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and

_ Hal J. Rosen
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Abstract

We have measﬁred the temperatﬁre dependence of the_low frequency
Raman.spectrumvof ammonium nitrate in its‘solid.phases v, II and I and
é}so in its melt. Librational modes are observed in phases IV and II
but disappear in both phase I and the melt. Our results indicate that the

»NOS group is almost freely rotating in the solid phase I.

Zusammenfassung

Die Temperaturabhingigkeit des niederfrequenten Ramanspektrums
wurde fUr Ammoniﬁmnitrat.in der Schmelze und den festen Phasen I, IT und
IV gemessen. In den Phasen II und IV wurden Librationsmoden beobachtet,
jedoch keine in Phase I und der Schmelze. Diese Resultate legen den

3

Schluss nahe, dass die NO,-Gruppe in der festen Phase nahezu frei rotieren

- kann.



The properties of ammonium nitrate through its various phase transi-

tions have been studied rather thoroughly by calorom‘etric}’2 N.M.R.%’3’4’5
X ray2’6’7’8 and infra-red absorption”’ " techniques. . Pure ammonium nitrate

has four»soli& phases (V, IV, II, I) between ~17°C and 169°C where it melts.
Particular iﬁterest has been genérated in the high temperature phéses I1
and I where x réy6’7 and N.M.R.2 investigations have suggested that both the
NH4 énd NOS grpups have considerable ffegdom‘of 6rien£ation in the éolid

state. Although Raman studies of the phases of several ammonium halides
13,14,15

11,12

and nitrate salts have been quite successful, little effort has been

expended on NH,NO 16,17 Penot, et al.,17 have made a study of the lattice
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modes of a single crystal in phase IV. They observed three intense modes
at 85, 141 and 170 cm—1 which they assigned on the basis of their polarization
measurements to either pure librations or to coupled librational-

translational modes. Since these modes depend sensitiveiy on the orientational

binding or freedom of orientation of the NO3 group, an extension of this

investigation into the higher temperature phases should be quite informative.

In this letter we shall present a Raman study of the lattice modes of a

powdered sample of NH4NO3 in phases IV, II, I and the melt.



The experimental set-up was similar to that deétfibed by Landon and
Por_to18 wifh a krypton laser operating at 6471 K with 350 mW of power
as the exciting source. The laser was focused on the powdered sample
and the scattered radiation collecfed at 90° was analyied with a Jarrell-
Ash 25-107 double monochrometer equipped with digital detection and
recording.lg: The slif and channel widths were respecti?ély 2 and i.cm-l.
Theisample &éé of réagent grade and was encloséd in a:capillary tubing
with an insidé,diaméter of 3 mm. The tubing was inserted in a coppef
block which acted like a thermal reservoir and was temperature contrplled
to i.b1°C. It is well known that the presence of H

2

" on the phases of NH4N03. For example, phase III occurs in a "wet" sample

but does not occur in a ''dry'" sample. In this letter we shall only present

spectra for ''dry'" samples. Measurements of both the lattice and internal

modes for 'wet" and'”diy" samples are now in progress. The ‘''dry' samples °

were prepared by heating the crystal to the melt and keeping it there under

a vacuum of 80 mm for a few minutes. The sample was then cooled to the

crystaline state and the capilléry was sealed under a vacuum of .02 mm.

0 has a striking effect




At roém teﬁperature a,"dry" sample of NH4N03 is in phase IV. As the
fémperéfufe is raised it transforms into phase I at 50°C, phase I at 124°C
‘and meltsat 169°C. Thé_structufé of these phases as determined from x-ray
vstudies are shown in fig;_i. Phase IV has a space grbﬁp'vhlé with two
molecules in an orthorhombic unit cell of dimensions a = 5.75 K, b = 5.45 A
and c = 4.96 R. 'The”nitrate groups have a fixed origﬁfation in the unit
cell while N.M.R. studies® of the é@monium groups'indiéate that they are
‘randomly reorientingrin this phase as well as in'the-higher temperature
phases. Phase II has a space group C4v2 with two moléCules iﬁ a‘tetragonal
unit ceil of»dimensions a=b=5.744% and ¢ = 4.95’&..The transformation
IV > IT involves a small distortion of the lattice, a rotation of the plaheé
of the NO3 groups by 455 énd'a translafion of one half éf the NH4 groups by
c/2. Shinnék_a6 also Suggests tﬁat the NO3 group begintfo rotafe around on
ah'gxis perpendicular to their own planes. The rotafibn is, however, not -
free, the ions oscillating between two almost bound orientafions in.‘
oppbsite directions. Phase I has CsCl-type structure with a single molecule
in»a éubic unit cell 6f dimensions a = b = c = 4.40 K;: The transformation
intO'thisphase again involves asmall distortion of the lattice and a
transiétion of 1/2 of the NH4 group by c/2. The-ﬁost dramatic change,
however, is in fhe orientational freedom of the NOs'gfoub. The x-ray studies
of Héﬁdricks,et ai.,7 suggest that in thh;phése the nitrate group is nearly
freely fotating.- It should be pointed out, however, that the x-ray daté only

measure the average symmetry of the lattice and cannot distinguish between



a model where the nitrate groups have fixed but random orientations and

one where the NO3 groups are randomly reorientihg.

These structuréllchanges can be sensitively probéd by Studyihg the
Raman active lattice modes of this crystal in its various phases. These
modes which involve mot{ons of the molecules as a whole rather than
relative mo;ions of the atoms within a molecule‘can be_cgnvenieﬁtly
divided intsjlibrations (rotations of the molecules) qnd translations.
in general;'the lattice eigenmodes éan involve coupled rotational-
vtranslational motion. The symmetry and Raman acti?itonf the k = O.
lattice modes can be determined from the space grouﬁ of the crystal
using the factof group analyses of'Bhagavantém and Vénkatarayudu?o For phase.IV
“this mBlYSié yields 2A1g”+ 2B3g + 2B2g Raman active translational modes and
lBlg + leg + 1B3g Raman aétivé librational modes. Thg libratiqn of Blg

and B3g character involve rotatiors about axis in the plane of the NO3 group

while the Bzg,libratién_invoives é rotation about an axis perpendicular to
the plané. | |

The Raman spectrum between 15 and 250 cm—1 of phaSe IV at 25°C is shown
at the tdp‘of fig. 2. Three intense ﬁodes are observed at 171, 138 and
89 cm_1.~ Because of the large anisotropy in the poléﬁizability of tﬁe NO3
molecule pargllel and perpendicular to its plane we would expect the Big
and BSg librational modes to contribute intensely tp the Ramgn Scattering.

On the other hand, the contribution from the B, mode should be very weak

2g
since the polarizability does not change significantly for rotations of
‘the NO3 group about an axis perpendicular to its plane. On the basis of

. . . 1 - . .
their polarization measurements Penot, et al. 7 have unambiguously assigned




the 171 cm ! mode to the B libration. They have also argued quite

1g
convincingiy that the large intensity'of the 139 and 89 cm_1 modes which have
BSg characﬁer indicates that that they are coupled.tréﬁglational librational
modesﬁith;a'large contribution from the BSg libration;

As the temperature is raised these modes gradually shift to slightly
lower frequency and do not show any soft mode.behavior:és the'phage IV-1I
transition temperéture is approached in .5°C increménts (see fig. 2). At
the phase transition tﬁese three modes disappeaf in a temperature intefval
of less than 1°C and two modes of ;omparable‘intensity.éppéar at 120 and
60 cm_1 (see fig. 1). The factor group anélysis of phase'II yields five
Raman active translational modes and three Raman actiVeglibrationél modes.

On the basis of the intensity arguments presented forvphase IV, we suggestr
that the two observed modes are due to iibrationsabout fhe two prihcipal

axes ih the plane of the nitrate group. These libfations, of coursé, could
be coupled-to'translatiohal modes’éf the propér symmetry; As the temperature
is raised these modes shift to lower freduenéies.and'show no anomalous
behaviour as fhe:II-I phase transition is approached in'1°C increments.

As the sample transforms into phase I these modes disappéér in a’temperaturé'
‘interﬁal of less than 1°C and no new modes appeér.' The Rahan ;pectrum of
Phase I between 20 and 250 em™! s very similar to thatVofifhe melt of

NH,NO, (see fig. 1) and appears to consist only of Rayleigh wing scattering

4
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with the intense elastic .scattering from the powdered sample superimposed upon

it. This spectrum is quite consistent with a freely fotating NO3 group.
However, from a physical point of view we would expect that the N03'group has

at least in the statistical sense a preferred orientation. Our spectra in



phase I show that if a librational mode'exists it must have a frequency less
than 20 cm-l.b Using a classical anharmonic oscillator model for the

librations of the NO3 group one can show that this implies that the angular
ekcursions of this group from its equilibrium position due to thermal
agitation are greater than_ti radian. Our data,ftherefore, cleafly

indicates that‘the~N03'g?oup has considerable:freedo@ of.orientation in phase.I.
It is apparent, however, that an inveétigation of the:inelastic scattering
‘between 0 and 20 cm'1 could yield a more quantitative:picture;

~In conclusion, we have measured the temperature dependence of the

librational modes of NH NO, in its various phases. Our results indicate

473
that the NO3 group is almost freely rotating in phase I.
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Figure Captions

The structure of ammonium nitrate in phases'iV, II and I from

Ref. 2f

Low Frequency Raman modes»of ammonium nitrate in phases IV, II; I

and its melt;

Temperature dependence of the low frequency modes in phases IV and

II.
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Figure Captions

The structure. of ammonium nitrate in phases IV, II and I from

.Ref. 2f

Low Frequency Raman modes of ammonium nitrate in phases IV, II, I

and its melf._

Temperature dependence of the low frequency modes in phases IV and

I1.
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