of the IR spectroscopic data of NaNO; is to determine
the nature and extent of ordering and disordering in the
two phases II and 1.

2. Experimental

IR spectra were recorded using a Perkin-Elmer
1600 a FT-IR spectrophotometer and the experimen-
tal techniques employed were essentially identical to
those described previously [14]. The materials used
were ultra pure NaNO, obtained by the British Drug
House (B.D.H.) Laboratory Chemical Division, Eng-
land. The samples contained 2 mg mixed with about
200 mg powder of KBr and placed in a cylindrical die
of 10 mm diameter after shaking the mixture for about
half a minute. The die was evacuated to insure dryness
and the sample was then pressed under pressure of
about 620 kg/cm®. A disc of approximately 1 mm
thick was obtained. The sample temperature was
measured to an accuracy of £1°C. The spectrum
was recorded in the region 400-4000 cm™' by com-
puterized system attached to monitor and printer.

3. Results

In interpreting the IR adsorption we use Herzberg’s
notations [15] for the internal fundamental normal
modes of vibrations of NO, in which v; denotes the
totally symmetric N-O stretching mode, v, is the
bending mode and v; is the asymmetric mode.

3.1. Temperature dependence of the bands in NaNO,

In the present study, the observed room temperature
spectrum of NaNO, did not exhibit any bands which
could be attributed to any mode other than those due to
ionic fundamental of the NO, ™ group. The accuracy of
frequency measurements is calculated as +3 cm ™" for
sharp peaks and 10 cm ™' for broad bands. IR spectra
were measured at, room temperature (RT) (27°C), 91,
112, 131 and 151°C for the ordered phase II (low
temperature phase) and at temperatures 180, 205, 225

and 250°C for the disordered phase I (high tempera-
ture phase). The frequencies of the bands for the two
phases are collected in Table 1.

Fig. 1 shows one example of the IR spectra in the
ordered phase II at 27°C (room temperature ordered
phase) and in the disordered phase I at 225°C. Also in
the intermediate state at temperature 161°C. It can be
easily noticed that there is a slightly change in the
mode frequencies during the transformation to the
different states. Also, there is a remarkable variation
in the band width and the peak heights of the different
modes. For a detailed investigation, three important
modes were selected and studied as the temperature of
the samples increased from room temperature (RT)
27°C up to 225°C as shown in Fig. 2. These three
modes were v, (=830 cm_l), vz (=~1270 cm_l) and
the combination mode (v; + v3) ~2552 cm . They
were found to be sensitive to ordering and disordering
states. As shown in Fig. 2, the three modes subjected to
a clear change in the half band width and peak height
during the elevation of the temperature. It was noticed
that, the variation in peak height and band width
increased in phase II, while this variation decreased
in phase 1.

3.2. Detection of the phase transition II—I of NaNO,

The variation of the half band width Av,,, of the
three modes v,, v3 and the combination mode (v + v3)
are shown in Fig. 3. For the asymmetric mode v3 which
showed itself as a broad band centred at ~1270 cm ™"
(at RT), the change in the band width showed a broad
peak at 161°C. But for the bending mode v, at 830
cm ™! and the combination mode (vi + v3) at =2552
cm !, alittle broadening could be observed in the same
temperature range. This variation in the band width of
the three modes are consistent with one another which
clearly indicates a probable change in the phase state.

The variation of the peak height of the three modes
vs3, Vo and (v; + v3) are shown in Fig. 4. One can see
that as the temperature increases up to 130°C the slight
change in peak height (Ph) increases up to 161°C and
give a maximum change in v;, v, and (v; + v3). This
strongly supports what is observed before. Fig. 5
shows the variation take place in peak intensity of
the principle modes vs, v, and combination (v; + v3).
The intensity variation of the v; mode showed a
maximum value at 161°C, also the v, mode and the



Table 1

Infrared spectra of NaNO,*

Frequency Order phase II Transition point Disordered phase I
assignment
(cm™") 27°C 70°C 91°C 112°C 131°C 151°C 161°C 180°C 205°C 225°C 250°C

v T v T* v T* v T* v T v T v T v T v T v T v T*

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) (%)

V,SP 830 70 830 63 830 56 832 71 830 59 830 51 833 56 830 o4 828 83 829 73 828 72
v;BB 1270 3 1270 4 1268 2 1269 4 1273 14 1266 6 1264 8 1270 5 1275 16 1265 5 1261 8
v;SH 1383 52 1382 37 1383 36 1383 42 1383 45 1385 36 1380 31 1382 37 - - 1384 42 1383 33
2v,SH 1640 - 1636 66 1650 68 1632 68 1630 67 - - 1645 66 1637 70 - - 1652 62 1647 54
(vi +v3) BB 2552 27 2549 74 2554 176 2555 79 2554 173 2543 77 2555 69 2546 178 2562 178 2548 66 2558 60

4 T™: Transmission; v: wave number (cm); SP: sharp peak; SN: shoulder; BB: broad band.
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Fig. 1. Infrared spectra of NaNO, for the two phases I, II and the

intermediate stage.
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Fig. 2. Detailed contour variation of the modes (a) v, (=830 cm ™),
(b) v3 (=1270 cm™'); and (c) combination (v; + v3) (2552 cm™")

for NaNO, samples during the phase transition II—1I.

2500

& 2 830 e }
o 2, 1270 coft |
1 i

400 )-8 (24#24)7 25 52 cm

/r 300}

'€
200+

A% plc

50 100 150 200 250

Temperature (°c)—

Fig. 3. Variation of half band width Av,,, with temperature for the
modes v,, v3 and (v{ + v3).

combination (v{ + v,) showed the same behaviour.
One can easily see that the band width, relative peak
height and the peak intensity for v,, v3 and combina-
tion (v; + v3) modes showed anomalous character
during the phase transformation process.
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Fig. 4. Temperature dependence of relative peak height Ph for v,
v3 and (v; + v3) modes during the phase transition II—I of NaNO,.
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Fig. 5. Variation of IR band intensity with temperature for modes
v5, v3 and combination (v{ + v3).

3.3. Determination of the rotational energy barrier

The energy barrier separating the different orienta-
tions of the NO, ™~ group in the two phases I and II is
determined using the relaxation time equation [16].

E
T= foexpﬁ

where E is the rotational energy barrier, k the Boltz-
man constant and 7T the absolute temperature.

On the other hand, the relaxation time was deter-
mined by the equation [17].

1
T=—Avy)c
i

where Avy, is the half band width of the IR absorption
band and c the velocity of light. The results of these
calculations in the two regions of v, and v; (as shown
in Fig. 6) indicate that for v, band, phase I was
associated with an energy barrier of 0.27 while phase
IT was associated with an energy barrier of 0.43 eV.
These two values of energies becomes 0.41 and
0.57 eV, respectively, in the region of vz band. It is
clear that from the above results the phase transition
process in the two regions of vz and v, is activated by
an energy 0.16 eV.
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Fig. 6. Temperature dependence of the relaxation time in the
region of the two modes v, and vs.

4. Discussion

The phase transition is considered to be as inter-
ruption of the thermodynamic functions characteriz-
ing the state of a substance at a special point called the
phase transition point [18]. As soon as such a point is
reached the initial phase can no longer exist and
changes to a new phase. At this critical point a
substance gains abnormal properties or acquires unu-
sual behaviours. The phenomenon of ordering—disor-
dering of molecules in NaNO, crystals may be
experimentally observed by studying the temperature
dependence of the vibrational spectra in both states.
This can be done in the region of the internal and
external lattice modes of vibrations of NaNO, mole-
cules. Increasing the temperature, specially near the
phase transition point, the possibility of reorientations
of the molecules considerably increases. The character
of reorientation changes qualitatively at the phase
transition point and in turn, this should lead to varia-
tions in the characteristics of the vibrational spectra of
NaN02.

According to the above consideration, it was
thought reasonable to study in the present work the
spectroscopic effects related to the processes of order-
ing and disordering, principally by studying the IR
absorption spectrum of NO, ™ ions. Also, the effect of
temperature on the IR absorption spectra gave impor-
tant information about the dynamics of the processes
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of disordering which lead to some understand of the
nature of the order/disorder phenomena in sodium
nitrite.

In the present work, the IR spectra of NaNO, com-
pound has been precisely measured in the region
between 400 and 4000 cm ™' where only the three fun-
damental internal modes of vibrations (v,, vz and v;), the
combination mode (v; + v3) and the first overtone (2v3)
of the NO,  radical will be taken into account for the
study of phase transition. These fundamental modes of
vibrations are the symmetric bending mode v, (=830
cmfl), asymmetric stretching mode v3 (=1270 cmfl)
and symmetric stretching mode v; (=1383 cmfl).

It is well known that a characteristic shape of an
absorption band for a distinct molecule is related to the
number of ions that undergo, the various energy
transitions.

Beside the fundamental modes v, and vs, the com-
bination mode (v; + v3) observed here at 2552 cm ™
also was found to be sensitive to the ordered and
disordered states of the nitrite group in NaNO,.

The intensity of each line depends on the number of
ions undergoing a certain energy transition and the
band envelope as a whole is a representation of the
total number of ions involved [19] as previously
shown in Fig. 5. As the temperature of the ions
increased the contour of the absorption band (and in
turn the area under the envelope) will increase, pro-
vided that the increase in temperature increase also the
number of the NO, ™ ions initially being in the vibra-
tional level v = 0.

In order to explain the reduction of intensity of v,, v3
and the combination (v; + v3) modes as shown in
Fig. 5, it is proposed that the NO, ™ ions are oriented
in a disordered fashion among the positions with
nearly equal energies and symmetry [20]. Due to
thermal agitation of the system the rate of orientation
among these positions increases with temperature
which reflected as a decrease in the band intensities
of v,, v3 and combination (v; + v3). The degree of
disordering of anions in the region of the phase
transition II—I could be controlled by the rates of
increase of the band intensities of modes under inves-
tigation. All IR spectra of NaNO, obtained in the
present work are characterized by the presence of a
broad band v3. This strong broadening of the inho-
mogeneity band is due to the difference between the
orientation action of the individual NO, ™ ions.

The asymmetry in the IR band shape of the mode v,
~830 cm™! could arise from the combination of the
lattice mode [21] or from the coupling of the vibra-
tional modes of NO,™ groups, or due to isotopically
different forms of the NO, ™~ ions [22].

One can see that the phase transition II—I cause a
gradual increase of the broadening of the v; band in the
ordered phase II, then followed by a gradual reduction
in the disordered phase I as shown in Fig. 2. This may
be attributed to the fact that, transformation of NaNO,
(phase II) to the high temperature phase I imply
sufficient oscillation of the anions to unlock the 0
atoms from their cation coordination [20]. The same
behaviour was observed also in the vibration mode v,
and combination (v; 4 v3) (see Fig. 2).

The ordered phase II of NaNO, differs from the
disordered phase I by the greater hindrance of the
motion of the NO, ™ ions [23] and confinement of the
reorientations solely to the plane of the ion. If we
assume these ions are in different local field, we can
give an account for the origin of the high frequency
side of the band. The increase in temperature destroys
the correlation of neighboring ions. The reorienta-
tional motion of the NO, ™ ions between two equiva-
lent positions existing in phase II was responsible for
the large width of the investigated bands near the
phase transitions point. Further increase in tempera-
ture caused a large reduction of the band width
specially for the mode v; and combination (v; + v3)
as shown in Fig. 3.

According to the present study the peak height of IR
bands of NaNO, increases with temperature in ordered
phase II and decreases in the disordered phase I (as
clear from Fig. 4). To interpret such a behaviour, it is
well known that below the phase transition tempera-
ture point (161°C) the structure of NaNO, is belonged
to body centered orthorombic and is polar along the
b-axis and its space group is being C%i—lmmm. But
above 161°C, the crystal structure is nonpolar and still
belongs to the orthorhombic system. Its space group is
being D3-Immm. Such changes accompanying the
transformation from lower symmetry for the unit cell
to a higher symmetry are responsible of such beha-
viour. The height of the potential barrier E of the
ordered phase II was found to be 0.43 eV, while that
for the disordered phase I was found to be
'E = 0.27 eV in region of v, band. The corresponding
values of energies in the region of v; band becomes
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0.57 and 0.411 eV, respectively. Both E and E' repre-
sent the potential energy which must be crossed during
the reorientation process. In fact the complete disor-
dering of the NO,  radical, occurring at a critical
temperature 7 = 161°C causes a loosening of the
ionic bonds [24]. This effect tends to reduce the height
of the energy barrier.

The value of AE=E—FE' represents the activation
energy required to perform the order—disorder phase
transition process. According to the present work AE
is found to be 0.16 eV in the regions of the two modes
v, and v3. The ordered state of the NO,™ ions in the
lattice existing at a temperature below the phase
transition temperature 161°C.

However, the orientations of the nitrite group are
separated by a potential barrier of about 0.43 and
0.57 eV in the ordered phase Il and 0.27 and 0.411 eV
in the disordered phase I in the regions of the modes of
vibration v, and v3, respectively. Increasing the tem-
perature of NaNO, crystals leads not only to a thermal
population of the alternative orientation but also
decreases the depth of the potential well as mentioned
before.
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