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ABSTRACT
The alkali metal nitrites have been studied from 77 K through the phase transi-
tions and in the molten state by Raman spectroscopy. With the exception of LiNO,,
all the alkali metal nitrites go through at least one solid-solid phase transition. The

presence of NO; groups disordered quival ! hic sites is &

over
common feature of at least one phase for each salt.

The results for LiNO, are not consistent with the suggested D;d crystal struc-
ture. Spectroscopic evidence and ab initio calculations indicated that the NaNO,
order-disorder transition occurs via a nitrite rotation about the crystallographic a
axis. No evidence was obtained for the reported phasc transitions at 343 or 380 K in
KNO, or for the high temperature phase transition in CsNO,. For RbNO,, the
effect of nitrate impurity was considered. The spectroscopic observables are dis-

cussed in relation to available thermodynamic quantities.



INTRODUCTION

The alkali metal nitrites have attracted much interest in recent years for both
practical and theoretical reasons. These salts give low melting nitrite-nitrite and
nitrite-nitrate eutectic mixtures, therefore they have a potential use as electrolytes in
molten salt thermal batteries and as heat exchange media in uuclear reactors.
Interest in their bonding habits has been enhanced by Hathaway and Slade (mw)'
who discovered two possible forms of the nitrite ligand (nitro and nitrito) in transi-
tion metal complexes. Further, three of the salts, KNO,, RbNO, and CsNO,, are

in N-O vibrations of ions

believed to possess plastic crystal pmpertim.2 Interes!
similar to nitrate bas also focused attention on metal nitrites.® Probably the
greate t interest in the alkali metal solids stems from the fact that they exhibit
order-disorder phase transitions. In fact, this has spurred much of the study of
NaNO, which has a ferroelectric to paraelectric phase transition and an incommen-
surate intermediate phase.3® With the exception of NaNO,, and to a lesser extent
KNO,, nitrites have not been previously studied in great detail, unlike the
corresponding nitrates. This is due mainly to the difficulty in preparing pure
solids. ™

The purpose of this study was to prepare pure alkali metal nitrites and analyze
them in all solid phases and in the molten phase using Raman spectroscopy. The
study of order-disorder phase transitions in relatively simple solids will assist in the
understanding of the transitions in more complex solids. Characterization of these
salts by their spectra will be useful in future studies of reactions of nitrites. Finally,
attention has been focused on the similarities and differences between the nitrite and

nitrate systems, particularly for the melts. Since the nitrates have been well studied

this comparison may aid in und ding or predicti ies of the nitrite.

Furthermore nitrate is a common impurity in nitrites.®
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The solid phases and the phase transitions of the nitrites have been examined in
data is d in Table 1, while available

data for the known transitions in the alkali metal nitrites is summarized in Table 2.

some detail.

Known thermodynamic data relating to the phase transitions are included in this
table.

No Tusi 1 studies of anhyd: LiNO, have been reported, how-
ever Wyckoff has proposed a unimolecular cell of space group Ds“'d (R;_)A‘ The ery-
stal structure of the monohydrate is known.!® Lithium nitrite has been the subject
of very few spectroscopic studies'®® 2! due mainly to the dificulty in preparing a
pure sample. The Raman spectra obtained in this investigation are consistent with
those of previous spectroscopic studies while this study is extended to include spectra

of the melt. The spectra presented indicate LiNO, is an ordered solid but they are

not i with the d crystal
Sodium nitrite has been the subject of i i l and th ical
invuligationsf’" Recent interest in order-disord iti i ly as related

to ferroelectrics, has lead to many studies on NaNO2 because it is a ferroelectric??; it

has a relatively simple crystal structure in both its ordered and disordered phases; it

exisis as a stable, pure d; and its order-disorder phase ition occurs at
an easily obtainable temperature, ~ 435 K. The presence of an incommensurate

antiferroelectric phase® between the P ordered lectric and

high-temperature paraclectric phases has sparked even further interest in the

research on NaNO,.

The hanism for the order-disord ition in NaNO, is a contentious

13b,23-28

issue. While spectroscopic and optical measurements® 303! indicated that

the order-disorder transition involved rotation of the NO, ion about the crystallo-

" ical®? and molecular d f Teulations3334 indi 4

graphic a axis;

that the rotation about the crystsllographic ¢ axis was more probable. Neutron



Table 1. Crystal Properties of Alkali Metal Nitrites.

Phase Symmetry Z Configurational Reference
entropy
LiNO, ¢ (maybe D3 Ry) 1or3  ordered 4
NaNO, ¢, III, Bodycentered Gyl o) 1 ordered 45
¢, I, incommensurate ~ 10 disordered 6a
¢,1, orthorhombic  DZp(l,.. ) 2 Rln2 6b
KNO, ¢, VI, Monoclinic ~ C3 or .2
2 J ’ 2 2h
(Py, or Pym) 4 ordered 7
11, Monoclinic Cn(Pay) 4 ordered 7
II, Rhombohedral D3 (Rg,) 3 Rini2 8
1, Face-centered O: (Fnam) 4 Rin32 9
cubic
RbNO, 11, Monoclinic 02311(52/"1 or Cz/m) 4 ordered 2
I, Face-centered Og (Fram) 4 Rin32 10
cubic
CsNO, 11, Rhombohedral Dasd (R3,) 1 Rin3 10
1, Body-centered  OF (P,.5.) 1 Rin12 2,10

cubic




P

Table 2. Enthalpies and of the Phase T in Alkali Metal Nitrites.
Alkali Phase T/K AH‘/I(J'mol‘l AS./JK"mol‘l Reference
Metal  Transition
Li e—1 403 11,12
Na M-I 438 13a,13b
L19 2.75
n-1 430 13,13b
I-1 561 133 24.2 2
K VI — 11 230 - - 7
m-1 264.1 5.048 23.54 14
n-1 3147 2.107 7.01 14
I-1 685 6.08 10.5 2
Rb n-1 263.7 + .2 8.494 32.3 15
I-1 605 6.53 9.40 2
Cs n-1 208.85 2.762 13.28 17
n-1 209.16 + .10 345+ 0.2 172 + 1.0 18
I-1 673 9.22 13.7 2
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diffraction® 37, X.ray™®, and sn Na nmr mdy” all supported the latter
theory. However most of the evidence in favour of ¢ axis rotation was based on
model calculations with hard-sphere potentials that neglected the large non-bonded
eclectron density at the N atom. Analysis of all sviilable data in addition to the
present spectroscopic observations snd an sb initio study (the detsils of which are
dix) lead to the conclusion that the orientational
disorder of NO," ions is more probably realized by rotation about the crystallo-

included in this work as an app
graphic a axis.

Potassium nitrite has been studied to a lesser extent; the solid is extremely
hygroscopic, has a high melting point (665 K), and decomposes readily above the
melting point. At room temperature it takes the form of an unmanageable plastic.
In addition, KNOz is known to form a solid solution with NOS', therefore
purification becomes very difficult. 32

The polymorphism of KNO, is much more complex than that of NINOT
Currently there are nine known phases which have all been identified by Raman and
mid-infrared syectmcopy.“ Seven of these phases have heen characterized by x-ray

powder ph , but

of the x-ray dats remains unset-
tled. Of the nine known phases, only four are stable at ambient pressure, KNO, 1,
11, 11l and VI The five high-pressure phases thought to be related to the CsCl form
have also been studied*! but will not be discussed in this work.

While some x-ray studies indicate KNO2 I is ordered’, 8 recent spectroscopic

sludyw indicates it is niore likely to be

The present i igation sug-
gests some order remains in this phase. In addition this study supports the IT/VII
phase transition at 230 K74* but shows no evidence for reported phase transitions at
about 243 K*2 or 330 K*3. Tk sre bave been many ir and Raman spectroscopic stu-
dies!9:20.214043 ¢ KNO2 reported but none have involved a detailed investigation of

the solid to the melting point prior to this work. No phase transition was observed



between the II/I trsusition and the melting point. The present spectral data are
consistent with availsble thermodynamic data.

Rubidium and cesium nitrite are very much like potassinm nitrite; they are
extremely hygroscopic, hard to purify, have high melting points, easily decompose,
and form unmanageable plastic solids.%2®

The polymorphism in rubidium nitrite has been studied by several workers®10-15
and the crystal structure of at least two polymorphs of the salt have been deter-
mined. There are many discrepancies in the reported phase transitions however.
‘The II/I transition has been observed to occur at sbout 264 K by several work-
ers?1545 yhile o temperature of 252 K has also been wgguted.m In addition, tran-
sitions have been reported to occur at 360 K* and 340 K'® and minor anomalies at
225-249 K and 400-415 K.!® There was no evidence for the high-temperature phase
transitions at 340 or 360 K in this investigation. However, new evidence is presented
for a phase transition a! sbout 225 K which coincides with a minor anomaly
observed by calorimetric studies. It is important to note the only previously
reported Raman spectroscopic data for RbNO, has been that of the fused salt.?!
‘The present investigation provides the first spectroscopic study of the phases in
RbNO, solid.

The polymorphism of cesium pitrite also remains unsettled. Two solid phases
have been characterized, and both are believed to be disordered. Many transition
temperatures have been reported, 175 K*, 170 K'°, 209 K'%'7, 353 K45, 365 K"
and 393 K%, based on dta, conductivity and calorimetri Raman

spectra obtained in this investigation indicates only one solid-solid phase transition
exists - that of about 209 K. Cesium nitrite has been the subject of very few vibra-
tional spectroscopic investigu!ion&”"‘z‘ A detailed study covering all the phases of

CsN02 has not been done before this investigation.



In the present study, LiNOz, NnNOz, KNO,, RbN()2 and CsNO,, have been
characterized from 77 K through the phase transitions and in the molten state using
Raman spectroscopy. The melts have been studied for comparison with the high
temperature disordered phases and for comparison with other systems such ss the
nitrates, Finally, the details of an ab initio study which support some of the spec-
troscopic data are presented as an appendix. The sb initio calculations include
optimized geometries for nitro and nitrito forms of the nitrites, the polarizability of
nitrito NaNO, along the a, b and ¢ axes, and the energy potentials for the nitrite

rotation about the a and ¢ axesin NaNO,.
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THEORY

Non-Interacting Molecules
Radiation interacts with matter through the dipole moment vector, p, which is
composed of & permanent part, uf, and an induced part, p' (see Refs. 48 and 47).
n=F+p (1)
Light of a given polarization may impinge on a molecule to give the induced dipole
moment which subsequently radiates. For linear or spontaneous Raman scattering,
only the first order term in applied electric field vector, E, need be considered.
ul = gE @)
Higher terms in E" must be included for non-linear processu." ‘The induced dipole
moment vector, p' will not generaily be parallel to the applied field vector, E, partic-

ularly for crystals. Consequently, the polarizability, g, will be a symmetric tensor

Cyx Oxy Oy

a =| ay oy, oy (3)
Gy Oy Oy
Both 4P and g have a static ibution due to the equilibri lcul.

structure and a dynamic contribution due to changes in these properties associated

with the (3N-6) normal modes of vibration.

3N-8 5
P o_ X LE g
Bo= o+ I 7, Q ()
3N-8 5y
a =g+ o (5)
Here Q; are the 3N-8 vibrational normal cooidinates of the molecule. Since infrared

processes are governed by eqn. (4) and light scattering (Raman and Rayleigh) are
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governed by eqn. (5), the two sp ies are quite

y and should

normally be idered together. The predicted number, symmetry and activity of

the 3N-6 infrared aud Raman modes for a given molecular geometry can be deduced
from group theoretical rules as explained by Cotton*® or Ross*®.

The polarizability tensor g is often considered to be comprised of a symmetric

part described by the mean izability invariant, a,
1 _ 1
a=5(u"+n"+a,,)—§1‘ra (6)
and an asymmetric part described by the mean izabili i , B, defined
s
1
1 A
B = gllagay P + (ay-0,)f + (000 + Slafay el (7)

A set of axes in the free molecule can always be found, such that, with these axes as
the basis vectors, the polarizability tensor has only diagonal elements and the expres-
sion for B greatly simplifies. Along these axes, called the principal axes ¢f the polari-
zability, s and E have the same direction. The principle axes define an ellipsoid
which will have the same symmetry as the charge distribution and will normally be
the symmetry defined by the nuclear positions. The polarizability is isotropic when
the static polarizability anisotropy equals zero (3 =0), as for a spherical top
molecule like CCl,. It is anisotropic when two or more axes are different (8 > 0).
The quantum mechanical expression in the Schrodinger representation® for the
differential scattering cross section into a solid angle, 12 and frequency range, dw

about w, is

d? " T
dnds = MDI<iani > o, - o) ®

where

A, the wavelength of scattered light divided by 2x
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EEg  unit vectors defining the polarization direction
of the initial and scattered light

a izability tensor of the ing medium

if initial and final states of the system with energies

E;snd E
boy B
s probability that the system is in initial state

It E, > E; Raman lines occur at lower frequencies (Stokes lines) than the incident
exciting line whereas, if E, < E; the Raman lines occur at higher frequencies (anti-
Stokes fines) than the incident exciting line. Normally, the Stokes spectrum is meas-

ured since it gives more intense lines.

E: i lly and th ically, the d light intensity may be divided
into two parts, polarized and depolarized. When E; and Eg are perpendicular only
the depolarized component appears (eqn. 9) and when E; and Eg are parallel both

components appear (eqn. 10).

d%0 depol _ d%

dndw l/mdndul ®
dopol _ _d% 4 _d%o (10)
d0dw ~ d0dw), 3 d0dw

‘These equations are normally written in terms of intensities:
L) = halw) = Lof) = 1} () - 5 1) ()
W) = Lpis(@) = lglw) = 11(w) (12)
Where I | and I} are measured and I,,, must be calculated. Normally I | is meas-

ured with the incident laser light and the analyzed scattered light both polarized in

the vertical plane, whereas I; is measured with the incident laser light polarized in
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the vertical plane but the scattered light is analyzed for the horizontal plane.

ded i

If @ and f are in the vibrational normal of a molecule and

only the linear terms are kept then eqn. (3} leads to

al = o, 1 +5; [%} Q4+ (13)
as
B =F+5 [a_Q,] Qi+ (19

where 1 is the unit tensor, and a,, 3, are the isotropic and anisotropic components of
the molecular polarizability tensor evaluated at the equilibrium internuclear separa-
tion. The a,, f, terms give rise to the polarized and depolarized Rayleigh scattering
and rotationsl Raman scattering centered about zero frequency, which occurs
without change in the vibrational coordinates of the molecule, and wy = 0. The
terms dependent on the normal coordinates give rise to Raman scattering. Since

a1
aQ;

is independent of molecular oricentation the I,(w) Raman spectrum is dependent

L ) 3 _
only on vibrational mation. However, a—c/;' also depends on molecular reorientation,
i

therefore I3 depends on both vibrational and reorientational motions of the molecule.
1

In addition to the familiar qualitative use of the depolarization ratio, p = I—‘L‘ to
il

identify symmetric modes (i.e. p < 0.75), the quantitative studies of 1, and Iz may

provide detailed information about vibrational and reorientational relaxation.

Information related to vibrational and reorientational relaxation processes can
be obtained by band shape analysis through time correlation function methods of

Gordon®!4047,

A semi-quantitative understanding of the origins of bandwidths can
be achieved without rigorous calculation of correlation functions. Although the vari-
ous correlation times can be obtained from the integration (eqn. 15) very good

approximations of the correlation times can be obtained from the full widths at half
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height of the band.5!

o
r= [ G(t)dt (15)
‘o
where G(t) is an suto correlation function defined as
Glt) = <A(0)- At)> (18)
and A(t) are dynamical quantities defined in such a way as to make the ensemble
averageof A =0. If G(t) is an exponentially decaying function of time
Gt) = Aexp ':‘ (17)
then the band profile in frequency space will have a Lorentzian shape with full width
and half height, I (in em™!) given by
! = xer (18)
Even though bands are often not exactly Lorentzian especially in the far wings, the r
values are not significantly different from those obtained by integration of the corre-
lation function. For example, if one chooses a totally symmetric vibration with a

low depolarization ratio, then the vibrational and i ional rel ion times 7,

and 75 can be determined from the halfwidths of the isotropic and anisotropic spec-

trum:
Iy =T, =T}, (19)
oo =T = I, 4Ty (20)
;‘: = xeT, (@)
1 '
L o xely = il =T 2
ol 7e(l'y ~ i) (22)

When the halfwidth of the ani: i is greater than that of the isotropic
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spectrum the difference can be ascribed to reorientational relaxation and used to
measure Ty since the width of the isotropic component is only due to vibrational
relaxation. Similarly, if the infrared halfwidth for the same peak can be measured,
then an approximate measure of the halfwidth of the infrared band due to reorienta-
tional effect can be obtained by subtracting the halfwidth of the isotropic Raman

from the total infrared halfwidth.
Crystals

Raman spectroscopy of crystals involves the inelastic scattering of photons
whereby the energy lost or gained by the photons is used to create or annihilate pho-
nons in the crystals. An ordered crystal may be viewed as a large number of repeat
units related by translational symmetry. If there are n atoms in each unit cell (n
about 10-20 for simple inorganic salts) and N unit cells in a piece of crystal (N about
6.0 x 10%%) there will be 3(nN) -3 or ~ 10%* normal modes of vibration. These nor-
mal modes of vibration may be treated as standing plane waves and are called pho-
nons. Fortunately the conservation of wave vecto:, < (pseudo momentum) dictates
that only motions in phase from unit-cell to unit-cell are observed by infrared and
Raman spectroscopy, ie. k about 0. The k = 0 selection rules for crystals may be
deduced for known structures through group theory of unit cell symmetry®? or by

correlation methods®*54,

For a crystal which contains molecules or molecular ions
the normal modes of vibration will be comprised of internal modes (stationary centre
of mass motions of the molecule) and external Rotatory and Translatory modes
which involve relative motions of the molecules or ions of the unit-cell. There will
also be three acoustic phonons at zero wavenumber.

In a crystal the polarizability is fixed in space and the six independent polariza-

bility tensor components (Eq. 3) ay,, 0y, @y, 0y, 0y, 80d &y, may be defined with

respect to the erystallographic axes. The six independent components of the derived

polarizability tensor may be obtained by observing the Raman scattering from a
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crystal oriented in different directions. Porto’s method of designating the crystal and
polarization directions is widely used by Raman spectroscopists®®

Y(2Z)X

direction of incident l I direction of observed
radiation k; radiation k,

incident polarization observed polarization

E; E,

The letters in p h give the is of the derived izability tensor
that are measured by the observation, for the example in the case shown, a'z5.

= P . Teoul

P i in crystals may also

be obtained from Raman spectroscopic measurements. For example, the presence of
transverse optical (TO) longitudinal optical (LO) mode pairs in the spectra of solids
can establish that a crystal has no centre of symmetry and may be piezoelectric.
Normal modes in a crystal (phonons) have a defined propagation direction, and LO
modes are those which have an electric vector parallel to the propagation direction,
singly degenerate. The regularly occurring TO modes have electric vectors perpen-
dicular to the propagation direction and are therefore doubly degenerate. These

motions are represented in figure 1.
Figure 1. Motions in a One-Dimensional Crystal

3 3 & Propsgation ) 5, <0 o> <0 O
¥ ? ? $ Direction

Transverse Motion Longitudinal Motion

In Raman and infrared spectroscopic studies the active LO and TO modes are those
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for which the wave vector, k, approaches zero. That is, the motions are in phase
throughout the unit cells of the crystal.

Longitudinal optic modes are only Raman active for non-centrosymmetric cry-
stals. This stems from the fact that the origin of LO modes rests in a dipole
moment change with a perpendicular phonon. Thus for centrosymmetric crystals,
the mutual exclusion rule applies, preventing Raman active LO modes.

The motion of oppositely charged ions against one another in LO modes means
there is a higher restoring force for the motion, therefore LO modes are often peaks
at highest energy in a vibrational spectrum. The exact energy or frequency of LO
modes may depend on the propagation direction of the exciting wave. LO modes

show a p d ori jonal di d for tric crystals with low sym-

metry. This means that the LO peaks tend to be at different frequencies for
different geometries for low symmetry crystals. New optical modes can be made
observable or old ones disappear by changing the direction of incident radiation with

respect to the crystal since motions in a different direction through the crystal are

excited by the light. It is th ically possible to d. ine relative posi-
tiors and thus space groups as well as coupling constants between atoms or
molecules in a crystal by studying LO modes therefore.

Raman spectroscopic measurements can also detect ionic disorder in solids. In a
vibrational spectrum, a density of states is observed; that is the spectrum plots the
frequencies for every vibration of every molecule in the crystal. In disorderad solids
there is no intermolecular coupling and each molecule acts almost independently.
The phonons of a branch have similar energy over a continuous distribution and
bands, not lines are observed. These bands actually represent a range of frequencies
of all the vibrational modes over a range of environments. For a disordered solid,
such as paraelectric NaNO, where the NO," ions are continuously reorienting the

molecular dipole in the plane of symmetry, there is no long-range symmetry within
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the crystal. The frequencies of a given vibrational mode therefore will vary greatly
and give rise to a broad band. In an ordered solid however, there is long-range sym-
metry and the intermolecular coupling from unit-cell to unit-cell throughout the cry-
stal imposes structure on the density of states. This means there will be a number
of bands at different given frequencies over the density of states. Thus the spectra

of ordered and disordered solids will look like those depicted in figure 2.

Figure 2. Comparison of Vibrational Spectra for Ordered and Disordered Solids.
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Data Treatments
Important information may also be obtained from relative Raman intensities
and normalized forms of the intensityw. The integrated Raman intensity, I;, for
the i® normal mode of v‘ibrution is defined by:
Ip = | lwdw (23)
band

where I(w) is the point intensity at each wavenumber over the hand. In the double

the molar ing activity Sy, for the i*® normal mode is
Y50

given by*":

I = Clw,-w)'w ' B'S; (24)
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where
C  Constant
w;  Harmonic frequency of the normal mode

B is a temperatu. - factor for which the Boltzman distribution gives a good approxi-

mation

B = (1-etiT) (25)

The relationship expressed in equ. 24 assumes that I is independent of the incident

light frequeney, w, (i.e. no resonance Raman effect) and intensity, E (i.e. no non-
linear effects).

The quantity of real interest in the Raman experiment is the molar scattering

d or reduced

efficicncy S given by (-gg-)’. Itis ent to construct a
i

intensity spectrum, R(w) such that band areas in R(w) will give relative values of S
directly. Corrections for the frequency dependence of instrument response and for

slit distortion may be included in R(w) as required.

Ry =l (wo-w)™*+ (26)

Sy = J Rydw (27)
band

Reduced spectra of this type are often used in the low-frequency region where the
effect of temperature is most pronounced. One of the biggest advantages of the R(w)
spectrum is that it removes the effect of the Rayleigh scattering at low frequencies.
The R(w) spectrum has the same functional form as the infrared absorption
cocflicient®57 and has been described as the energy absorbed in a scattering process
or as a measure of the vibrational density of states.” Theoretically the values of S

can be used to provide information about electron distribution in a chemical bond.®
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It has been suggested that when a bond X-Y stretches the only change in molecular
polarizability is localized in the bond and ayy is a bond property.
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EXPERIMENTAL

Preparation of the alkall metal nitrites

LiNO, was prepared by stoichiometric addition of Li;SO H,0 to Ba(NO,),.
‘The insoluble BISO‘ +vas filtered off and the resultant solution analysed to ensure no
excess SO"’ remained. The yellow LiNO, solution was treated with activated char-
coal to remove fluorescing impurities, and was slowly (~ 7 days) evaporated to dry-
ness by heating to 50-80°C. The pH of the solution was kept slightly basic (pH ~
8) throughout the process, by the addition of LiIOH when necessary, since it was
found the nitrite decomposed in an acid solution. The lithium salt crystallizes as the
stable monohydrate, LiNOz‘HQO. Anhydrous l.iNO2 ‘was obtained by carefully dry-
ing the hydrate under vacuum in a quartz tube; the temperature was slowly (1-2
days) increased to 110°C and the sample left for a further 2-3 days to dry. The
sample was stored in a vacuum desiccator.

KNO, was prepared in a similar manner from K,SO,. The salt was obtained
upon evaporation of the solution and dryed at ~ 110°C for several days before
being stored in & vacuum desiceator.

RbNO, was prepared in an anslogous manner from RbOH and Rb,CO,. 6M
IIZSO‘ was added to the RbOH, RbZOOS mixture until 8 pH of ~ 8 was reached.
‘The solution was filtered and the Rb;o. filtrate titrated against Bn(NOz)2 until no
more BaSO, precipitated. This solution was then filtered, treated with activated
charcoal and slowly (5 days) evaporated to dryness to produce RbNO,. This solid
was also dried and stored in a vacuum desiceator.

Similarly, CsNO, was prepared from CsSO,. However, the salt obtained con-
tained considerable SO." and NO," impurities. The impurities were removed by the
ion exchange method of Ray®, using Dowex 1-X8, 20-50 mesh anion exchange resin.

Pure CsNO, was obtsined after just one pass through the column and once
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obtained, this solid was also stored in a vacuum desiceator.

High purity resgent grade NaNO, (AnalaR) with a minimum nitrite assay of
98% was recrystallized from H,0. The solution was treated with activated charcoal
to remove any fluorescing impurities. Single crystals of NaNO, were also made.
Reagent grade NaNO, (AnalaR) was melted in & 20 mL glass ampoule and the melt
cooled at a very slow rate; 2° C per day initially to 8°-10°C per day as the sample
neared room temperature. Single crystals were then cleaved from the solid and

stored in a desiccator.

Sample Purlty
Sample purity with nitrites can be a real problem for several reasons. It is
necessary to keep the pH at approximately 7 or 8 during sample preparation since

acidic conditions result in the formation of unstable nitrous acid and NO," impurity

while basic ditions lead to OH™ ination and possible COaz' impurity from
dissolved CO,. The samples are hygroscopic and must be carefully dried. Further-
more, molten nitrites decompose very close to their melting points. Decomposition
of the alkali metal nitrites leads to a loss of nitrogen oxides and formation of the

nitrate salts as described by the following mechanism reactions:57

2MNO, = M,0 + NO + NO,
MNO, + NO, = MNO, + NO
2MNO, + 2NO = 2MNO, + N,

M,0 +2NO, + O = 2MNO,

The nitrites of K, Rb and Cs form solid solutions with dissolved nitrate®:?¢? and
are difficult to purify. Inivial Ramen spectra of the lithium and sodium solids showed

a NOs' impurity near the detectable limit of 0.1 mol % or less as determined by the
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method of Brooker and Irish®. The K, Rb and Cs solids contained an initial NO,‘
impurity of 0.55, 0.45 and 0.8 mol % respectively. Pure RbNO2 also had s 0.16 mol
% SO.” impurity present due to the Rb,SO, used in preparation of this salt. The
impure RbNO, was found to be about 1-2 % impure with NO," and 1% impure with
003" perhaps due to unreacted Rb,CO, used in the preparation.

After these samples were melted to obtain spectra of the molten salts, the
nitrate impurity increased significantly to 0.2, 0.15, 1.7, 1.2 and 1.5 mol % for Li,
Na, K, Rb and CsNO, respectively. All the alkali metal nitrite melts decomposed
but decomposition was worse for LINO, and CsNO,. Bubble formation hindered the
measurement of Raman spectra. Satis®octory spectra of molten LiNOz, for example,

were only obtained after sealing the salt under NO(g) in an attempt to cuppress

d ition and bubble i The other samples were seaied under dry N2

to suppress bubble formatic .

The impurities reported were esti d by ing the il ities of bands
due to the impurity relative to the intensity of the v, NO,” mode. The Raman
bands for O™ impurity were at 1050 and 704 em’!, SO, at 980 em™! and CO, at

1060 and 684 cm’’,

Instrumentation

Raman spectra were recorded on a double h Coderg

using the 4880 A or 5145 A line of a Control argon ion laser as the source of excita-
tion. The photon counting detection was coupled to the MUN VAX 11/780 com-
puter, whereby several programs were used to process the spectra recorded, for
example signal average multiple scans.

The spectra of the solids were obtained from dry samples sealed under vacuum,
except LINO, which was sealed under NO(g) and NaNO, single crystals which were

not sealed. Each sample was heated under vacuum at ~ 110°C in 2 or 4 mm id.
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quartz tubes for 2-3 days. Those samples were then melted under Ar(g) and the
argon pumped off before the samples were sealed under vacuum. This process
insured that the samples were absolutely water free and were indefinitely stable.
LiNO, and NaNO, were placed on the “cold finger” of a glass evaporating Ny(l)
Cryostat (Figure 3a) to obtain low temperature (77 K) spectra while KNO,, RbNO,
and CsNO, were placed in a N,(1) cooled Coderg Cryostat (Figure 3b). Spectra were
recorded between 77 K and room temperature for these samples. Room temperature
spectra were recorded at ambient temperatures (205-300 K), and high temperature
spectra were recorded up to 15°-50° of the melting points. The samples were
heated in a tube oven (Figure 4). Spectra of the melts were recorded for both polar-

ized, l| | and depolarized, IL scattering geometry and 1 was calculated from

isotropic
Ly = Iy - 4/31). Spectra are presented in both the I(w) and R(w) formats.
A schematic diagram of the apparatus used for obtaining Raman spectra is

presented in Figure 5.
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Figure 3a. Glass Evaporating N,(1) Cryostat.
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Figure 3b, Coderg Cryostat.
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Figure 4.  Oven for Obtaining High Temperature Spectra.
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Figure 5. Schemati on of used for Obtaining
Raman Spectra.
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whese L is a laser usually Argon-ion (4880, 5145 &) or
Erypton—ion (5682, 6471 R)

GT: Glan-Thompson prism; Used to improve polarization
characteristics of the laser

@®: Half-vave plate; Used to rotate the polarization of the
laser through 90°

L1: focusing lens

S: sample. It is useful to mask the sample to reduce
stray light

L2: collecting lens; Focuses the scattered light on the
monochromator (m) slit through a polsrization analyzer
(P) and a quarter-wave plate scrambler (Q).

D1: conventional photomultipliers detector used with an
exit slit
D2: Diode array Detector used with no exit slit. A large

spectral rogion is focused on the detector at once.

D1 or D2 type detection can be used but not at the
same time.
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RESULTS AND DISCUSSION

LiNO,

Lithium nitrite crystallizes from aqueous solution as the monohydrate which
may be dehydrated at 383 K, but reportedly decomposes at 473 K before melting at
493 K. The crystal structure for LiNO, is unknown but it is believed to be an
ordered solid. Wyckoff has proposed a unimolccular cell of space group D (Rs,)
with a, = 5.073, & = 32°2' and p = 0.25.4

Carr et al (1979)'® have suggested there arc three molecules per unit cell based
on their Raman spectroscopic study over the range 18 K to 403 K. Room tempera-
ture Raman and infrared spectra were also obtained for LiNO, by Brooker and
Irish®, and infrared spectra for the iemperature range 310 K to 453 K were obtained
by CGafurov.%! In addition, Raman data for molten lithium nitrite was reported by
Prisyazhnyi et al?t

In this study, Raman spectra were obtained for solid lithium nitrite over the
teraperature range 77 K to the melting point, and for the melt. These spectra are
illustrated in Figures 6 to 10. Table 3 presents the peak frequencies and halfwidths
for these spectra. All spectra recorded contain a rising baseline due to the fluores-
cence from the LINO, sample despite attempts to remove impurities during sample
preparation. This is possibly due to the presence of NO, produced as a decomposi-
tion product.

At 77 K (figure 8), the low frequency lattice modes are well defined, a fact
which is consistent with an ordered solid. There were no sudden changes in the peak
positions or halfwidths of the internal modes up to the melting point, hence there is
no indication of a phase transition over this temperature range (Figures 6,7,8 and
11). In particular, there is no evidence for a phase change at 387 K as indicated in

the DTA and electrical conductivity results of Protsenko et al (1671).4 This result



Figure 6. Raman spectrum of LiNO, recorded at 77 K using the blue 4880 A line.
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Figure 7. Raman spectrum of LiNO, sealed under NO(g) recorded at room tem-

perature using the blue 4880 A line. Vi) = 60 em™L.
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Figure 8. Raman spectrum of LiNO2 sealed under NO(g) recorded at 471 K using
the blue 4880 A line. vy = 60 em™. There is no evidence for a high
temperature phase. Peaks in the low frequency region are thermally

expanded lattice modes of the low temperature phase.
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Figure 9. Intensity, {w), Raman spectra of LINO, melt under NO(g) recorded at
505 K using the blue 4380 A line. Vinitial = 60 eml,
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Figure 10. Reduced, R(w), Raman spectra of LiNO, melt under NO(g) recorded at
505 K using the blue 4880 A line. vy = 60 cm?.
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‘Table 3. Peak Frequencies and Halfwidths for Lithium Nitrite at Various Tempera-
tures s = strong, w = weak, m = medium, sp = sharp, br = broad.

Frequency/cm™

TEMPERATURE

(Halfwidth/em™)

77K 208 K 471K 505 K Assignment
c c ¢ 1
66.5 w w
84.5 (3,5p) 88.0 (s,5p) 89.0 (s,5p) n
97.0 (s,p) Y,
130.0 (s,5p) 123.5 (s,3p) 118.5 (3,sp) 137.5 (w,br) w
160.0 (sh) 186.0 (s,sp) 155.0 (3,3p) u,
173.0 (s,sp) w,
194.0 (sh) 320.5 (w,br) 307.0 (w,br) n,
8400 (12.2) 840.5 (14.9) 840.5 (17.6) 839.5 (11.4) n
877.0(12.2) 8705 (14.9) 866.5 (17.6)
- 1075.0 1073.0 1064.0 »,(NO;)
1276.0 1271.5 1266.5 - vy
1352.5 (22.4) 1348.5 (30.5) 1347.0 (40.7) 1350.0 (71.2) n

Note: vy, = lattice mode



Figure 11. Temperature dependence of v, and v, frequencies and halfwidths for

LiNO,.
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is in agrecement with the spectroscopic studies of Carr et al (1979)}?

The spectra of ordered LiNO, solid show a splitting of the v; bending mode of
the nitrite fon with bands at 840 cm™ and about 870 cm!. This splitting is believed
to be too large to be due to correlation field splitting (Brooker and Irish, 1971)% and
is attributed to the presence of two distinct nitrite sites in the crystal. The low fre-
quency component of v, corresponds to the lithium cation interacting with the
nitrite ion through the nitrogen (nitro linkage), whereas the high frequency com-
ponent corresponds to interaction through the oxygen atoms (nitrito linkage). Since
the intensity of the 870 cm™ band is approximately twice that of the 840 cm™ band,
the more occupied site for the NO, is that with nitrito linkage.

Optimized geometries obtained for nitro and nitrito LiNO2 by ab initio calcula-
tions also indicate that the nitrito linkage is encrgetically more favorable. Details of

the ab initio study are presented as Appendix 1.

Lithium nitrite is ordered therefore the suggested symmetry group, D, is not
possible since it would place the NO, group on a site symmetry greater than for the
free ion. The site symmetry for an ion or molecule in a crystal is generally less than
that for the free ion or molecule. The external lattice modes are similar to those for
the sodium salt which suggests LINO, may also belong to a C,y space group. How-
ever, LiNO2 unlike the other alkali metal nitrites has a split v, mode, suggesting two

stable sites for the nitrite group as previously discussed.

LiNO, melt did d. pose slowly but d ition was supp! d by sealing
the sample under NO(g). The spectra of molten LiNO, (figures 9,10) are quite
different than the high-temperature spectrum (figure 8). The lattice mode in the
melt is very broad and is hidden in the Rayleigh wing which is indicative of the rela-
tively free nitrite ion. In addition, the v, band is a broad singlet, centered about 840
1

em™!. Melting was accompanied by abrupt changes in the internal mode peak posi-

tions and halfwidths (figure 11). While v, and v, frequencies both decreased on
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heating, vy increased drastically on melting whereas v, decreased drastically. These
results are in conflict with those reported by Prisyazhnzi (1976)*! who observed an
increase in v, frequency on heating. Note that the low-frequency peak of v, appears
to be temperature independent; even upon melting this peak only shifted 0.5 cm™ to

a lower wa whereas the high-f: di d upon melt-
g q P

ing. The halfwidths slowly increased with heating, but upon melting there was a
sudden increase. These spectral changes in peak positions and halfwidths are charac-
teristic of a phase transition from an ordered to a disordered arrangement of nitrite

ions upon melting.

N:

1

Ferroelectric sodium nitrite is ordered and has space group symmetry Cgs with
a single NaNO, molecule per unit cell (Zeigler, 11131)4‘S ‘The molecule lies in the crys-
tallographic be plane with the NO,™ ions aligned such that the dipole moments all
point in the same direction and parallel to the b axis. The order-disorder transition
actually occurs in two stepsab. First at about 438 K, the Curie temperature, a tran-
sition to an antiferroelectric, or ferrielectric, phase occurs. Here, the sinusoidal
modulation of the average dipole moment appears in the a direction. Second, at
about 437 K, the Neel temperature, a transition from this ferrielectric phase to a
paraelectric phase occurs. In the paraelectric phase, the crystal is disordered and the
nitrite jons point in either direction along the b axis. X-ray analysis has determined
this phase to have D;i space group symmetry with an ac mirror plane (Strijk and
Macbillavry, 1046).% (Figure 12) Therefore the nitrogen atom exists on two lattice
sites in the disordered phase. Although the order-disorder transition occurs in two
steps, it is the overall, combined transition that is most often considered.

There is much debate concerning the mechanism of the orientational disordering

of the nitrite ions; three possible processes exit: (1) the in-plane rotation of the NO,"



Figure 12. Unit-cell of NnNOQ, ferroclectric, C223 point group symmetry. Dashed
circles represent the paraclectric phase, D?Z where nitrite is on two dis-

tinet sites.
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ions around the a axis, (2) the out-of-plane rotation of the NO," ions around the ¢
axis, or (3) the tunneling of the N atoms through the potentiai barrier between the
two equilibrium configurations. Sato et al (1981)% studied the phase transition in
NaNO, polarized infrared radiation and ruled out the third possibility, therefore the
transition involves an in-plane rotation about the a axis or an out-of-plane rotation
about the c axis, or some combination of the two.

Spectroscopic studies by several workers (Brehat and Wyncke, 108523; Jurneau,
198124; Goncharuk and Chisler, 1976%%; Ivanova and Chisler, 1976%%; Hartwig et al,
197213, Chisler and Shur, 1966%; Sato et al, 1981%; and Andrade et al, 167352)
indicated that the transition was more probably realized by rotation about the a
axis. Optical measurements by Dio and Yanagi (1973)”, Vogt and Happ (1071)30
and Ota et al (1970)°! support this thesis. On the other hand, theoretical calcula-
tions by Ehrhardt and Michel (1981)*” based on atomic sterical hindrance potentials,
molecular dynamic calculations by Lynden-Bell et al (1985)""3 and Klein and Mac-
Donald (1982)>; neutron diffraction studies by Kay et al (1075)%, Niimura and
Muto (1073)%, and Shibuya et al (1970)7; x-ray studies by Suzuki et al (1981,
1971) and Shibuya et al (1970)%7; and a 2*Na nmr study by Betsuyaku (1969)*° all
indicated a rotation about the ¢ axis was more probable.

Raman spectra obtained for sodium nitrite from 77 K to the melting point, 551
K and of the melt are represented in figures 13 to 23. The study includes spectra
showing the temperature dependence of an oriented single crystal. Table 4 gives the
peak frequencies for varions phases of NaNO,, and Table 5 presents the Irequencies
and halfwidths for the v, and v, modes at all temperatures used over the range
investigated.

The low-temperature spectrum (figure 13) of powdered NaNO, contains eight
distinct peaks, consistent with an ordered solid of space group (7223 with Raman

active modes 3A, + 3B, + A; + 2B,. One A lattice mode at 104 em™ appears too



Figure 13. Raman spectrum of NaNO, powder which was never melted, recorded at
77 K using the blue 4880 A line. vy = 31 em™’. The NaNO,, IIl, is

in an ordered ferroelectric phase.
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Figure 14. Raman spectrum of a NANO2 single crystal recorded at 298 K using the
blue 4880 A line. vy, = 20 em™. This is the “regular™ orientation
with vy at 1228 em™. The B, (TO) modes are allowed but there is some
spill-over of the A} (TO) modes (827 and 1324 em’!) and the A, mode

119 em!). The phasc is ferroclectric.
P
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Figure 15. Intensity, (w), Raman spectra of NaNO, melt recorded at 573 K using

the green 5145 A line. Vipigial = 44 em™.
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Figure 18. Reduced, R(w), Raman spectra of NaNO2 melt recorded at 573 K usiny
the green 5145 A line. vy = 44 em™.
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Figure 17. Raman spectrum of paraelectric, disordered NaNO, I recorded at 530 K
using the blue 4880 A line. Viivia) = 50 em™,
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Figure 18. Raman spectrum of a NaNO, oriented single crystal recorded at 77 K
using the blue 4880 A line. iy = 20 em™, The vy LO mode is posi-
tioned at 1358.5 em’), shifted ~128 em™ from its “regular” frequency.

The crystal orientation is y(xz)x where x and y are 110 planes.
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Figure 19. Raman spectrum of a NaNO2 oriented single crystal recorded at 208 K
using the blue 4880 A line. vy = 30 em™’. The vy LO mode has
shifted ~128cm! from its “regular” frequency. Also, the vy mode is
approximately two times as intense as the v mode. Crystal orientation is

y(xz)x where x and y are 110 planes.
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Figure 20. Intensity, I{w), Raman spectra of the vy, 13 region of NaNO, oriented sin-
gle crystal as it went through the order-disorder phase transition. Spee-
tra were recorded using the blue 4830 angstron line at: A) 208 K; I3) 383
K; C) 413 K; D) 434 K; and E) 458 K. w3y = 30 em™ . vy shifted ~

105 em™!. Crystal orientation is y(xz)x where x and y are 110 planes.
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Figure 21. Raman spectrum of NaNO, oriented single crystal at 434 K recorded
using the blue 4880 A line. Vigitial = 30 em™'. The vy mode appears at its
“regular” and “oriented” frequencies as it neared the 436 K phase transi-

tion. Crystal orientation is y(xz)x where x and y are 110 planes.
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Figure 22. Raman spectrum of the NaNO, oricnted single crystal as portrayed in
Figures 17-20 recorded at 458 K using the blue 4880 A line. v, = 30
em!, The vy TO mode is positioned at 1250 em™" in the paraclectric,

disordered phase.
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Figure 23. Reduced, R(w), Raman spectra of the low frequency region of NaNO,
oriented single crystal as it went through the order/disorder phase transi-
tion. Spectra were recorded using the blue A line at: A) 208 K; B) 383
K; C) 413 K; D) 434 K; and E) 458 K. vy = 30 em™). Crystal orienta-

tion is y(xz)x where x and y are 110 planes.
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Table 4. Peak Frequencies (in em™) for TO Modes for the Different Phases of

Sodium Nitrite.
77K 208K 539 K $7T3K Assignment®
m m I 1
133.5 (vs,sp) 119.5 (s,sp) 104.5 (3,br) 112.0 (2,br) n(Ay Ry)
184.5(ssp) 150 (m,sp) w(B,, T,)
173.5 (m,sp) 153.5 (vs,sp) n(B, R)
205.5 (m,sp) 187.0 (s,sp) w(B,, T,)
195° WA, Ty
230.0 (m,sp) 228 (msh)  ~ 215 ~ 250 (br) w(B, R,
830.5(ssp) 8265 (m,sp) 820.0 (m,sp) 816.0 (wsp)  1lA,)
1230.5 (w,sp)  1228.0 (m,sp) - (sh) - (sh) v(B,) TO
1331.0 (vs,sp)  1324.0 (s,sp) 1332.5 (s,br) 1338.0 (mbr) (A,

a  based on Ref. 13b.
b  infrared value (Ref. 13b), although Raman allow this mode is too weak to

observe.
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Table 5. Peak Frequencies and Halfwidths of »; and v; for Sodium Nitrite® at Vari-
ous Temperatures.

Temperature/K v v
frequency (halfwidth)/cm™! frequency (balfwidth)/cm™

77 1327.5 (6.4) 820.0 (7.14)

208 1324.0 (11.5) 826.5 (7.14)

383 1322.0 (15.8) 825.0 (7.14)

413 1322.0 (18.8) 824.5 (7.14)

434 1326.0 (30.1) 823.5 (7.14)

458 1327.0 (42.0) 821.5 (8.93)

530 1331.0 (42.5) 820.0 (10.3¢)

573 1338.0 (84.3) 816.0 (14.28)

* Oriented single crystal.
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weak to be observed in the Raman but it has been observed in the infrared'®. A
correlation of these modes to the observed peaks is illustrated in Table 8. The room
temperature spectrum (figure 14) is also consistent with this structure, although the
lattice modes are slightly broader. These results are in excellent agreement with pre-
viously reported spectra of NuNOT There was no evidence for a possible phase tran-

sition at 178 K reported by Gesi 11089)53; the temperature dependence plots of v

and v, positions and halfwidths showed no di i changes prior to the order-
disorder phase transition at about 436 K (figure 24).

The frequencies of v; and v, both decreased gradually from 77 K to 436 K at
which point v, shifted to a higher wavenumber whereas v, suddenly shifted to a
lower wavenumber. v, continued to decrease to the melting point where it showed
another sudden decrease, but v, increased steadily to the melting point and then
shifted o an even higher wavenumber. The halfwidths of v and v, also showed
discontinuous changes at the phase transitions, increasing from 77 K to the melt.
Von der Lieth and Eysel (1982)%, based on their Raman study of NaNO,, report an
unusually marked change of shape and maximum position with temperature for both
vy and v,. Each band consists of two components caused by ‘multiple site' splitting
due to orientational disorder, but they are not well resolved into separate peaks
because of the bandwidths. Both vy and v, become more and more assymetric with
increasing temperature as I' increases until well above the phase transition when I"
and I* are approximately equal. I' is the intensity of the component due to nitrite
ions oriented with their molecular dipole oriented towards the -b crystallogaphic
direction, and It is the intensity of the component due to nitrite ions pointing
towards + b. The results of Von der Lieth and Eysel® and Hartwig et al'® indicate
that the disordered form$of NO," are present even at room temperature and that the
relative number of disordered NO," increases with increased temperature until at the

phase transition the random disorder is achieved suddenly. This interpretation is
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Table 6. Assignment of Normal Modes of Vibration in NaNO,.*

Frequency lntensityb Assignments

TO Lo Raman Infrared

120 - vs ia Al' o, rotation about b

150 201 m vs By, T, a, trans || a

154 165 s m Bl‘ T:’ o, rotation about a
185 236 ms vs Bx’ T, @y, rotation trans lle
194 269 - vs Al' Tb' g O @, trans II'b
228 254 vs m BZ, T‘, @, rotation about ¢
8275 820 s m v, A, symmetric bend

1225 1358 m vs vy B, antisymmetric stretch
1326 1328 vs w vy A] symmetric stretch

a  Based on the work of Porto et al, Ref. 13b.

b vs, very strong; m, medium; vw, very weak; ia, inactive



Figure 24. Temperature dependence of vy and v, frequencies and halfwidths for
NaNo,,
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supported by the thermal study®® of the phase transition which showed that the
anomalous rise in heat capacity increased gradually from 100°C to the transition
temperature.

The different crystal structure of the high-temperature, paraelectric phase of
NaNO, can be seen in the spectrum recorded at 539 K; the external lattice mode
region is now represented by a broad band with a shoulder and v, is a shoulder of v,
which is much broader. These characteristicc are consistent with partially a disor-

dered solid.

Paraclectric NaNO, has been assigned to D:: crystallographic symmetry and

normal modes of vibration for this crystal have been predicted (Igbal and Owens®,
and Hartwig!®). However these predictions are not in agreement with the observed
vibrational spectrum. A density of states is observed in a vibrational spectrum and
broad bands, particularly in the low frequency region are observed for disordered
solids. While a spectrum gives an average frequency of all the vibrational modes for
an immediate sample symmetry over the vibrational period, (picosecond) a unit-cell
analysis such as X-ray assumes the long time averaged symmetry of the entire cry-
stal. As such, a true symmetry of a disordered solid is not obtained by crystallo-
graphic studies like X-ray. X-ray analysis predict disordered NaNO, crystals have
Dy, symmetry which is higher than the symmetry for the free molecule. This is not
possible since a molecule is generally distorted to a lower symmetry in the solid
state. Hartwig et al recognize this fact in their paper and explain the “misuse of the

X-ray determined crystalline symmetry to describe the Raman scattering”. 1%

The Raman spectra of molten NaNO, (figures 15,16) is similar to the high-
temperature spectrum (figure 17), confirming the orientational disorder of the nitrite
ions in paraclectric NaNO,. Little change is noted between these spectra since much

of the disorder has already occurred at 438 K.
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The anti-symmetric stretching vy mode of NaNO, has a longitudinal optic (LO)
mode, that is it has an electric vector parallel to the propagation direction. The
exact energy or frequency of LO modes for this crystal structure depends on the pro-
pagation direction of the exciting wave, hence LO modes show a pronounced orienta-
tional dependence for non-centric crystals with low symmetry such as ferroelectric
NaNO,. Spectra were obtained at various temperatures for a single crystal oriented
such that the LO mode had shifted to a higher frequency (ie. y(xz)x where y and x
are 110 planes. y(xz)x could also be written as 110(110, 001)110). Figures 18 and 10
show spectra at 77 K and 298 K respectively; here the LO mode has shifted to
1358.5 cm™! and 1355.5 cm’! respectively. The non-oriented crystal shows TO modes

at 1230.5 cm! and 1228 em™! for 77 K and 208 K respectively.

‘The oricnted crystal was heated and Raman spectra recorded at various tem-
peratures through the reported 436 K order-disorder phase transition to 458 K. As

the crystal underwent this phase ition to a disordered centro-symmetric solid,

space group D, %%, the LO mode at 1355 cm™ began to disappear, (figure 25) while
the TO vy mode at 1230 cm”! reappeared (figure 20). A spectrum recorded at 434 K
shows the presence of the LO mode at 1353 cm™ and the TO mode at 1255 cm™
(figure 21). At 458 K the primary v band is centered at about 1250 cm™ while a
very weak signal remains at higher frequency (figure 22!. The disappearance of the
LO mode provided a good method for studying this phase transition.

The external modes were also carefully studied through the phase transition,
particularly A,‘,, Bl and 132 which correspond to rotations about the b, a and ¢ axes
respectively (figure 23). A, occurs at the lowest frequency, ~ 120 em’l, therefore
rotation about b is least hindered. But, this is not surprising since such a motion
doesn't change the basic symmetry of the erystal - the nitrite ions maintain their
orientation along the b axis. However, the relative frequencies of the Bl and B,

modes are of greater concern since one of these modes is believed to be the key to



Figure 25. Intensity of LO mode for NaNO2 recorded at 1355 em™! using the blue
4880A line. The sample was cooling.
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the hanism for the order-disord ition. B, has a frequency of about 163
em™! whereas B2 has a frequency of about 224 cm™. The molecular dynamics caleu-
lations of Lynden-Bell et al (1986)® have confirmed these assignments. Therefore,
rotation about the a axis is more facile than rotation about the ¢ axis. The greatest
change observed through the phase transition was in the B, which shifted about 30
em™! to a lower wavenumber. B,, on the other hand, only shifted about 10 em™ to a
lower frequency (figure 23). The large decrease in B, frequency with increase in tem-
perature especially near the phase change, indicates the potential barrier to rotation
about the a axis is relaxed enough to lead to the orientational disorder of the nitrite
ions. These spectroscopic results are in complete agreement with those of previous
workers (Hartwig et al, 1972'%; Brehat and Wyncke, 1085%; Sato et al, 1061%;
Chisler and Shur, 1066%7; Dvanova and Chisler, 10762% Goncharuk and Chisler,
197625 and Jumeau, 19812). Barnoski and Ballantyne (1968)% have concluded
based on a Kramers-Kronig analysis of the temperature dependence reflection spec-
trum that the mechanism involves rotation about the ¢ axis. However, these authors
have either mislabelled the a and ¢ axes or have misassigned the 220 em™ and 154
em! (B, snd B)) peaks, hence, their results also indicate a mechanism involving a
rotation about the a axis. The ultrasonic velocity measurements by Ota et al
(1970)®" indicated the packing of atoms is the most dense along the a direction and
atoms or ions in any one be plane may fee! the strongest repulsion when displaced in
the a direction. This too is evidence in support of an a axis rotation.

The spectroscopic results do not agree with molecular dynamics calculations of
Lynden-Bell, et al (1088)® and Ehrhardt and Michel (1981)*2. However, the M.D.
calculations do not consider the important electronic effects but assume point
charges. The topographic study by Suzuki and Takagi (1071)* also supports the
M.D. calculations. However this domain walls study, like the M.D. calculations

neglects the electrons around N. The model therefore requires unrealistic charges on
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N and O (N = 2.64 and O = -1.82). Ab initio calculations (details of which are
given in Appendix I) do account for electronic effects. The consideration of elec-
tronic chargis gives a more accurate account since the transition does involve a
polarizability change. The ab initio study supports the theory of an a axis rotation.
The ab initio study (Appendix I) indicates that the NO," ion is best represented
by an oblate sphereid with an almost even charge distribution about the plane. In
this regard the charge distribution of N()z' ressembles that of NOj™ because of the
excess non-bonded clectronic charge at the N of NO,". It is well known that the
disordered phases of alkali metal nitrate salts are achieved through reorientation
about the axis perpendicular to the plane (i.e., a axis rotation) and a similar mechan-
ism would be reasonable for nitrite. Furthermore there is no dispute over the fact
that the NO," remains in the be plane in each of the three phases which also sug-

gests that the a axis rotation is not unreasonable.

KNO,

Crystallographic data for vhe standard pressure polymorphs of KNO2 is sum-
marized in Table 1. The high-temperature phase, I, changes to a room temperature
phase, II, at about 313 K (Ray, 1960% Parry et al, 1064%7; and Mraw et al, 1978'),
and further transition to a low-temperature phase, IIl, occurs at about 260 K (Ray,
1960°% Solbakk and Stromme, 19605, and Mraw et al, 1078!). Richter and Pistorius
(1972)7 using x-ray analysis found another transition at about 230 K to a lower tem-
perature monoclinic phase, VII, however Mraw et al (1078)! did not observe this
transition in their calorimetric investigations. The transition was observed in the
recent Raman spectroscopic study by Adams et al (1988)*. Tanisaki and Ishimatsu
(1065)"" reported a further transition at 343 K based on x-ray data, and in support
of this, Tse et al (1086)” reported spectroscopic evidence for a transition at about

380 K.



Figure 26. Raman spectrum of KNO, III recorded at 77 K using the blue 4880 A

line. Wiy = 20 em™ . This is an ordered phase.
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Figure 27. Raman spectra of KNO, as it went through the 1I/II, order-disorder
phase transition at 264 K. The spectra were recorded using the blue 4880
Aline at: A) 102 K; B) 127 K; C) 152 K; D) 177 K; E) 202 K; F) 227 K;
G) 252 K; and H) 273 K. vjpigia) = 20 em™.



KNO2 Solid

-84 -

—%
,3; § § § 8§ 8§ &8 °
CS31Un "quo) AITSNIINT

/em—1



Figure 28. Raman spectra of the low frequency region of KNO, as it went through
the MI/I order-disorder phase transition. Spectra were recorded using the
blue 4880 A line at: A) 77 K; B) 152 K; C) 202 K; D) 252 K; and E) 273
K.
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Figure 29. Raman speetra of KNO, Il recorded at 208 K using the blue 4880 A line.

1

Vinitial = 87.0 em™. This is the disordered phase.
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Figure 30. Raman spectrum of KNO, I at 630 K, in the reported high temperature
phase. The spectrum is simply that of the room temperature phase (II).

Spectrum was recorded using the 4880 A line. i = 50 em™,



KNO2 @ 638K

- 90 -

J

/em—1

§ 8

¢s3iun

§ 8§ 8 &

‘94> ALISNILNI

8’ L]



Figure 31. Intensity, I(w), Raman spectra of KNO, melt recorded at 703 K using the
blue 4880 A line. Vinigiat = 30 em’L,
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Figure 32. Reduced, R(w), Raman spectra of KNO, melt recorded at 703 K using
the blue 4880 A line. vjpya = 30 em’,



KNO2 Melt

- 94 -

N

—
E 8

¢s3iun

3 ¢ 3

1q-e)y (Y

T

/em—1



= 98

The high. and phases, I and 11, of KNO, are
disordered (Solbakk and Stromie, lm)' whereas the two low temperatura phases,
111 and VII are said to be ordered. The enthalpy and entropy of tranmsition for both
the 1I/IT and TI/I transitions were determined by Mraw et al (1078)'4 (Table 2). As

expected, the energy required for the II/II order-disorder transition is greater than

that required for the I1/l disorder-disorder transition.

In addition to the detailed Raman spectroscopic work of Adams et al (mss;“', a
few other spectroscopic investigations of KNO, have been reported. Brooker and
Trish(1971)% recorded a Raman spectrum of l(NOz 11 at room-temperature, Carr et
al (1979)'? recorded a spectrum of KNO, VII at 18 K, Tse et al (1986)*3 recorded
spectra over the 300-400 K temperature range and Prisyazhnyi et al (1076)%
obtained a spectrum of the melt.

Raman spectra of potassium nitrite obtained over the temperature range 77 K
to the melting point, 665 K, and for the melt are illustrated in figures 26 to 32
Four different solid phases were observed. Table 7 gives the peak frequencies of the
Raman spectra for the four solid phases and the melt, and Table 8 gives the frequen-
cies and halfwidths for the v; and v, modes at all temperatures used over the range
investigated.

‘The spectrum of phase VII recorded at 77 K (figure 26) is typical of an ordered
solid; there are several well defined lattice modes in addition to the three sharp inter-
nal modes. This spectrum is in excellent agreement with that observed by Carr et al
(1979)' at 18 K except the peak at 42 em™ is lost in the Rayleigh line. The pro-
gress of the Raman spectrum upon heating to room temperature is presented in

figure 27. Figuse 33 displays the changes in v, and v, frequencies and halfwidths

with P . The v, fi ined constant on heating to 177 K at
which point it decreased linearly to 252 K through the VII/IIl transition. It then

shifted down sharply 1.5 em™! at the II/1 transition and remained constant to the
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Table 7. Peak Frequencies (in em™?) for the Different Phases of Potassium Nitrite.

77K 252K 208K 630 K 703K Assignment
vi m n 1 1

53.5 (m,sp) 44 (sh) n
79.5(s,sp)  72.5 (w,br) - - 139.5 (w,br) w,
90.0 (s,sp) 119 (w,br) n
123.5 (s,8p) n
137.5 (vs,sp) n,
157.0 (m,sp) w
179.5 (w,sp)

192.0 (w,sp)

800.0 (s,sp)  807.5 806.5 (m,sp) 806.0 (m,sp) 803.5 {m,sp) vy

1056 (vw) 1056 (vw) 1056 (vw) 1052 (vw) 1048 (vw) »(NO5)

1232.0 (m,sp) 1258 (sh) - - vy

1320.0 (vs,5p) 1322.5 13215 (s,5p) 13210 (mbr) 1323.0 (mbr) v,
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Table 8. Peak Frequencies and Halfwidths of v, and v, for Potassium Nitrite at
Various Temperatures,

Temperature/K I vy
frequency (hall‘width)/cm“ frequency (halfwidth)/em™
7 1320.0 (35) 800.0 (3.5)
102 1320.0 (8.9) 809.5 (3.5)
127 1320.5 (10.3) 800.0 (35)
152 1320.5 (10.3) 809.0 (3.5)
17 13215 (10.3) 809.0 (3.5)
202 13220 (1338) 809.5 (3.5)
227 1321.0 (15.9) 808.0 (3.5)
252 1322.5 (17.2) 807.5 (5.5)
273 1322.0 (21.3) 806.0 (6.2)
208 13215 (22.7) 806.5 (6.2)
365 13205 (29.5) 806.0 (6.2)
630 1321.0 (55.0) 808.0 (6.9)

703 1323.0 (69.0) 803.5 (8.3)




Figure 33. Temperature dependence of v; and v, frequencies and halfwidths for
KNO,.
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melting point where it shifted a further 2.5 cm™. Drastic changes in the frequency
of v; were observed between each phase. v, gradually shifted to higher
wavenumbers upon heating until the VII/III transition was reached, at which point it
decreased abruptly before increasing further to the HI/II change. At the HI/II tran-
sition, vy again decreased and continued to decrease through the II/I transition; it
then increased steadily to the melting point. The halfwidth of v, showed discontinu-
ous increases at each of the transitions, but the halfwidth of v, showed little or no

abrupt changes as it increased steadily to the melting point.

There is some dispute as to whether or not E(NO2 11 is fully ordered. Solbakk
and Stromme (1060]8 studied the x-ray pattern of a single crystal and suggested no
rotational disorder was present; Richter and Pistorius (1072)7 used crystallographic
and thermodynamic measurements but were unable to present conclusive results; and
Adams et al (1088)"° concluded the Raman spectra of KNO, IIl indieated the
existence of some disorder. The 252 K spectrum presented in figure 27 is very much
like that recorded by Adams et al (1988)% at 253 K. It shows fwo broad lattice
modes extending from the Rayleigh wing and a very weak vz mode which merges
into the »; mode. As Adams et al (1888)* concluded, it does resemble more closely
the spectrum of the disordered phase, KNO, Il. KNO, IIl does appear to be disor-
derad but the presence of two lattice bands means it is not fully disordered. These
results are also consistent with the calorimetric study of Mraw et al (1978)".
Although Mraw et al (1978) did not observe the VI/IN transition, they noted the
order-disorder transition actually began at about 80 K. In fact, the low frequency
Raman modes show increasing character of disorder with increasing temperature
(figure 28). Despite the fact KNO, Il appears to contain some disorder, the greatest
disorder of the nitrite ions seems to occur at the II/II transition. It is at this transi-

tion that the greatest structural changes in the internal modes are noted.

The room temperature spectrum of KNO, II is consistent with that of a disor-
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dered solid (figure 29). It displays a featureless Rayleigh wing and displays v, as &
low-frequency shoulder of v). vy is even more smeared out in the high-temperature
spectruin of KNO, I which is very similar to the room-temperature spectrum. The
structural changes in v, and v, at the II/I phase transition therefore are very discrete
as seen in figure 27. This is not surprising since the nitrite ions are going from an
already orientationally disordered state, RInl2, to a more orientationally disordered
state, RIn32. Tse et al (1986)‘3 conclude there are no abrupt spectral changes in the
three internal modes between 300 and 430 K indicating the phase transition of
KNO, from phase I to phase Il does not change the basic crystal symmetry. How-
ever, they report spectral evidence of a phase transition around 380 K. In the
present study there were no sudden changes in the peak positions or halfwidths of v,
or vy between 320 K and the melting point, hence there is no evidence for a phase
change in this region. More specifically, there iz no indication of the phase transition
observed at about 380 K in the Raman study by Tse et al (1988)*2, nor of the 363 K
transition suggested by Tanisaki and Ishimatsu (1965)‘2.

‘The spectral changes in vy and 1, at the melting point are consistent with those
of Pasyazhnyi et al (I076)21. The frequency of v, increases upon heating and at the
melting point shifts abruptly to a higher wavenumber. The frequency of v,, on the
other hand, remains constant above room temperature until the melting point where
it deereases sharply.

Comparison of the high-temperature spectrum (figure 30) with the melt spectra
(figures 31,32) show they are very much alike. The low-frequency:v, mode:v; mode
integrated peak intensity ratio for the melt is 1:9:12 and that for the melt is 1:8:12.

Hirotsu et al (lmili2 determined the molar entropy of fusion for KNO2 to be
10.5 JK'mol! which is only slightly greater than the molar entropy for the Ii/I
transition, 7.01 JK 'mol™! (Mraw et al, 1978)'. The value of 10.5 JK 'mol! for

fusion of KNO, is typical for that of a plastic cryslalm, ‘The molar entropy of the
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MI/1, order-disorder transition however is much greater than these, 23.54 JK 'moll.
This is completely in agreement with the spectral results obtained in this si. 'y s it
further demonstrates that the majority of the disorder occurs at the HI/I transition
at about 260 K. It would be very interesting to obtain s value of the energy for the
VII/Ill phase transition. Spectroscopic measurements sppear to indieate that the

value would be about the same as tLat for the [I/1 transition.

RbNO,

The polymorphism in rubidium nitrite has been studied by several workers and
the crystal structure of at least two polymorphs of the salt have been determined.
Natarajan and Hovi (1972)* reported a phase transition at 360 K based on dta and
electrical conductivity measurements, while Natarajan and Rao (1975)'® also used
DTA to obtain a transition temperature of 340 K with a molar enthalpy change of
2100 J'mol"L. Similar measurements by Protsenko and Kolmin (171)®® gave & tran-
sition at about 261 K. Calorimetric investigations by Richter and Pistorius (1072)!°
and Boak and Staveley (IDS‘I)“’ also produced a transition around this temperature,
264.2 K and 263.7 K ively. Molar enthalpies and entropies d ined for

this transition are reported in Table 2. In addition to the above transition, Boak
and Stavely (1:37)! observed two minor anomalies, one between 225-248.6 K and
the other 400-45 K, with molar enthalpy cbanges of 71 Jmol" and 310 Jmol!
respectively. Hirotsu et al (lﬂisl)2 observed a transition at a slightly lower tempera-
ture, 252 K, using elastic softening measurements.

The low-temperature structure, R*.NO, II is monoclinic, proposed space group
O (Byjp oF Oy (irotsu et al, 1081)% with a, = 8904, b, = 4.8, G, = 8.185
A and B = 115.9°; whereas, the high-temperature structure, RbNO:. 1 is face-

centered cubic, space group 0.5 (F a) With 8 = 6.034 A

m3m’

The phase transition in RbNO, has not becn previously studied by vibrational
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spectroscopy; the only reported spectrum being & Raman spectrum of the melt by
Prisyazhnyi et al (1976).21

Spectra obtnined at various temperatures for a pure and an impure rubidium
nitrite sample are illustrated in figures 34 to 4. Table 8 gives the peak frequencies
of the Raman spectra for the solid phases and the melt, and Table 10 gives the fre-
quencies and halfwidths for the vy and v, modes at all temperatures used over the
range investigated.

At 84 K, (figure 34) the lattice and internal modes are very sharp and well
defined indicating RbNO, 1l is an ordered solid. The room-temperature spectrum
(figure 35) however is clearly that of a disordered solid; the lattice modes are a part
of the broad Rayleigh wing and v is smeared out as a shoulder on the low-frequency
side of a much broader vy band. Therefore the transition from phase II o phase ¥
for RbNO, must be an order-disorder transition with respect to the orientations of
the nitrite ions, a result consistent with the elastic softening experiments of Hirotsu
et al (1981).2

The progress of the nitrite ion disordering is presented in figure 36. Discontinui-
tics in the v; and v, frequencies and halfwidths were present between 208 K and 235
K and between 256 and 208 K (figure 42). The most marked change was in the posi-
tion of the v, peak which shifted from 8125 ecm™! at the phase transition. The
appearance of the 802.5 em’! band became evident at 209 K, and at 235 K a com-
plete shift from 812.5 cm™) t0802.5 em™! occurred.

In addition, the phase change was monitored by “sitting” on the v, pesk at
812.5 em™! while slowly warming and cooling over the transition temperature. Sud-
den changes in the intensity were recordered and the phase transition was estimated
to occur at 225 K (figure 43).

As indicated earlier, recent i Lave il

d the phase

occurs closer to 280 K; there is evidence for this transition in figure 42. The lower



Figure 34. Raman spectrum of RbNO, II recorded at 84 K using the blue 4880 A

line. Vipjia1 = 30 cm’l. Thisis the low temperature ordered phase.
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Figure 35. Raman spectrum of RbNO, I recorded at 208 K using the blue 4880 A

line. 5y = 30 em™!. This is the disordered phase.
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Figure 36. Raman spectra of RbNO, as it went through the order-disorder phase
transition (~ 224 K). The spectra were recorded using the blue 4880 A
line at: A) 84 K; B) 184 K; C) 209 K; and D) 235 K. v,y = 30 cm™’.
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Figure 37. Raman spectrum of NOJ' impure RbNO2 recorded at 91 K using the blue
4880 A line. i = 20 em’l. The nitrite occupies two sites as scen by

the doublet at 802.5 and 814.0 cm!. Not completely ordered.
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Figure 38. Raman spectra of NOg" impure RbNO, as it went through the order-
disorder phase ition. Spectra were dered using the bluc 4880 A
line at: A) 01 K; B) 166 K; C) 218 K; and D) 241 K. v, = 30 em™!.
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Figure 39. Raman spectrum of RbNO, recorded at 670 K using the bluc 4880 A line.

Vinitial = 50 em’!. This is the disordered room temperature phase.
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Figure 40. Intensity, I(w), Raman spectra of RbNO, melt recorded at 703 K using
the green 5145 A line. vy = 54 em’l.
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Figure 41. Reduced, R(w), Raman spectra of RbNO, melt recordered at 703 K using
the green 5145 A line. vy = 54 eml.
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Table 9. Peak Frequencies (in cm™) for the Different Phases of Rubidium Nitrite.

84K 234 K 208K 870K 703K Assignment
o ? 1 1 1

49.0 (m,sp) "
50.5 (m,sp) "
68.5 (sh) w,
75.5 (s,sp) uw,
84.0 (s,sp) L%
99.0 (sh) u
~ 120 102.0 (w,br) v,
115.5 (vs,sp) v,
130.0 (sh) ",
149.5 (s,sp) w
183.0 (m,sp) n,
802.5 (vw) 802.5 8015 (s,;sp)  801.0(s,sp) 800.5 (m,sp) vy
812.5 (s,p) 2%

980 (vw) 980 (vw) 980 (vw) 980 (vw) ¥)(SOF)

1054 (vw) 1054 (w) 1054 (w) 1054 (w) v (NOJ)
1218.5 (m,sp) 1240 (sh) - - vy

1313.0 (vs,sp) 1316.5 (s,sp) 1314.0 (m,br) 1320.5 (m,br) ”
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Table 10. Peak Frequencies and Halfwidths of ¥, and v, for Rubidium Nitrite at
Various Temperatures.

‘Temperature/K y vy
1 T A freq (halfwidth)/em)

84 1313.0 (10.8) 8125 (3.4)
109 1313.0 (10.8) 8125 (3.4)
135 1313.0 (13.6) 812.5 (3.4)
150 13135 (15.0) 812.0 (3.4)
184 1314.0 (17.0) 811.5 (3.4)
200 13145 (20.3) 8115 (3.4)
234 1318.0 (23.8) 802.5 (5.4)
253 1317.0 (23.7) 802.5 (5.4)
208 1316.5 (25.0) 2010 (4.7)
670 1314.0 (51.9) 801.0 (5.4)

703 1320.5 (55.4) 800.0 (6.9)




Figure 42. Temperature dependence of v; and v, frequency and halfwidth for

RbNO,,.
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Figure 43. RbNO, peak being monitored through phase transition.
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phase transition in this study at about 225 K may be: (1) due to nitrate impurity, a

nitrate impurity is known to cause the phase transitions in KNO, to be sluggish
(Bridgman, 1915%% and Rapoport 196670); (2) the result of an order-disorder phase
transition; or (3) due to the formation of a nitrite/nitrate solid solution complex.
Inspection of the spectrum recorded at 84 K shows the presence of a very weak
peak due to the NO,” symmetric stretch at about 1050 em! (figure 34). In addition,
there is a very weak peak at 802.5 cm’!, indicating the presence of some disorder in
the ordered solid. Addition of nitrate impurity appears to increase the disorder in
RbNO, Il as evidenced by the spectrum of NO,” impure RbNO, at 81 K (figure 37).
This spectrum is comparable to the spectrum of the more pure sample recorded at
200 K (figure 36); both spectra exhibit considerable broadening of the lattice modes
and both contain a v, doublet with comparable peaks present at 802.5 em™ and
812.5 em™. Note the intensity of the low frequency nitrite peak is enhanced due to
added NO, (figure 37) but the peak is due to a form of nitrite not nitrate because
NO," does not have a Raman active mode at this frequency. The progress of the
phase transition in nitrate impure RI:NO2 is presented in figure 38 and the behaviour
of vy and v, frequencies and halfwidths is shown in figure 44. Once again, the
RbNO, is completely disordered before the reported phase transition of 260 K. The
frequency of vy showed a discontinuous change between 191 and 216 K while the v,
frequency showed a marked change between 216 and 241 K. No discontinuities were
noted in the halfwidths of v; or v,. While it appears the presence of nitrate impur-
ity may indeed render the transition in RbNO, sluggish, and it may even prevent
orientational ordering of the nitrite ions at low temperatures, it does not appear to
influence the transition at 225 K. If it had, the addition of nitrate would enhance
this transition. This effect was not observed. Also, the amount of NOE' impurity
present in the ‘‘pure” sample is extremely small, therefore the formation of a

nitrite/nitrate complex is unlikely. This leaves the possibility for an order-disorder



Figure 44. T e d d of v and v, freq and halfwidth for impure

RbNO,.
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transition at about 225 K. The lattice mode and v; - vy peaks in the spectrum for

the sample at 235 K are i with a disordered solid; the i a

featureless Rayleigh wing and v, is a broad shoulder of v;. Therefore, a new, disor-
dered jhase of RbNO, may exist between 225 K and 260 K. This transition sup-
ports the anomaly observed between 225 and 2486 K by Boak and Staveley
(1987)"5.

The low-temperature spectrum of RbNO, II has ten observable peaks due to
external vibrations plus the three internal mode peaks characteristic to the nitrite
ion. Factor grour analysis predicts 12 normal modes of vibration, all Raman active,
assuming RbNO, II has space group Cﬁ, with four molecules per unit cell. (5Ag +
7Bg or 6Ag + 6 Bg or 7Ag + 5Bg for Rb and N with C,, Cs or Ci site symmetries
respectively.) Therefore, it appears RbNO, II belongs to a higher symmetry space
group than predicted by Hirotsu et al (1981)%

As RbNO, I was heated, there were no sudden changes recorded in the frequen-
cies or halfwidths of »; and v, before melting. The high-temperature spectrum is
presented in figure 30. However characteristic changes were observed upon melting
(figure 42). The v, frequency decreased steadily to the melting point where it
increased greatly; Pr‘zsyuhnyi", on the other hand observed sn increase in v, fre-
quency on heating. The behaviour of v, however was consistent with Prisyazhnyi; v,
decreased very slightly on heating and decreased a further 1 em! upon melting. The
halfwidths of these peaks also showed sudden increases at the solid-liquid transition.

The discontinuities are not as great for the solid-liquid transition as for the
order-disorder change which is to be expected since most of the orientational disorder
of the NO,” ions has already occurred at the II/I transition. In fact, comparison of
the entropies of each transition shows that the entropy of the order-disorder transi-
tion is 32.3 JK ' mol'! whereas it is only 9.40 JK'mol! for the melting of
RhNOz.z This low entropy associated with melting is characteristic of that for
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plastic erystals. %

‘The spectra of molten IiI!NO2 are illustrated in figures 40 and 41. The similar-
ity with the high-temperature spectrum, once again stresses the orientational
disorder of the NO," ions present in RbNO, I.

CsNO,

There are many discrepancies in the reported polymorphism of cesium nitrite.
Protsenko and Kolomin (1071)* reported phase transitions at 175 K and 353 K;
Natarajan and Hovi (1072)* discovered a 385 K phase transition based on dta and

ductivi N

ity jan and Rao (1975)'® reported a transition at
30310 K; Richter and Pistorius (1972)! determined s transition at 170 K using

dta; Mraw and Staveley (1976)"7 recorded a 208.85 K transition based on a
calorimetric investigation, and Moriya et al (1983, l!)81)16 also used calorimetric data
to determine a transition of 209.16 K.

The room-temperature crystal structure of CsNO, I 'is of the CsCl type, space
group 0; [Pnh) with one molecule per unit cell and the nitrite jons orientationally
disordered (Pistorius and Richter, 1972)'°. It transforms at about 200 K to a rhom-
bohedral structure, II, of space group D.':‘l (Ry,, where the orientational disorder of
the nitrite ions is believed to persist (Moriya et al, 1983, lﬁsl)“. Calorimetric stu-
dies conducted by Mraw and Staveley (1976)!7 and by Moriya et al (1083, 1981)'®
showed no evidence for reported transitions at 353 K, 365 K or 393 K, however
Mraw and Staveley did observe a minor anomaly at 408 K. Moriya also observed a
glass transition at 42 K which they believed is freezing of the ionic disorder in
CsNO,. Thus, the possibility of a third, ordered phase of CsNO, solid at regular
pressure exists.

Cesium nitrite has been the subject of very few vibrational spectroscopic inves-

tigations. Moriya et al'®, in addition to their calorimetric investigations, studied the
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v, region of the Raman spectrum for the II/I transition; Carr et al (1979)" recorded

s Raman spectrum at 18 K; Brooker and Irish (1971)% obtsined Rsman and infrared

spectra at p ; and Prisyashnyi et al (176)? studied CsNO, melt

using Raman spectroscopy. A detailed study covering all the phases of CsNO, has
not been done before this investigation.

Raman spectra obtained for cesium nitrite over the temperature range 84 K to
the melting point, 679 K, and for the melt are illuistrated in figures 45 to 51. Only
one solid-solid phase transition was recorded in this investigation, the II/I transition.
Table 11 gives peak frequencies for the solid phases and the melt, and Table 12 gives
the vy and v, frequencies and halfwidths at all the temperatures used over the range
studied.

‘The low-temperature spectrum of CsNO,, I (figure 45) is consistent with an
ordered crystal; the internal modes are sharp and well defined as are the lattice
modes. This spectrum resembles that recorded by Carr et al (1979)!° at 18 K, and
does not support the thesis held by Moriya et al (1083, 1031)“‘ of a low-temperature
disordered phase. Further, if there is a phase transition at about 42 K as proposed
by Moriya et al (1083, lOSl)“, the Raman spectra at 18 K and 84 K indicate the
basic crystal symmetry of CsNO, Il does not change.

‘The room-temperature spectrum of CsNO, Lis clearly that of a disordered solid
(figure 46); the internal modes are much broader snd v4 appears as a shoulder on v,
while the low-frequency region displays s featureless Rayleigh wing. Raman spectra
were recorded over the transition temperature and spectral changes noted (figures
47,52). There was a slight discontinuous decrease in the frequency of v, at the tran-
sition which occurred between 183 K and 208 K, but no discontinuity in the v,
halfwidth which increased upon heating was detected. The greatest change occurred
in the 1, mode. At 184 K it appeared as a sharp peak at 808 cm™! but became an

unresolved doublet centered around 8015 cm™ upon transition to the disordered



Figure 45. Raman spectrum of CsNO, II recorded at 83 K using the blue 4880 A

lie. Vs = 20 em’!. This is the low temperature ordered phase.
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Figure 46. Raman spectrum of CsNO, I recorded at 298 K using the blue 4880 A
line. This is the disordered phase.
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Figure 47. Raman spectra of CsNO, as it went through the order-disorder phase
transition (~ 163 K). Spectra were recorded using the blue 4880 A line
at: A) 83K; B) 183 K; C)208 K; and D) 233 K. vy = 20 emt.
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Figure 48. Raman spectra of the v, mode as it went through the order-disorder
phase transition at about 193 K. Conditions as specified in Figure 47
except for the temperatures A) 83 K, B) 183 K, C) 208 K, and D) 233 K
vy for RbNO, at 183 K and 208 K was curve resolved into two

Lorentzian components.
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Figure 49. Raman spectrum of CsNO, I recorded at 650 K using the blue 4880 A

line. The spectrum is that of the disordered room temperature phase.
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Figure 50. Intensity, I(w), Raman spectra of CsNO, melt recorded at 783 K using
the blue 4880 A line. Vinitia) = 40 em),
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Figure 51. Reduced, R(w), Raman spectra of CsNO, melt recorded at 783 K using
the blue 4880 A line. vy = 40 em™.
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Table 11. Peak Frequencies (in cm™) for the Diflerent Phases of Cesium Nitrite.

83K 208K 850 K 783K Assignment
I 1 1 1
48 (sh) u,
56 (sh) w
68 (sh) n
90.5 (m,sp) 102 (w,br) w
130.0 (s,sp) y,
143.5 (s,sp) w,
168. (sh) "
808.5 (s,3p) 801.0 (m,sp) 801.5 (m,sp) 708.5 (in,3p) vy
1060 {vw) 1052 (w) 1052 (w) ,(NO3)
1249.0 (w,sp) 1228 (w,br) - - vy
1314.5 (s,sp) 1314.5 (s,3p) 1315.0 (br) 1317.0 (br) v
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Table 12. Peak Frequencies and Halfwidths of v, and v, for Cesium Nitrite" at Vari-
ous Temperatures.

Temperature/K " vy
frequency (balfwidth)/em'! frequency (halfwidth)/cm™!
83 13145 (11.0) 808.5 (6.9)
108 1315.0 (12.3) 806.5 (8.9)
133 13145 (14.0) 808.5 (5.5)
158 1315.0 (15.0) 805.5 (6.9)
183 13145 (15.0) 806.0 (5.5)
208 1314.0 (10.0) 801.5 (20.7)"
233 1314.0 (20.0) 8015 (20.7)°
208 13145 (21.0) 801.0 (10.4)
367 13145 (28.4) 8015 (8.0)
387 13145 (20.6) 8015 (7.8)
307 13145 (30.0) 8015 (6.4)
650 1315.0 (47.8) 801.5 (8.8)
783 1317.0 (59.8) 708.5 (7.6)

* Unresolved doublet.



Figure 52. Temperature dependence of vy and v, frequency and halfwidth for
GCsNO,,
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phase. Once again, presence of sorae nitrate impurity appears to have lowered the
transition temperature from 209 K slightly. In fact, this may also explain the lower
transition temperature of 179 K reported by Richter and Pistorius (1072)"' since
they thought their sample was nitrate impure. The same may also be true for the
reported transition at 175 K (Protsenko and Kolomin, 1671).4

The v, doublet at 208 K and 233 K was resolved into two Lorentzian com-
ponents as illustrated in figure 48. This splitting arises fromn existence of two non-
equivalent crystallographic sites for NO," in the cubic lattice of CsNO, I (Moriya et
al, 1083).16

Based on packing and symmetry considerations the nitrite jon can be oriented
such that the O-O axis is parallel to the body-diagonal axis, as it ocrurs in the low
temperature structure, or parallel to the face diagonal axis of the cubic structure.

The internal vibrations of the NO," io:

in the two non-equivalent crystallographic
orientations are influenced by different crystal fields thus they have diflerent frequen-
cies. The frequency of the bending mode in the low-temperature, ordered phase is
close to that of the high-frequency component of the doublet above the transition,
whereas the low-frequency component of the doublet is close to the frequency of the
bending mode at room-temperature. Therefore the high-frequency component is due
to the NO," ion oriented with its O-O axis parallel to the body-diagonal axis.

Moriya et al (1983)'® have labelled the low-frequency component as such, but there

is no immediate explanation for this. As the t e increases, i ional
motion increases rapidly and an average of the two different orientations is observed
by vibrational spectroscopy measurements. The result is motional narrowing which
leads to a broad singlet peak as recorded in the room temperature spectrum

No further discontinuities were noted in either v, or v, before melting of the
solid. In particular, no evidence was found for transitions around 353 K, 305 K, or

303 K; nor was any evidence found fur an anomaly at 408 K.
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The frequency of v, remained constant on heating to the melting point whereas
the frequency of vy increased slightly. When the sample was melted, v, increased
sharply while v, decreased, which is consistent with the observation of Prisyazhnyi
et al (1976)2). Only slight changes in halfwidths of these peaks were detected at the
melting point, and in fact the high temperature spectrum at 850 K (figure 49) looks
like the spectra of the melt (figure 50,51). This again demonstrates that much of the
orientational disorder of the pitrite ion has occurred at the order-disorder phase
change. Thermodynamic data is also in complete agreement with this observation,

the entropy of transition for the II/I transition, 17.2 JK"Imol') is greater than that

for the melting, 13.7 JK 'mol™l.

Anomalous Bands
There were several anomalous bands observed in the spectra of the solid alkali
metal nitrites. The low temperature Raman spectra of ordered lithium, potassium,
rubidium and cesium nitrite solids all showed a band between the v, and v, modes
(1305, 1275, 1232 and 1263 em™! respectively). In addition spectra of NnN()2 single
crystals exhibited bands at about 1189 em’! and 1490 em™. Possible assignments for
these anomalous bands include the following:
(1) Correlation field components of the v mode.
(2) vy (LO) peaks observed at intermediate positions for the unoriented samples.
(8) Isotopic NO,” modes due to "N or 1%0. However the shifts do not match those
reported for '®NO,” and N'0180" by Kato and Rolfe”.
1) Impurity effects such as that observed in the V, region of impure RbNO,.
Impurities could give rise to pockets of solid solution with Raman active modes
that are superimposed on the spectrum of the ordered solid.

5 72,13

Combination and difference bands with external modes'
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Molten Salts

The fact that the Raman spectra of the molten znd high temperature nitrites
resemble those of aqueous nitrites suggests the spectra may be interpreted on the
basis of the free-ion approximation modified by nearest neighbour interactions.
Furthermore the pesk maxima for the I and I . components in the molten salts
are identical to within one wavenumber which suggests the absence of intermolecular
coupling between neighbouring nitrite pairs.

For example consider the spectroscopic measurements of aqueous KNO,; Table
13 gives the peak positions and halfwidths for 2.0 M and 14.0 M KNO, aqueous solu-
tions. When the halfwidth of the P (r,

of the isotropic spectrum (I';, ) the difference can be ascribed to reorientational relax-

'aniso) 19 Breater than that
ation. The values of I'y are 14 em™ and 7 em! for the v, and v, modes of 20 M
KNO, respectively whereas I'p = 0 em™! for these modes in the 14 M solution. The
fact that l‘i_o = l‘“i.° for the latter solution suggests the reorientational motion is
totally hindered due to increased interactions (hydrogen bonding) between NO," and
HyO. The increased viscosity of the concentrated solution reflects the same effect.
The spectroscopic measurements of the molten alkali metal nitrite salts are
presented in Table 14. Two trends should be noted for the vy and vy modes: first
the halfwidtk ~f the isotropic component (I'; ) which is only due to vibrational
relaxation and is considered to come from elastic or inelastic collisions with other
molecules decreases Li to Cs; second I'y due to reorientational relaxation also tends
to increase Li to Cs although there is considerable uncertainty for the CsNO, value.
Since the halfwidths of the polarized components are mainly affected by vibrational

dephasing, the broadening can be i d in terms of the distribution of vibra-

tional energy states due to elastic NO,’ - cation interactions and the difference in the
range of environments. (See figure 53 for an example). Lithium has the greatest

homogeneous broadening or greatest range of environments since it has greatest I
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Table 13. Peak Frequencies and Halfwidths for Aqueous KNO,.

20M 140M
Frequency | Ty | Ty || Frequency | T | Ty, | Assignments
em’! em? | em em’! em'! em’!
w - - 87 100 - NO," reorientation
180 100 - 170 102 - H,0 hydrogen bond
815 24 17 808 18 18 vy
1050 1050 v (NO;)
1232 87 - 1235 87 - vy
1328 54 | 40® 1332 I 0 |y

- -1
a Ip = 7cm
b. [ = Mem?!

the halfwidth of the band due to reorientationa! relaxation. T = Ti-
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Table 14. Peak Frequencies and Halfwidths for Molten Alkali Metal Nitrites.

LiNO, | NaNO, | KO, | RbNO, | CsNO, |Assignmeats
153 112 105 102 102 reorientation
~300 ~250 sh sh sh

840 (43,45)* | 816 (13,21) | 803 (8.7,24) | 800 (7.1,18) | 708 (6.2,18%) |w,
1060 1055 1050 1050 1050 v,(NOy)
1246 (100) |1232(97) [1220(103) |[1215 (105) | 1210 (105) |u,

1354 (67,82) | 1338 (57,75) | 1323 (43,04) | 1319 (40,88) | 1313 (30,88%) | v,

8. The halfwidths for the isotropic (I';,, = T'y) and the anisotropic (I', i\ = I‘l)
spectra are given in parentheses. T'p =T -T
b. Halfwidths esti d after jon for spill-over of isotropic




Figure 53. Reduced, R(w), Raman spectra of NaNO, melt recorded at 573 K using
the green 5154 A line. viya = 44 cm’ (A) T, = Ij| - 131. (B)

Lo = 1)



- 156 -

|—woy

esL

eeL

¢osiuoy 3 °9IT>

3194 2ONPN

e8!

(-5

[ eay

8L

"que) Cmyy

¢sylun



- 157 -

(Pyip) Increased cation size leads to less cation mobility, for exsmple Cs* has more
inertia and therefore the cation structure about the nitrite has s longer lifetime and
a smaller range of environments. Fewer orientations exist and s narrower density of
states is observed. Thus, an increase ip cation mass is reflected in smaller values of
Tiv

On the other hand, rotational freedom is more favoured by the larger cation
K*, Rb* and Cs* nitrites which have much larger values of I'p. The considerably
smaller I‘R values for LiNO2 are consistent with a decrease in the rotational mobility
of NO," perhaps due to specific pair interactions. These conclusions are also con-
sistent with the fact that the peak maximum of the low frequency mode shifts with
cation, and also reflects the eflect of collisions, or time between collisions, between
the anions and cations. The maximum of the low frequency mode for molten LiNO,
(153 cm™!) is much higher than that for either of the K, Rb, or Cs salts indicating
that reorientation is less favoured for LINO, melt. It is also interesting to note that
the values of I‘R from the v, data are approximately the same for the K, Rb and Cs
nitrite melts (~ 50 cm™) as are the peak maximum of the low frequency mode for
each melt (~ 102 em™).

The low frequency intensity has been shown to be depolarized and it exhibits
distinct band structure in the high temperature solids and melts when plotted in the
R(w) format. Depolarized intensity in the low frequency region of disordered solids
and liquids of anisotropic molecules and ions has been attributed to reorientation
motions of the polarizability anisotropy. The fact that the feature is present in
aqueous solution suggests that the intensity is a8 monomolecular property and is not
due to collective properties. Similar results have been reported for many liquids and

solutions .50:5746.74

It is interesting that there are two low frequency features present in the lithium

and sodium melts. As with the Na solid the mode at smaller wavenumber is due to
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restricted rotation about the molecular b axis whereas the higher wavenumber band
is the result of restricted rotation of the NO," ion about the molecular ¢ axis. The
fact that the nitrite ion has pseudo symmetric top symmetry and may be considered
as a disc of similar shape to the nitrate ion would suggest that reorientation about
the a axis (top axis) should not have a large associated polarizability change.

The relative intensities of the Raman modes are essentislly constant over the

solid phases, aqueous solutions and melts for all of the alkali metal nitrites (Table

15). The relative intensity of the low fr mode is i 1 ional
to the polarizability anisotropy squared (8%). Table 16 shows a comparison of the
measured and calculated ﬂ2 ratio values for nitrite in addition to other oxyanions.
The measured and experimental values are in close agreement.

In addition, results have indicated that the depolarization ratios for the molten

salts and aqueous

are ially independent of cation. Although experi-
mental difficulties caused primarily by sample decomposition (bubbles) resulted in
appreciable errors for the lithium and cesium melts, the sodium, potassium, rubidium

and aqueous solutions gave results that were consistent within a 10% error.
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Table 15. Alkali Metal Nitrite Melts. Depolarization Ratios and Integrated Intensity

Ratios.
Mode 2 Intensity Ratio
low frequency 075 0.19
vy on 0.11
vy 075 0.15

v 0.30 1.0
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Table 18. Polarizability Anisotropies for Nitrites and Other Oxyanion Systems.

Anion 8 # Ratio Measured intensity ratio
NO§ 384 100 100

NO; an 123 150

coF 112 20 22

clo5 0.55 14 1

clo; 0 ] 1
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CONCLUSION
‘The spectra of the alkali metal nitrites have been obtained. Many of the spec-
tra, particularly for LiNOz, RlaNO2 and CsNO2 have been reported for the first
time. This spectroscopic method has proven to be quite useful in following the phase
transitions in these salts. Also, the details of an ab initio study of these salts has

been reported. The sp ic and th

P have proven
useful in studying the order-disorder phase transition for NaNO, Raman spectra of
molten nitrites were measured and interpreted to indicate faster reorientation relaxa-

tion and slower vibrational relaxation with i d cation size.
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Abstract

The optimum geometries for the nitro and nitrito forms of Li, Na, K and Rb
nitrite free molecules, as obtained from ab initio calculations, are reported; nitrito is
the more stable form. STO-3G and 3-21G basis sets were used. Energies for transi-
tion between the nitro and nitrito structures of NaNO, were calculated (with the
addition of 6-31G+ basis set). The in-plane rotation about the a axis occurs in two
steps with a new minimum energy intermediate. Finally, the polarizabilities of

nitrito NaNO, were calculated using 6-31G** basis set and compared with experi-

ment. These results are i with various experi \| which
indicate the order-disorder phase transition in NaNO, favours an in-plane NO, rota-
tion about the a axis.

This paper first deals with optimized geometries for the nitro and nitrito forms
of free Li, Na, K and RbNOz molecules. Second, the polarizability of nitrito NaNO2
along the a, b, and c axes is presented. Then, rotations of the NO, group about the

a and c axes for nitrito NaNO, (leading to nitrito to nitro transition) are considered.

Energy ials for the iti are calculated. Possible implicati of these
transitions and the polarizability for free NaNO, on the order-disorder phase transi-

tion of the crystal are discussed.
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Method

All calculations were done ab initio using the MONSTERGAUSS series of com-
puter programs.! Optimized geometries for the nitro and nitrito forms of Li, Na, K,
and Rb nitrite were obtained using the OC method of Davidon.? Minimal STO-3G
hasis set was first used and optimized geometries obtained by such were then used as
initial guesses for geometries obtained using 3-21G basis set.® The second form of
the nitrito structure, which contains two alkali metal ions per NO, group, required
open shell SCF calculations. These were attempted using restricted Hartree-Fock
(RHF) and unrestricted Hartree-Fock (UHF) approaches.

“The electronic polarizability of the nitrito form of NaNO, was calculated by
electric field scanning using an applied field of 0.0005 au and 0.0015 au for 6-31G»
basis set.3 The following conversion factors were used in the calculations:

1 Debye = 3.33564 x 120 C'm*

1 au of clectric field = 5.1422506 x 10° V/cm

1A% = 1112607 x 10710 P2y (22)

The transition between nitrito NaNO, and nitro NaNO, was studied using sin-
gle point calculations for STO-3G basis set.® First the Na-N-O angle was varied
such that an in-plane rofation of the NO, group about the erystallographic a axis
was obtained. The energy, obtained from the single point calculations, for various
angles was plotted against the angle of rotation. Two additional structures of
interest were (hus discovered, a minimum energy and a saddle point structure.
Optiizad geometries, using STO-3G, 3-21G and 6-31C+" basis sets were calenlated
for the four structures of NaNO,. Note, the optimized grometry for the saddle
point, energy maximum, structure was obtained using an adaptation of the VA0S
method described by Powell.5 Similarly, single point calculations for an out-of-plane

rotation about the c axis to achieve a nitrito transition were done.
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Results
(I) Optimized geometries

A G,y symmetry restriction was imposed when optimizing the geometries for
both the nitro and nitrito nitrite structures. The results for the nitro structures are
presented in Table Al and those for the nitrito structures are in Table A2.

An experimentally determined geometry for NaNO, has been determined by
Kay and Fraser.® This experimental geometry of NaNO, crystal compares favorably
with the theoretically determined geometry of a f-ee nitrito NaNO, molecule using

6-31G# basis set.

NaNO, experimental® 0C, 8-31G*
Na-O 2471 + 0.004 A 210526 A
Na-N 2.589 1 0.009 2.580470
N-O 1.240 3 0.003 1.230432
<ONO 1149 £ 0.5° 115.5050 °

The calculated Na-O atomic distance is slightly smaller than the experimental
value, however the other values are in excellent agreement. The 6-31G# basis set
greatly improved the STO-3G and 3-21G basis sets calculations for NBNOT The
present calculations indicate that the nitrito form is more stable for the alkali metal
nitrites. Relative cnergies of the nitro and nitrito forms are presented in Table A3.
In all cases except LiNO,.,, STO-3G, the nitrito forms are more stable, that is lower
in energy. The exception for LINO, may be due to the fact that LiNO, has been
reported to exist in both forms, coupled with the fact of course that STO-3G basis
set is not as accurate as 3-21G.

The X-N, X-O atomic distances increase from Li to Rb for both the nitro and

nitrito nitrites. However, the N-O distances and O-N-O angles vary in no apparent
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TableAl: Nitro jeometci=s

$T0-36
X-»
-3 /A
-2 /A
<ONO/
3-215
X-4 /3
N0 A
<oNo/

Li Na
1.773240 2.056228
1. 231131 1. 236262
120.9036 118.2962
1.349799 2.136302
1.261908 1.265885
121.9196 121.1460

Table A2(a): Nitrito g2ometries

STO-36

X->
x-3 A
x-0 /A
N0 A
<ono/
3-216
x-8 /A
x-0 /A
N-0 /&
<oNo/

Table 2(b):
X-
>
N-0 /A
x-0 /A
<ONO/
<XON/

Li Na
1.365144 2.409328
1.91715 1.98346
1. 363312 1.296349
141.6716 110.7080
2.226887 2.559409
1.34034 2.14271
1.294043 1.288198
111. 3666 113.4306

STO-3G

Li Na
1. 372263 1.432041
1.619439 1.876436
113.2536 119.8764

74.2279 80,6197

K Ro
2.531764 2.651046
1.284097 1.286999
118.4118 117.4320
2.533729 2.634019
1.271142 1.269676
120.2200 120.9464

K )
2.893645 3.030559
2.44484 2.55746
1.286943 1.290653
114.0780 113.1440
2.993155 3.106100
2.54170 2.64697
1.285422 1.285975
114. 7068 114.9524

3-21G6
Li Na
1.407396 1.405054
1.682125 1.997041
115.5746 113.9150
77.5812 82. 3280
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Tableal: Energies/ Hartrees, nitro

STO-3G
X--
Nitro
Nitrito
3-216
Nitro
Hitrito

Li
-208. 626952
-208.529978

-210. 308734
-210, 384545

Na
-361.185482
-361.2729017

=363,752573
-363.823389

and nitrito

K
-794.388773
-794.477250

-799. 060072
-799.105408

Ro
-3108.99471
-3109.06205

-3127.64010
-3127.69183
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set pattern. This unusual trend is very puzzling.

Studies of the open shell nitrito structures are incomplete at this point. Results
have been obtained for Li and Na using the RHF approach. (Table A2(b)). How-
ever, due to problems in dealing with large atoms such as K and Rb, the RHF calcu-
lations have not yet been completed. Also, it was found that for this series of
molecules, at the low basis sets used calculations by the UHF approach were not
valid due to spin contamination. This problem could possibly be rectified by using
higher basis sets. It should be noted that this open shell structure may play an

important role in the order-disorder phase transiti b

(1) Electronic Polarizability

The electronic polarizability for the nitrito form of NaNO, calculated along the

a, b and c axes are reported in Table A4.

Table A4
6-31Gs, Experiment”
F = 0.001 au
alag) 3.56 1610
ayy(ay,) 1.68 2.240
ayfayy) 265 2718
a 263 3.19
H 7.827740 Debyes -
B 1.66 2.17
# 275 472

Net atomic charges are N = +40.43071, Na = +0.74099 and cach O = -0.58585.

Once again, the th ical cal ions perfc d here agree well

with the experimental calculations. The values may be improved by carrying out a
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differential method theoretical caiculation. In any respect, the present calculations
explicitly show that the polarizability lies mostly in the be plane - that is in the

plane of the molecule. Since the polarizability is proportional to the number of elec-

trons, most of the electrons lie in the molecular be plane. Therefore, based on this
study an out-of-plane rotation would be less favored since it will require a much
greater polarizability change.

This calculation also demonstrates the validity of comparing calculations per-

formed on a free NaNO, molecule with the solid crystal

(1) Transition in N:n.\'O._,

A nitrito to nitro transition can be obtained by a 180° rotation of the NOz
group about cither the a or ¢ axis. Rotation of the NO, group for NaNO, (nitrito)
about cither the a or ¢ axis will lead to the nitro structure. However, in a series of
molecules which exist in the solid state, the same molecular structure results, except
the dipole moment of the NO2 group points in the oppusite direction, and the NO,z
group interacts with the Na atom of a neighbouring molecule. The out-of-plane rota-
tion about the ¢ a-is is a direct transition, that is, there are no intermediate max-
imum or minimum points. The energy barrier is simply the energy difference
between the nitrito and mitro forms, 0.047219 Hartrees. The relationship between
energy and angle of rotation can be seen in Graph Al. Similar results were obtained
using 3-21G basis sets. However the STO-3G basis set, unlike 3-21G + 6-31G+, indi-
cates the nitro form is a stable one. Results of the in-plane rotation proved to be
very interesting. The relationship between this rotation and energy can be seen in
Graph A2. From this study it can be seen that the Na atom has two equilibrium
positions (that is energy minimums) about the NO, group and two maxima energy
positions, the nitro being the highest energy structure. The optimized geometries for
these structures are given in Table A5. The unidentate structure (an energy max-

imum) is a saddle point. Similar results were obtained for STO-3G and 3-21G basis
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Energy potential for nitro transition
via out-of-plane rotation about c-axis.
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Graph A2
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Energy potential for nitrito fo nitro transition
via an in-plane rotation about a-axis

-36597
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Table as:
Nitro

STO-3G
E=-361.185482
Na-N= 2.056228
N-0 = 1.286262
N-0'= -
Na-0=

a = 118.2862
b =
3-216
E= -363.762578
Na-N= 2.136802

N-0 = 1.265885
N-0'= -
Na-0= -
a = 121.1460
b= oo
6-31G*
E= -365,921144
Na-N= 2,204461
N-0 = 1.214178
N-O'= -
Na-0= -
a = 120.8010
BR e

Transition min

-361.226778
2.206804
1. 345830
1.253284
1.90657
114.7122
59.1471

~-363.796332
2.246234
1.338872
1.219282

2.04203
118. 0252
63. 6653

—-365.945701
2.280873
1.259490
1.186259
2,11187
118.3355
66. 0893
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Saddle point

Na

|
o).
L

N

\0’

~-361.203537
3.15276
1. 324116
1.257954
1.83073
112.4769
184.2205

-363. 794969
3.24472
1. 327986
1.224719
1.917003
114.4984
178.5043

-365.941031
3.23202
1.269749
1.185633
1.976696
115, 3488
191.0742

Nitrito

N

o

-361.272017 Hart

2.409328 A
1.296349 A
ol A
1.98346 A
110. 7080

-363.823389
2.559409 A
1.288198 A

i A
2.14271 A
113.4306

-365.968363 Har
2.589470 A
1.230432 A

- A
2.19526 A
115.5050
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sets as scen in Table A5.
The question arises, which transition is favored, the 180° rotation about the a

s or the 180 rotation about the c axis?

The less hindered out-of-plane rotation about the ¢ axis may be expected to be
more favored, However, this is not the case as the present study shows. The out-
of-plane rotation has a calculated energy barrier of 0.047219 Hartrees (Graph Al).
“The in-plane rotation, on the other hand, appears to be facilitated by a ‘transition
minimum’ structure indicated in Graph A2. The energy barrier to this structure is
0.024557 Hartrees, and the barrier between this intermediate structure and the
resulting nitro structure js 0.027332 Hartrees. This ‘two-step’ transition appears to

be consistent  with the experimentally observed order-disorder transition for

NaNO,(s). As the temperature (energy) is i d, the * it ini )
becomes populated, (thas forming the incommensurate phase). Further increase in
temperature results in a transition between the “transition minimum™ and the nitro
structure, since this only requires 0.027332 Hartrees compared with 0.047219 Har-
trees for the out-of-plane rolation.

If the order-disorder transition is realized by such a rotation, it is conceivable
that the antiferroeleetr.e phase which is stable between the ordered and disordered
phases (163-164°C), may have a structure containing molecules with a geometry
similar to the ‘transition minimum’ molecule. The net result is that the transition

for free NaNO,, favors a ‘two-step’ in-plane 180 rotation about the a axis.

Conclusion

The theoretical results obtained in this work for a free NaNO, molecule indicate
the order-disorder phase transition in the crystal is most probably realized by a 180°
rotation of the NO2 group about the crystallographic a axis.

‘The results do not agree with molecular dynamics calculations of Lynden-Bells,
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et al., and Ehrhardt and Michel®. However, the molecular dynamics calculations
assume point charges whereas this study takes into consideration the electronic
charge distribution and gives a more accurate account of the interactions since the
transition does involve a polarizability change. Also, as this study found, the bond-
ing between Na and NO," does contain considerable covalent character.

It would be interesting to continue these calculations for order-disorder phase
transitions observed in other molecules such us KNO, and RbNO,.

The results are also consistent with the fact that the alkali metal prefers to
attach to NO, through the oxygens (nitrito).

At present, work is under way by this author studying the LO mode of a single

crystal of NaNO, through the phase transition by Raman spectroscopy.
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