Temperature-dependent Raman study of ammonium perchlorate single
crystals: The orientational dynamics of the NH," ions and phase transitions

T. Chakraborty, S. S. Khatri, and A. L. Verma
Department of Physics, North-Eastern Hill University, Shillong-793003, India

(Received 30 December 1985; accepted 4 March 1986)

A detailed temperature-dependent study of the Raman spectra of oriented single crystals of
NH,CIO, is reported in the spectral regions of lattice modes and internal vibrations of the C10;
and NH," ions between 10 and 300 K. The internal modes of the ClO, ions show splitting into
several components due to site and correlation field effects. The linewidth, frequency shift, and
intensities of some of the internal modes of the C10,” and NH,} ions and the frequency shift of a
few lattice modes show anomalous temperature dependence around 180 and at 40 K. These
anomalies have been explained in terms of phase transformations associated with the changes in
hydrogen bonding strength and reorientational freedom of the NH," ions in the lattice. The low
temperature transition at 40 K exhibits a sharp and discontinuous anomaly in some of the spectral
parameters measured in this study which is associated with order—disorder-type transition. The
measured linewidth of the v] mode in the diagonal scattering configuration can be understood in
terms of vibrational dephasing of the v{ excited state due to vibrational-librational coupling. The
estimated activation energies in the 50-160 K and 1040 K temperature ranges are found to be
141 and 51 cm ™", respectively, which correspond to the observed NH,* librational frequencies.

|. INTRODUCTION

Ammonium perchlorate is an extensively investigated
system below room temperature because of the complicated
reorientational motion and other dynamical properties of
the ammonium ions in the lattice and possible phase trans-
formations in this system. Earlier studies indicated low rota-
tional barriers ranging from 0.2 to 1 kcal/mol.'~® The x-
ray’~ and neutron diffraction'®!! studies between 10 and
298 K at selected temperatures have shown that NH,CIO,
belongs to an orthorhombic system with centrosymmetric
space group P,,., (D1$) having four formula units in an
unit cell at all the temperatures without any evidence of a
phase transformation. However, the x-ray diffraction stud-
ies by Stammler et al.'? indicate that NH,ClO, undergoes a
polymorphic phase transformation around 83 K in addition
to the well known orthorhombic to cubic transformation at
~ 517 K. Previous workers have reported anomalous behav-
ior of this system between 10 and 50 K and around 100-110
K by IR studies'?, around 70 K by Raman studies'*, and the
3040 K and ~200 K by rotational heat capacity measure-
ments’, and in widely different temperature ranges by mag-
netic resonance studies.'>~'® These anomalies were tried to
be understood qualitatively in terms of ammonium reorien-
tational freedom and/or phase transformations in the sys-
tem. On the other hand the recent IR data'® on NH,D™ ions
in NH,ClIO, lattice have been interpreted by assuming a con-
tinuous evolution of the rotational motion of the ammonium
ion with temperature. Except for a few, most of the earlier
studies have been reported at only fixed temperatures or in a
limited spectral region and therefore a clear understanding
of this system is lacking.

In view of the complicated reorientational motion of the
ammonium ion, conflicting reports about possible phase
transformations in widely different temperature ranges by
different techniques, ambiguity about the possible site and

7018 J. Chem. Phys. 84 (12), 15 June 1986

0021-9606/86/127018-10$02.10

correlation field splittings, etc., we have undertaken a syste-
matic temperature-dependent Raman study of the single
crystals of NH,ClO,. As the time scale for Raman scattering
lies between that for neutron diffraction and magnetic reso-
nance techniques, Raman spectroscopy is uniquely suited to
examine the fast reorientational dynamics of the NH,;" ions
in NH,CIO, lattice. We have observed anomalous changes
in frequency shift, linewidth, and intensities of some of the
internal modes of the NH,;" and ClO;, ions and a few lattice
modes.in NH,ClO, as a function of temperature around 180
and at 40 K. These anomalies arise due to phase transforma-
tions within the same space group of the system. From a
temperature-dependent linewidth study of the v} (4, ) mode
of the NH,* ion in the 1040 K and 50-160 K temperature
ranges, the most significant dephasing process has been es-
tablished to be a coupling of the NH," internal vibrational
mode with the librational modes.

EXPERIMENTAL

Single crystals of ammonium perchlorate were grown
from saturated aqueous solution of analytical grade ammo-
nium perchlorate. The crystals used in the present Raman
study were transparent pieces in the form of parallelopipes of
~2mm X2 mm X 5 mm dimensions with the longest side as
C axis. The crystals were polished and oriented properly to
record Raman spectra in different polarization geometries.

The Raman spectra were obtained with the help of a
SPEX Ramalog 1403 double monochromator coupled with
the third monochromator and a cooled photomultiplier tube
RCA 31034. A Spectra-Physics model 165 Ar* laser operat-
ing with a constant output power of ~600 mW at 4880 A
was used as the excitation source. The sample was exposed to
a laser power of ~300 mW. The spectrometer control as
well as data processing were achieved with the help of a mi-
croprocessor based SPEX Datamate system. An Air Pro-
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ducts closed cycle helium cryocooler was used for obtaining
the Raman spectra from room temperature down to 10 K.
Temperature reading and monitoring were made possible by
a precalibrated gold vs Chromel thermocouple in conjunc-
tion with a digital temperature controller. The sample was
equilibrated at each temperature for at least 30 min. Al-
though the temperatures were controlled to + 0.5 K or bet-
ter, the absolute temperature at the sample was estimated to
be accurate within + 3 K due to laser heating, etc. In order
to check the reproducibility of the data and to countercheck
a possible artifact of crystal imperfections, etc., the experi-
ments were repeated on five different crystals at different
temperatures and the results were found to be completely
reproducible. The experimental results presented in this pa-
per are for the same crystal at different temperatures
between 10 and 300 K. Plasma lines of an Ar™ ion laser and
known CCl, lines were used for spectral calibration. Wave
number shifts reported here are believed to be accurate to
+ 0.1 cm ™! while the absolute accuracy of the band posi-
tions is within + 0.3 cm™".

The effect of finite slit width on the experimentally mea-
sured linewidth of different vibrational bands was corrected
using the following expresssion®’:

2
5, =68,|1- i)] 1
[ (5,, M

where 8, is the correct full-width at half-maximum
(FWHM), 8, is an apparent linewidth as measured experi-
mentally, and S'is the slit width in cm ™. As the spectral slit
width was much narrower than the linewidth of vibrational
bands even at the lowest temperatures, this formula provides
fairly accurate estimates of the true linewidth. A graphical
resolution procedure was adopted for the overlapping bands
in order to obtain correct linewidth (FWHM) values of
those bands. The slit width .S in cm ~! was measured directly
from the FWHM of the plasma lines, as the natural width of
these lines is very small. The integrated intensities of differ-
ent vibrational modes were obtained by measuring the total
area of the bands and were corrected for Bose—Einstein po-
pulation factor.

Room temperature IR spectrum was obtained in Nujol
mull media by a Perkin—-Elmer model 983 IR spectrometer.

RESULTS AND DISCUSSION

The Raman active modes in the ammonium perchlorate
single crystals have been carefully studied in various scatter-
ing geometries as a function of temperature to obtain accu-
rate values of frequency shifts, linewidths, and intensity var-
iations. Our room temperature spectra are similar to those
reported by Van Rensburg et al.,'* Schutte,'* and Brill and
Goetz.2! However, we have observed a number of new bands
in the lattice mode region in the Raman spectra at 10 K
compared to the observation of Rosasco et al.> We have also
observed the splitting of the v, mode of the Cl1O; ion and the
overtones of the same vibration in our room temperature IR
spectra. Representative Raman spectra at a few selected
temperatures are shown in Figs. 1-4. Figure 5 shows the
variation of the different mode frequencies as a function of
temperature. The temperature-dependent variation of the
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FIG. 1. Temperature-dependent Raman spectra of NH,C1O, single crystal
in the b(aa)c scattering geometry (lattice mode region).

linewidth (FWHM) and intensities of different modes are
shown in Figs. 6-8.

Factor group analysis and assignment

Ammonium perchlorate belongs to the orthorhombic
system having a centrosymmetric space group D 1§ with four
formula units per unit cell.”'® The NH," and CIO, ions are
located on sites of C; symmetry. Under the approximation
that the C1-O and N-H bonds are much stronger than the
NH_ -ClO; interactions, its Raman spectrum may be un-
derstood in terms of the “external lattice phonons” and the
“internal vibrations” of the NH,;" and ClO, ions. Moreover
the internal modes in the unit cell can be correlated with the
tetrahedral “freeion” vibrations of the NH,* and ClO, ions
having symmetry species v,(4,), v,(E), v3, and v,(F,).
With this available information, a group theoretical analysis
was carried out. The symmetry classification of the normal
modes is given in the correlations of Table I where the inter-
nal modes of the NH,' ion are distinguished by a prime from
the internal modes of similar nature of the ClO, ion. Only
the gerade modes of 4, (aa, bb, cc), B, (ab), B,, (ac), and
B,, (bc) symmetries are Raman active in the indicated scat-

" tering geometries in parentheses, while only the modes of

B, (a), B,, (b), and B, (c) symmetries are infrared active.
The group theoretical analysis given in Table I predicts that
the nondegenerate totally symmetric v,(4,) stretching
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FIG. 2. Temperature-dependent Raman spectra in the b(aa)c scattering
geometry for (A)v, and (B)v, vibrational modes of the CIO; ion in
NH,CIO, single crystal.

mode and the doubly degenerate symmetric bending mode
v,(E) of the free ion should split into two and four Raman
active components, respectively, whereas the triply degener-
ate assymetric stretch v,(F,) and the asymmetric deforma-
tion mode v, (F,) of each of the free ions should split into six
Raman active components in the ammonium perchlorate
lattice. We have assigned the observed Raman peaks in dif-
ferent polarization geometries at 10 K in NH,CIlO, in ana-
logy with the assignment of the internal modes of the ClO;
group in KCIO, single crystals,?? and other existing Raman
assignments on ammonium perchlorate.>!%21:2> The band
assignment is given in Table II along with the IR data at
room temperature. It is clear from Table II that, except for
one component of the v; mode, all other predicted modes of
the ClO; ion have been observed experimentally in our Ra-
man studies. It is interesting to observe from Table II that
the overall static and dynamic field splitting is maximum for

blaajc + b(abjc
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FIG. 3. Temperature-dependent Raman spectra in the b(aa)c + b(ab)c
scattering geometries for the v, vibrational mode of the ClO; ion in
NH,CIO,.

the v, vibrational mode of the ClO, ion in conformity with
the highly polar nature of this mode. The overall static and
dynamic field splittings of all the internal modes v,, v,, v,
and v, of the ClO,” group are 1.5, 2.2, 69.2, and 17.8§ cm ™,
respectively, at 10 K.

Temperature dependence of Raman spectra: Evidence
for phase transformation

Our careful Raman studies of the frequency shift,
linewidth (FWHM), and integrated intensities of some in-
ternal modes of the NH,;" and ClO, ions and a few lattice
modes over the 10-300 K temperature range (Figs. 5-8)
show definite discontinuities and anomalous behavior
around 180 and 40 K. Our experimental observations are
contrary to the suggestions by many earlier workers!®?* that
the rotational/reorientational motion of the NH," ions
evolve in a continuous and regular manner with temperature
in the NH,ClO, lattice. As the spectral changes take place in
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FIG. 4. Temperature-dependent Raman spectra for the v{ and v; modes of
the NH,;! ion in the b(aa)c scattering geometry.

almost the entire temperature range, we shall first discuss
the spectral anomalies between the 190-160 K temperature
range and at 40 K.

When the temperature of the system is raised in narrow
steps from 10 K, we observe the following spectral anomalies
at 40 K.

(i) The frequencies of the lattice modes at 42, 72, and
150 cm~! (300 K values) show sharp discontinuity and
change of slope at 40 K. In going from 10 to 40 K, the fre-
quencies of the first two bands remain almost constant, while
the frequency of the 150 cm ™' mode changes at a faster rate
(Fig. 5). The intensities of these bands also show drastic
variations at 40 K (Fig. 1).

(ii) The frequency and linewidth of the v{ and the fre-
quency of the v; mode of the NH;" ion show a sharp change
of slope at 40 K (Figs. 5 and 6).

(iii) The linewidth of the v, (ClO; ) mode shows a
change of slope at 40 K. The separation within the correla-
tion field split pairs of the site symmetry split components of
the v, mode decreases rapidly from 10 upto 40 K (Fig. 5).

On increasing the temperature from 40 K in narrow
steps, we have observed the following spectral anomalies in
the 160-190 K temperature range.
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FIG. 5. Variation of some vibrational mode frequencies in NH,ClO, with
temperature. Dashed line through the experimental points is drawn as a
guide to the eye.
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FIG. 6. Variation of the linewidth and integrated intensities of the v{ mode
of the NH,* ion as a function of temperature. Dashed line through the ex-
perimental points is drawn as a guide to the eye while the solid line repre-
sents the theoretical fit according to expression (3) of the text.
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FIG. 7. Variation of the linewidth of the v, and v, modes of the C1O;” ions as
a function of temperature. Dashed line through the experimental points is
drawn as a guide to the eye.
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FIG. 8. Temperature induced variation of induced Raman intensity of the
v1, 5, and v, (637 cm~', 300 K ) modes of the C1O;” ion in NH,CIO, single
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the eye.

(i) The frequencies of the v,, v,, and 2v, modes of the
ClO, ion increase and peak at 180 K while the frequencies
of all the six factor-group split components of the v, (C10, )
mode show a sudden change of slope at 180 K. The band
positions of the v; (NH, ) mode and lattice modes at 42, 72,
and 150 cm ™' (300 K values) also show a sudden change of
slope around 180 K (Fig. 5).

(ii) The linewidth of the v| (NH," ), v,, and v, (ClO,;" )
modes show sudden change of slope around 180 K (Figs. 6
and 7).

(iii) The integrated intensities of the v; (NH;" ), de-
crease from 150 to 180 K and then increase steeply up to
~200 K, showing pronounced minima at 180 K (Fig. 6).
There is a sudden redistribution of Raman intensities among
the factor-group split components of the v, mode of the
ClO; ions showing pronounced extrema at 180 K (Figs. 3
and 8).

These anomalous spectral changes around 40 and 180K
cannot be explained in terms of models assuming continuous
change in the orientational or rotational freedom of the
NH,+ and/or ClO, ions, or a continuous and smooth vari-
ation of the overall relaxation mechanism as a function of
temperature. Our experimental measurements in different
spectral regions clearly establish anomalous changes in this
system at 40 and 180 K and strongly suggest the existence of
phase transformations at these temperatures. These conclu-
sions are supported by the rotational heat capacity' mea-
surements, where anomalies in the 3040 K and at ~200 K
temperature regions were detected. The observed Raman
features associated with ClO, ions in different scattering
geometries at 10, 40, 180 K and other temperatures can be
understood in terms of group theoretical predictions and
strongly suggest that the space group of the NH,CIO, and
the site symmetry of the ions remain the same in the entire
temperature range of 10-300 K. Hence the phase transfor-
mations take place within the same (D,,, ) space group of the
system.

For proper understanding of the evolution of spectral
features as a function of temperature, one has to take into
account the various relaxation processes and the changes in
the lattice parameters. Let us first consider the variation of
lattice parameters. If we plot the measured lattice param-
eters for NH,C1O,'>"* at 10, 78, 120, and 298 K tempera-
tures (Fig. 9), it is clear that the @ and ¢ axes decrease while
the b axis increases in going from 78 to 10 K. As no experi-
mental data is available between 298 and 120 K, the exact
variation of the lattice parameters is not known in this tem-
perature range. However, the lattice parameters in the anal-
ogous systems like NH,10,,>* NH,ReO,,?® and NH,BF,*’
are known to pass through their extremum values around
200 K and the last two systems are also known to have a
diffused peak centered around 200 K in the rotational heat
capacity data.”®?° The observation of a diffused peak around
200 K in the temperature-dependent rotational heat capac-
ity data of NH,ClO,, the decreasing trend of lattice param-
eters at 120 K compared to 78 and 298 K, and the observed
increase in the frequency shift of vibrational modes around
180 K strongly suggest that the lattice parameters in
NH,CIO, should pass through their minimum values
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TABLE I. Correlation of the vibrational modes of NH,CIO, in the 10-300 K temperature range.

ClO; /NH/ ion T, symmetry

C; site symmetry

D¢ space group

v, A4, 4’ Ag.B,,
BZg’BBu
A A,.B,,
Vi E B2g!B3u
4" B,,.4,°
BSg’BZM
24" 24,28,
V3V F, 2B,,,2B,,
and NH,;* ClO; 4’ B .4,°
translation® B,,.B,,
A’ A,.B,,
NH, /ClO; F B,,.B,,
librations 24" 2B,,,24,*
2B,,,2B,,
*Inactive.

®1B,,, 1B,,, and 1B;, components of the translational modes correspond to the acoustical modes.

7023

around 180 K as indicated in Fig. 9. This apparent decrease
of lattice parameters around 180 K is expected to modify the
mode frequencies but leaving the linewidths more or less
unaffected. As mentioned earlier, linewidths of several
modes show drastic changes at 40 and 180 K thereby indicat-
ing that other dynamical processes contribute significantly
to the observed linewidth of the vibrational modes and a
brief discussion of some important processes is given here.
It is well recognized that a number of physical processes

contribute to a given line shape and a relaxation mechanism
of an excited vibrational state may be studied by measure-
ment of the linewidth of the corresponding Raman bands.
The main physical processes contributing to a line shape are
population lifetime relaxation of the excited vibrational
state, reorientational motion of molecular ions, and anhar-
monic interactions. The relative importance of each process
depends on a particular system. Within the approximation
that the vibrational and rotational motions are statistically

TABLE II. Assignment of the observed vibrational modes in NH,ClO, single crystal at room temperature and

10K.
RT 10K
Raman (cm™') IR (¢cm™!) Assignment Raman (cm~™!) Symmetry
3267.0 3268.0 v; NH; 3263.5 A, +B,
32125 v; NH;" 3203.7 4,
2170.0
2055.0 2v3/v; + v,CIO;
2010.0
1410.0 1410.0 v, NH," 1414.0 A, + By,
1133.0 11340 1138.1 B,
1109.0 1110.0 1117.0 B,,
1078.0 1078.0 v;Cl10, 1104.9 B,
1072.0 4,
1068.9 B,
937.0 937.0 v,ClO; 941.2 B,
922.0 2v, ClO; 939.7 4,
924.9 4,
642.3 4,
640.7 B,
627.0 627.0 636.2 B,
632.0 sh* v,ClO; 629.6 B,
625.0 4,
637.0 637.0 v1CI0; 624.5 B,
621.3 4,
466.5 B,
465.0 4,
463.0 v, ClIO; 465.0 B,
464.3 B,
#Shoulder.
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FIG. 9. Variation of the lattice parameters of NH,ClO, as a function of
temperature. For details see the text.

independent, it is possible to separate the line broadening
contribution due to reorientational motion resulting in the
loss of phase coherence and this contributes to the anisotrop-
ic part of the Raman scattering (off-diagonal Raman ten-
sor) while other intrinsic vibrational relaxation processes
contribute to the isotropic Raman scattering (diagonal com-
ponents of the polarizability tensor). The angular jumps due
to reorientation of the molecular ion from one configuration
to the equivalent one make an exponentially varying contri-
bution to the linewidth given by an expression®®

I

reorient — BRe T ot ’ (2)
where By is the usual prefactor and U, is the activation
energy required for reorientation.

However our linewidth measurement corresponds to
only the 4, (aa) components resulting from diagonal scat-
tering and the symmetric Lorentzian line shape rules out the
possibility for any significant contribution of reorientational
process to the linewidth of the v; mode and suggests that the
temperature evolution of the linewidth must be associated
with some other physical processes.

The NH;" and ClO, ions in NH,ClO, lattice are bound
mainly by hydrogen bonds, which are known to be strongly
anharmonic. Anharmonicity can contribute to the tempera-
ture-dependent relaxation of an excited vibrational state in
two ways. First, anharmonicity gives rise to the thermal ex-
pansion of the lattice which results in homogeneous dis-
placement of molecular ions in crystals with a change in
temperature leading to a frequency shift but not line broad-
ening. Secondly, anharmonicity also leads to thermal fluctu-
ations in the solid which produce random variations in the
crystal potential and hence coupling between different vibra-
tions. This leads to both frequency shift and line broadening
and contributes to the band shapes by the following mecha-
nisms.

The excited vibrational state may decay into a number
of phonons according to symmetry selection rules and con-
servation laws due to cubic and quartic terms in the potential
energy function. Since the vibrational energy of the stretch-
ing modes of an NH," ion is much larger than kT below 300
K, such processes are not expected to contribute any signifi-
cant temperature dependence to the linewidth of the NH,*
internal modes but may be important for the ClO, ion de-
formation and lattice modes. The other process of pure vi-
brational dephasing of the excited vibrational state takes
place via the quartic terms in the potential energy function.
This can be visualized as an elastic scattering process
between the excited vibrational state and some other state
which creates a fluctuation in the energy of the excitation
thus adding a loss in phase coherence. The excited vibration-
al state relaxes via coupling between internal vibrational and
external rotational-translational degrees of freedom. This
process is generated by a large variety of inter- and intramo-
lecular forces including dipole—dipole van der Waals inter-
action between ions (dispersive forces), dynamic polariza-
tion effects introduced during vibration, short-range
repulsion, centrifugal, and Coriolis forces, etc. Vibrational
relaxation originates either in dephasing of molecular vibra-
tions (analogous to the T,-type spin—spin relaxation in
NMR), or in depopulation of vibrational levels due to inelas-
tic collisions ( 7',-type spin-lattice relaxation ), or sometimes
a combination of the two processes. The pure vibrational
dephasing of an excited state due to exchange demodulation
(observation of a symmetric Lorentzian line shape indicates
that diagonal terms in the quartic component of the poten-
tial are important) leads to an Arrhenius-type dependence
of linewidth on temperature>!

[(T)=A+Be U .., (3)
where A is a measure of the decay of the excited state via an
inelastic three phonon process, while the constant B is relat-
ed to the inelastic decay of the low frequency lattice mode of
energy U = 7w, coupling with the interal mode. This pro-
cess is expected to be important if the energy of the coupling
lattice mode fiw; ~kT at the range of temperatures studied.

In order to explain the temperature dependence of dif-
ferent spectral parameters and dynamics of phase transfor-
mations in NH,CIO,, we shall divide the discussion into
three subsections, viz. high temperature range (300-180K),
intermediate temperature range (18040 K), and low tem-
perature range (40 K and below).
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High temperature range (300-180 K)

The observation of distinct components of the v; and v,
(ClO,, F,) modes in both the IR and Raman spectra at the
same frequencies and the appearance of the v, (ClO, ) mode
in the IR spectrum clearly demonstrates that the ClO, ions
are distorted and the observed components of the v; and v,
modes originate from site symmetry splitting. However, the
observation of single bands corresponding to the v} and v;
modes in the IR and all the v{, v}, v}, and v; (NH;" ) modes
in the Raman spectrum strongly suggests that the NH," ions
retain a very nearly tetrahedral structure in this temperature
range. From the crystal structure data'® on NH,CIO,, it is
known that the NH,* ions are surrounded by seven ClO,
groups and the ClO, groups are surrounded by seven NH,*
groups. Moreover, the comparable value of the linewidth of
the v, (ClO, ) deformation mode (4.7cm™!,270K) to that
of the symmetric stretching v, (ClO; ) linewidth (4.2
cm™ !, 270 K) indicate that the reorientational contribution
to the v, width is negligibly small and hence, the ClO,
groups can be taken to be rigid as far as the time scale of
measurement is concerned. These observations indicate that
the NH," ions must be reorienting very fast around random
molecular axes, thereby averaging out the effect of the crys-
tal field of lower symmetry around it. From the strong IR
activity of the v, (ClO; ) mode, a measurable correlation
field splitting was expected. Although bands were slightly
broad at these temperatures, we should have obtained band-
head positions corresponding to the factor-group split com-
ponents in different polarization geometries even if the com-
ponents were separated by 0.3 cm~'. As no such splitting
was observed in our polarized Raman spectra in the high
temperature range, it can be inferred that the correlation
field splitting is less than 0.3 cm ™~ . This, in turn, implies that
(a) the resonance coupling of different C1O,; groups in the
unit cell is insignificant, and/or (b) the crystalline field due
to ClO; ions cannot polarize the intermediate NH,;" ions
(because of very fast reorientation), thereby contributing
negligibly to the correlation-field splitting due to coupling of
the ClO, groups through polarization of the intermediate
NH," ions.

The nearly constant v; (NH;" ) linewidth (aa geome-
try) from 190 to 300 K (Fig. 6) rules out the coupling of this
mode with librational or other low frequency modes, as this
type of interaction is expected to increase the v| linewidth
with the increase in temperature. The absence of NH," libra-
tional modes in the Raman spectra in the lattice mode region
also supports this view.

Intermediate temperature range (180~40 K)

A comparison of our temperature-dependent frequency
shift data and the extrapolated lattice parameters from 300
to 160 K (Fig. 9) indicates that the temperature induced
frequency shifts of the vibrational modes is mainly a result of
the variation of the lattice parameters. However, the vari-
ation of lattice parameters alone appears inadequate to ex-
plain the temperature evolution of spectral parameters be-
low 160 K (Figs. 5and 9).

The rapid decrease of NH," v frequency, increase in the

v, deformation mode frequencies of Cl1O, ions and the lat-
tice mode frequencies from 160 to 40 K suggest the forma-
tion of hydrogen bonds in this temperature range. The ap-
parent contradictory behavior of increase in the v,(ClO, )
mode frequency with the formation of hydrogen bonding
may be understood in tems of Fermi resonance of v, and 2v,
modes of the C1O, ion. Our contention is also supported by
the presence of similar bands in the Raman spectra®? of
KClO, where v, and 2v, modes are observed at 941.0 and
921.5 cm ™!, respectively.

The formation of hydrogen bonds, in turn, is expected to
distort the NH," ion, restrict its reorientational freedom,
and also modify the components of induced polarizability
along specific directions. The distortion of the NH,' tetra-
hedra is reflected in the appearance of the v; (NH," ) mode
in the IR spectrum’® in this temperature range and by the
observation of correlation field splitting in the site symmetry
split v,(CIO, ) components. A rearrangement among the
components of the induced polarizability explains the be-
havior of integrated intensities as depicted in Figs. 6 and 8.
However, the sharp dips in the intensity vs temperature
curves for some of the modes in the 190-160 K temperature
range indicate anomalous behavior of the system. We believe
that these anomalies are associated with orientational rear-
rangement of the ions resulting from the combined effect of
changes in the short-range repulsion between the oxygen
atoms (separated by less than the sum of their ionic radii) of
the cluster of six oxygens around O(2) '® atom along with the
temperature-induced changes in the lattice parameters.

We have observed the NH,;" librational mode around
140 cm ! at 50 and 70 K, identified from deuterium shift.
This mode broadens rapidly and could not be identified from
the background in the 90-160 K temperature range. This
observation indicates the presence of very fast relaxation
processes and may be correlated with almost instantaneous
threefold NH,' reorientations around the N-H bonds in ac-
cordance with the QNS?® results in the 66150 K temperature
range (775 = 9.5 ps, T1s0x = 1.8 ps). Itis therefore logical
to conclude that the reorientation of the NH," ions is the
dominant mechanism for broadening of the ammonium li-
brational modes.

For understanding the linewidth data of the v{ mode,
we note that the NH," librations are very anharmonic (li-
brational amplitude is ~30° at 78 K'®) and energies of some
of the observed librational modes in this temperature range
are comparable to k7. Therefore, the vibrational-librational
coupling is expected to contribute significantly to the v
linewidth. As mentioned earlier, expression (3) gives the
temperature dependence of the linewidth arising from the
aforementioned mechanism. A least square fit of the v
linewidth data to expression (3) was carried out on the
smoothly varying part of the curve in the 50~160 K tempera-
ture range. We achieved a very good fit with the parameters
as given in Table III. The extracted value of the activation
energy of 141 cm™' compares well with the observed 0-1
ammonium librational mode at 140 cm ' at 70 K. The value
of the decay time of this librational state is extracted to be
T =4.6X 107" 5. The fast decay of the librational state is
responsible for rapid broadening of the NH," librational
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TABLE I11. Different parameters which give the best fit to the linewidth of
the vj (NH,* ) mode in the 50-160 K and 10-40 K temperature ranges as

per expression (3).

Temperature A B U
range K cm™! cm™! cm™!
50-160 K 16.36 23.0 141.0
10- 40K 11.89 22.02 51.0

modes in the Raman spectra of lattice mode region above 70
K.

Low temperature range (40-10 K)

As mentioned earlier, the spectral changes, especially
the frequency shifts of some lattice modes and the NH,"
stretching modes, observed at 40 K are characteristic of dis-
order—order-type phase transformations similar to those ob-
served in ammonium halides*? at the disorder—order transi-
tions. As some of the modes associated with both the NH,"
and ClO; ions show drastic anomalies at 40 K, the phase
transformation at the temperature involves the ordering of
both the ions. The unit cell volume of NH,ClO, decreases
from 40 to 10K (Fig. 9) and therefore the vibrational mode
frequencies of the jons are expected to increase from 40 K to
lower temperatures. However, we have observed a rapid de-
crease in the frequencies of the v{ and v} modes of the NH
ion and an increase in the v, bending mode frequency of the
ClO, ion which cannot be explained in terms of lattice con-
traction itself. These observations along with structural data
at 10 K'% strongly suggest an increase in the hydrogen bond-
ing strength from 40 to 10 K and also indicate that the hy-
drogen bonding pattern with one straight and strong hydro-
gen bond and three bent hydrogen bonds at 10 K remains
more or less the same up to 40 K. These conclusions are also
supported by the observation of a fast increase in the intensi-
ty of the v mode in the infrared spectra'® below 50 K. A
direct consequence of this hydrogen bonding pattern below
40 K is a more favorable threefold NH,;" reorientation
around the strongest and straight hydrogen bond. This mo-
tion is facilitated by the presence of a nearly hemispherical
umbrella of six oxygen atoms providing a rather uniform
environment for the motion of the H(1) hydrogen atom.®
This is in agreement with the conclusions arrived at from the
rotational heat capacity data.'

Coming to the v; (NH, ) linewidth we find that in the
low temperature range the width also decreases rapidly and
nonlinearly in going from 40 to 10 K. For similar arguments
advanced in the discussion of v; linewidth in the intermedi-
ate range (librational amplitude ~21°at 10 K'®), we carried
out a least square fitting of the v; linewidth data to expres-
sion (3) and obtained a very good fit with the the parameters
given in Table IIIL It turns out that the vibrational-libra-
tional coupling is again the dominant mechanism for relaxa-
tion of the v; vibrational state in this temperature range but
the librational mode taking part in this coupling is centered
around 50 cm ~ . The high frequency librational mode at 156
cm™! (10 K) which is responsible for the vibrational de-

phasing of the v{ mode in the intermediate temperature
range (180-40K) does not contribute much to the linewidth
in the low temperature range (below 40 K) justifying the
conclusion that fiw, ~kT for getting a significant contribu-
tion to the linewidth from vibrational-librational coupling.
We have observed a NH,;" librational mode in our Raman
spectra at 48 cm ™! (10 K), a similar mode was also identi-

fied in the inelastic neutron scattering studies by Prager et
al 3

SUMMARY AND FURTHER DISCUSSION

From our detailed temperature-dependent Raman stud-
ies on NH,CIlO, single crystals over the 10-300 K tempera-
ture range, we have identified two phase transformations in
this system at 180 and 40 K. The 180 K phase transforma-
tion appears to be associated with the orientational rear-
rangement of the ions with the temperature induced changes
in lattice parameters and short-range repulsive forces. On
the other hand the phase transformation at 40 K is of disor-
der—order-type transition resulting from ordering of both
the NH," and ClO, ions due to changes in the hydrogen
bonding pattern which restrict the NH,;" reorientational
freedom. Earlier reports on possible phase transformations
in this system at ~70 K and 100-110 K are incorrect, main-
ly because of insufficient experimental data. From a tem-
perature-dependent Raman study of the v,(CIO, ) multi-
plet in polycrystalline NH,ClO, Schutte'* found a gradual
shift in the position of the high frequency component start-
ing at 70 K and explained it as due to either a phase transfor-
mation or a marked change in NH," reorientational free-
dom, at 70 K. Our more detailed studies on all the
components of the v,(ClO, ) mode along with many other
bands and lattice modes, in particular, clearly rule out the
possibility of any anomaly at 70 K and establish a phase
transition at 40 K. Regarding the other suspected phase
transition at 100110 K, van Rensburg et al.'* based their
conclusion on the disappearance of the v NH,;” mode in the
IR spectra at ~ 120 K on heating. However, a closer exami-
nation of Fig. 4 of their work shows clear shoulder is present
in their 120 K spectra due to v mode. Therefore their con-
clusions about the 100-110 K phase transformation are in-
consistent and it appears that the shoulder might be disap-
pearing at a somewhat higher temperature. Moreover, none
of the these speculated phase transformations by these
workers are in agreement with heat capacity data.

Comparing our spectral data in the internal and lattice
mode regions with the QNS,* heat capacity,’ and structural
data,'®" the evolution of the dynamics of the NH," ion can
be summarized as follows: in the high temperature range
(300-190 K), the NH," ions are almost freely rotating
around random molecular axes without significant hydro-
gen bonding. As the temperature is lowered below 170 K,
formation of weak and nearly equivalent hydrogen bonds
results in restricted reorientation of the NH;" ions around
the four N-H bonds. This trend continues until around 40 K
where the hydrogen bonding pattern changes drastically,
further restricting the NH," ion reorientational freedom.
The NH,;" ion reorients rather easily around the threefold
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axis passing through the strongest hydrogen bonded N-H
bond compared to the motions along other molecular axes.

From the study of temperature-dependent v linewidth
(aa) asthe NH,;! ion, itis concluded that the reoreintational
contribution is negligible while the librational-vibrational
coupling contributes significantly in the vibrational dephas-
ing of the excited vibrational level. It turned out that the high
frequency (140 em™') NH," libration couples to the v}
mode in the intermediate temperature range (180-50K), a
coupling of the low frequency (~50 cm™') NH," libra-
tional mode with the v{ mode providing dominant contribu-
tion to the linewidth in the low temperature range (below 40
K).

ACKNOWLEDGMENTS

This work was supported by the Department of Atomic
Energy, India and the Department of Science and Technolo-
gy, India. Financial support from these organizations is
gratefully acknowledged.

'E. F. Westrum, Jr. and B. H. Justice, J. Chem. Phys. 50, 5083 (1969).

2G. J. Rosasco and H. J. Prask, Solid State Commun. 16, 135 (1975).

3W. Guttler and J. Y. von Schutz, Chem. Phys. Lett. 20, 133 (1973).

4J. A. Janik, J. M. Janik, and J. Mayer, Phys. Status Solidi 44, 437 (1971).

H. J. Prask, S. F. Trevino, and J. J. Rush, J. Chem. Phys. 62,4156 (1975).

‘I Ikeda and C. A. McDowell, Chem. Phys. Lett. 14, 389 (1972).

"H. G. Smith and H. A. Lavy, Acta Crystallogr. 15, 1201 (1962).

8].-0. Lundgren and R. Liminga, Acta Crystallogr. Sect. B 35, 1023
(1979).

°].-O. Lundgren, Acta Crystallogr. Sect. B 35, 1027 (1979).

1°C. 8. Choi, H. J. Prask, and E. Prince, J. Chem. Phys. 61, 3523 (1974).

1C. S. Choi and H. J. Prask, Acta Crystallogr. Sect. B 32, 2919 (1976).

2M. Stammler, D. Orcutt, and P. C. Colodny, Adv. X-ray Anal. 9, 170
(1966).

'3V.J.J. van Rensburg and C. J. H. Schutte, J. Mol. Struct. 11,229 (1972).

14C. J. H. Schutte, Solid State Commun. 35, 577 (1980).

SR. F. Code, J. Higginbotham, and A. R. Sharp, Can. J. Phys. 54, 239
(1976).

16Z.T. Lalowich, C. A. McDowell, and P. Raghunathan, J. Chem. Phys. 35,
294 (1975).

'7J. W. Riehl, R. Weng, and H. W. Bernard, J. Chem. Phys. 58, 508 (1973).

'8]. W. Hennel and Z. T. Lalowich, Proc. XVI Congress Ampere, edited by 1.
Ursu (Bucharest, 1970), p. 637.

R. M. Corn and H. L. Strauss, J. Chem. Phys. 79, 2641 (1983).

20K. Tanabe, Spectrochim. Acta Part A 40, 437 (1984).

2'T. B. Brill and F. Goetz, J. Chem. Phys. 65, 1217 (1976).

2N, Toupry, H. Poulet, M. Postollec, R. M. Pick, and M. Yvinec, J. Raman
Spectrosc. 14, 166 (1983).

M. Trefler and G. R. Wilkinson, Discuss. Faraday Soc. 48, 108 (1969).

2R. Mitchell, I. May, and J. Kelso, Conference on Molecular Spectrosco-
py, Columbus, OH, 1972.

*H. F. Shurvell, R. J. C. Brown, and J. Korppi-Tommola, J. Raman Spec-
trosc. 9, 28 (1980).

*R.J. C. Brown, J. G. Smeltzer, and R. D. Heyding, J. Magn. Reson. 24,
269 (1976).

D. 1. J. Van Rensburg and J. C. A. Boeyens, J. Solid State Chem. 5, 79
(1972).

2%y, Korppi-Tommola, R. J. C. Brown, H. F. Shurvell, and O. Sala, J. Ra-
man Spectrosc. 11, 363 (1981).

#C. C. Stephenson, R. S. Orehotsky, and D. Smith, in Thermodynamik
Symposium in Heidelberg, edited by K. Schafer (Deutschlan, AZ-Wer-
burg-Weber Druck, Heidelberg, 1967).

30A. V. Rakov, Proc. Lebedev Phys. Inst. 27, 111 (1965).

3T, E. Jenkins and J. Lewis, J. Raman Spectrosc. 11, 1 (1981).

32H. D. Lutz, R. A. Becker, W. Eckers, B. G. Holscher, and H. J. Berthold,
Spectrochim. Acta Part A 39, 7 (1983).

*C. H. Wang and R. B. Wright, J. Chem. Phys. 58, 1411 (1973).

M. Prager, W. Press, B. Alefeld, and A. Huller, J. Chem. Phys. 67, 5126
(1977).

J. Chem. Phys., Vol. 84, No. 12, 15 June 1986

Downloaded 13 Nov 2009 to 220.227.97.99. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



