PHYSICAL REVIEW B

VOLUME 39, NUMBER 6

15 FEBRUARY 1989-I1

Temperature-dependent Raman study of ammonium perchlorate single crystals:
Evidence for NH," quantum rotation below 30 K

T. Chakraborty and A. L. Verma
Department of Physics, North-Eastern Hill University, Shillong 793 003, India
(Received 4 December 1987; revised manuscript received 26 September 1988)

We report a detailed temperature-dependent Raman study of oriented single crystals of NH,ClO,
and ND,CIO, in the lattice-mode region from 10 to 300 K. Based on the deuterium shift, charac-
teristic changes in bandwidth with temperature, structural information, etc., we have assigned the
Raman bands in the lattice-mode region, which provides deeper insight into the dynamics of am-
monium ions in the lattice. We have observed temperature-dependent sidebands by 19 cm™! (10
K) from the main bands associated with some of the internal and lattice modes of the NH,* ion
below 30 K. These spectral features have been explained in terms of a model in which the NH,*
ion rotates almost freely about one of the axes coinciding with the N—H(2). . .O(1) bond while it
performs librational motion about the two perpendicular axes below 30 K.

INTRODUCTION

It is well recognized that the thermal, mechanical, and
many other physical properties of solids are strongly
influenced by the orientational freedom of molecular
groups which, in turn, depend mainly on the height,
shape, and symmetry of the potential rotational moment
of inertia, and temperature. Molecular groups like CH,,
—CH,;, and ions like NH," in different solids have been
studied extensively by high-resolution inelastic neutron
scattering  (INS),2 nuclear magnetic resonance
(NMR),>* infrared spectroscopy,’ and many other tech-
niques.6 Until now, clearly separated and almost free ro-
tational transitions have been observed experimentally
only in solid hydrogen,’’ solid methane in phase II, and
in the rotation of the —CHj; group in y-picoline (Ref. 2)
at low temperatures using mainly the INS technique.
The potential barriers for rotation of molecular groups

~are very small, and the rotational quantum numbers of
the free molecule are good quantum numbers for describ-
ing orientational motion in these systems. On the other
hand, if the orienting potential is strong in comparison
with the rotational constant, the molecular groups per-
form small angular oscillations (librations) around their
equilibrium orientations. In the range of intermediate
potential strength, the librational states may split by
quantum-mechanical tunneling of molecular ions among
the different equilibrium orientations. Since most of
these motions have low frequencies, a careful study of the
low-frequency Raman spectra may yield valuable infor-
mation about the dynamics of molecular ions in solids.
We report such studies on ammonium perchlorate in this
communication.

Ammonium perchlorate has been extensively investi-
gated by various techniques to elucidate the dynamical
properties of the cation in the orthorhombic (D1$)
lattice.®~13® From temperature-dependent Raman study
of the linewidth, intensity, and frequency shift of some of
the internal and lattice modes, we had shown that
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NH,CIO, undergoes two phase transformations at 40 and
180 K.? As the lattice modes provide a sensitive probe of
the crystalline field, proper analysis of the lattice-mode
Raman spectra can, in principle, yield a better under-
standing of molecular dynamics in solids. From the lim-
ited data available in the literature, only a qualitative and
incomplete analysis of the low-frequency modes of
NH,CIO, had previously been attempted by different
workers as summarized in Table I. The neutron-
diffraction results!* on NH,CIlO, indicate that, below 40
K, the N—H(2)---0O(1) bond is strong and straight,
while the remaining N—H --- O bonds are bent and
weak (for structure and numbering of atoms, see Fig. 1).
Many studies®® %@ indicate a very low potential barrier
for the NH,* (Ref. 14) reorientation in the lattice. More-
over, the structural data indicate one of the three NH,*
librational frequencies to be much smaller than the other
two. An analysis of the tunnel-split components of the
NH,* librational ground state predicts'>® one of the

TABLE 1. Assignment of lattice-mode Raman spectra of
NH,CIO, by earlier workers at room temperature (RT) and at
12 K.

RT 12-K

freq. freq.

(cm™1)- (cm™") Assign.? Ref.
43 Clo,~ (LM) 10,11
65 Clo,~ (LM) 11
68 NH,* (T) 10
152 NH,* (T) 10,11

35 NH,* (T) 9
50 NH," (T) 9
165 Clo,~ (LM) 9
180 NH,* (L) 9

2LM denotes lattice modes; T denotes translational modes; L
denotes librational modes.
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FIG. 1. The crystal structure of ammonium perchlorate pro-
jected on the mirror plane a-c. The dashed lines joining the oxy-
gen and hydrogen atoms indicate the O - - - H hydrogen bond
(after Ref. 14).

NH, " librational frequencies to be much higher than the
other two.

In view of the low potential barrier, low crystal-field
symmetry,'* and conflicting reports about the orienta-
tional freedom of cations, proper analysis of the lattice-
mode Raman spectra, a clear identification of the NH,*
librational (rotational) and transitional modes in
NH,CIO, is extremely important. We therefore under-
took a systematic temperature-dependent lattice-mode
Raman-spectroscopic study on NH,CIO, and ND,ClO,
single crystals. One of the most interesting findings in
these studies is an observation of temperature-dependent
sum and difference bands separated by +19 cm~! (10 K)
from the main bands associated with some of the internal
and lattice modes of the NH, " ion below 30 K in the Ra-
man spectra of NH,CIO,. After comprehensive discus-
sion, we have arrived at the conclusion that the NH, ™
ion behaves like a one-dimensional free rotator along the
N—H(2) - - - O(1) axis while it librates around the other
two perpendicular axes below 30 K. To our knowledge,
this is the first observation of clearly separated rotational
levels of the NH, ™ ion in a chemically pure solid by Ra-
man spectroscopy.

EXPERIMENT

Single crystals of ammonium perchlorate were grown
from saturated aqueous solutions of analytical-grade ma-
terial. The deuterated crystals were grown by repeated
crystallization (five times) of crystalline NH,ClO, in D,0.
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The crystals used in the present study were transparent
pieces in the form of parallelepipeds with the longest side
as the c axis and the smallest side as the a axis.

The Raman spectra were measured with a convention-
al SPEX triple monochromator and a microprocessor-
based photon-counting system. A closed-cycle helium
cryocooler was used for low-temperature studies. The in-
tegrated intensities of the bands were obtained from
graphical resolution assuming multi-Lorentzian bands
given by the formula

I=3I(v,)b}/[b2+(v—v,,)], (1)

where v, is peak frequency and b, is the half-width at
half maximum height (HWHM) of the nth band. The full
width at half maximum (FWHM) so obtained was
corrected for finite slit width using the formula!>®

(an)t=(8n)a{1_[s/(6n)a]2} > 2

where (8, ), is the correct FWHM of the nth band. (3, ),
is the apparent FWHM of the nth band, and S is the slit
width in cm™!. The slit width S in cm™! was measured
directly from the FWHM of the plasma lines as the natu-
ral width of these lines is very small. Figure 2 depicts a
typical result obtained by this procedure in the lattice

mode (aa) region where we have obtained very good

Intensity (arb. units)

Raman

| 1 1
350 250 150 50

Wave number (cm')

FIG. 2. Observed (dotted curve) and deconvoluted (solid
curve) 156-cm~! NH,* librational band contours as discussed
in the text. The point X is the calculated band contour on the
Raman spectra of ammonium perchlorate single crystal at 15 K.
The dashed line represents the baseline used for deconvoluting
the spectra.
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agreement between the observed and deconvoluted inten-
sities. Plasma lines of the argon-ion laser and known
CCl, lines were used for spectral calibration and the ac-
curacy of the band positions reported in this paper is es-
timated to be within +0.5 cm ™.

FACTOR-GROUP ANALYSIS

In general, the quasirotational (librational) and transla-
tional motions of the molecular units in the lattice give
rise to coupled modes, which makes a quantitative under-
standing of the Ilattice-mode Raman spectra quite
difficult. However, the coupling depends on the time
scales of the different types of motion and is expected to
be significant only if the frequencies of these motions are
nearly similar. For the motion of the ammonium and
perchlorate ions in these systems, one can start with the
first-order approximation that the coupling between the
translational and librational motions is not significant due
to the unusually low potential barriers governing the li-
brational motion of cations. We shall, therefore, try to
analyze the observed spectra in this approximation. Both
NH,CIO, and ND,CIO, belong to the D}¢ space group
and the ammonium as well as the perchlorate ions occu-
py sites of C, symmetry (Z =4).'"* The external optical
modes belong to the F| and F, types of the 7, symmetry
for free ions. These correlate with the different types of
C; site group and the D,, space group as shown in Table
II. One would expect a 12-site symmetry split, and a
maximum of 24 Raman-active site-split and correlation-
field-split components in the lattice-mode region. How-
ever, if the correlation field splitting is not large in the
lattice-mode region, one would observe bands at approxi-
mately the same frequency positions in the 4, (aa,bb,cc)
and B,; (ac) and the B, (ab) and B;, (bc) polarization
geometries.

RESULTS AND DISCUSSION

The Raman spectrum of NH,CIO, exhibits drastic
temperature dependence and we have shown that it un-
dergoes two phase transitions at 40 and 180 K within the
same space group.® Here we shall be mainly concerned
with the lattice-mode region and dynamics of cations.
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The lattice-mode Raman spectra of NH,CIO, and
ND,CIO, single crystals in various scattering geometries
at room temperature and 10 K are shown in Figs. 3 and
4. Before going into details, we shall briefly summarize
(a) the variation of the Raman spectral parameters with
temperature, and (b) the observed effects of deuteration.

(a) We have observed three distinct types of variations
in the Raman spectra as a function of temperature.

(i) All the bands except the 70- and 168-cm™!
(By4,B3,) and 65.4-cm™~' (B,,) ones observed at room
temperature could be traced down to 10 K.

(ii) The low-temperature (10 K) bands at 196 cm™'
(B1gsB3g), 156 cm™! (4,,B5,), 113 cm™! (Bg,Bg:B3,),
48 cm™! (B1g,B3,), and 33 cm™! (By,), on the other
hand, could be traced only up to 40-70 K.

(The above two groups of bands have been identified as
lattice modes for the purpose of assignment and have
been listed in Table III.)

(iili) We have observed sidebands due to quasi-one-
dimensional rotation of the NH,™" ion separated by +19
cm~! (10-K value, Fig. 5) from the NH,* vibrational and
lattice modes up to 30 K. Below 15 K the spectral pat-
tern in the (80-160)-cm™! (Bg,Bg,B3,) and (50-85)-
cm™! (A4,) frequency ranges show complicated splittings
(Fig. 4). The observed multiplet structure in the
(80-130)-cm ™' (B ,,B,,,B;,) range has been qualitative-
ly understood in terms of tunnel-split components of the
excited NH,* librational states. The remaining structure
has not been understood properly at this stage. The fre-
quencies of these bands are given in Table IV.

(b) We have observed the following effects upon deu-
teration.

(i) At room temperature, the 179-cm ! (A4,) band of
the NH,* ion shows a frequency shift, while other bands
do not shift upon deuteration.

(i1) At temperatures below 120 K, the positions of all
the observed bands in the lattice region of the deuterated
system are different than those for the hydrogenated sys-
tem. The bands assignable to the librational and transla-
tional modes of the cation, however, show the expected
deuteration shift.

(iii) In contrast to the hydrogenated system, neither
side bands nor low-temperature tunnel splitting of the

TABLE II. Correlation of the lattice modes of NH,ClO, and ND,CIO, in the (10-300)-K tempera-

ture range.

Clo,” (NH,")

Cs

ion site D
T, symmetry symmetry space group
[ 24’ 2 Ag: 2B lu
F, 2By;,2B3,
NH,* (Clo,™)? A" By, A,°
Translation B,,,B,,
A’ Ag ’ B lu

Fl [ B2g 7Blu
NH,* (Cl0,7) 24" 2B,,24,°
Libration 2B,,,2B,,

“1B,,, 1B,,, and 1B;, components of the translational modes correspond to the acoustic modes.

*Inactive.



3838 T. CHAKRABORTY AND A. L. VERMA 39
RT 10K i
a(cc)b +alca)b P
A
| N A
! \,
Lo
N
:‘Z I SN
5 “ (D) A
g e N A I Rt .
& T m /
> v g b(ab)c
") o
£ | ©
< c \
E g 4 )
) [= Fan |
14 = NS /
’ 1 Il
c / \ s
© =’ [
€ /. \ i
o v \ A
[+ 4 ( B) ’/ s
] ] N e [ 4
350 250 150 50
Wave number (cm!)
b(aa)c
FIG. 3. The polarized lattice-mode Raman spectra of
NH,CIlO, (solid curve) and ND,ClO, (dashed curve) single crys-
tals at room temperature in the a(cc)b +a(ca)b polarization
geometries. (A)
. . . L 1 1
ND, " vibrational or lattice modes could be observed. 350 250 150 50

In order to identify the origin of the observed side-
bands associated with the NH,* vibrational and lattice
modes, we shall first assign the observed lattice modes in
the Raman spectra of NH,CIO, and ND,ClO, single
crystals.

LATTICE MODES DUE TO THE ClO,~ ANION

Based on the characteristic fast increase in the
linewidth of the librational modes compared to the
translational modes of NH{r ions with temperature, ex-
pected deuteration shift, similarity of the temperature
dependence of the respective modes in the hydrogenated
and deuterated systems, and polarization characteristics,
comparison with the lattice modes of the ClO,~ ion in
NaCIO4,’6 etc., we have assigned the observed Raman
bands in the lattice-mode region to the NH,CIO, systems.
The ClO,” ions are distorted from their regular
tetrahedral structure and are localized in the lattice
below room temperature.® The lattice modes of the
ClO," ions are therefore expected to give sharp and rela-
tively stronger bands in the Raman spectra of these com-
pounds. The ClO,  lattice modes were therefore as-
signed on the basis of deuteration insensitivity, relatively
sharp nature of these bands, and in analogy with the as-
signments in KClO, (Ref. 17) and NaClO, (Ref. 16) single
crystals. The results are summarized in Table III.

Wave number (cm-1)

FIG. 4. The polarized lattice-mode Raman spectra of am-
monium perchlorate (solid curve, labeled 4 and C) and deu-
terated ammonium perchlorate (dashed curve, labeled B and D)
at 10 K. The different polarization geometries are shown in the
figure. L represents ammonium librations, while CS is the com-
plicated structure as discussed in the text.

LATTICE MODES OF THE NH,* CATION

Substitution of deuterium in place of hydrogen in the
NH,* ion would affect the frequencies of the NH, ™" lat-
tice modes considerably. The ratios of the librational and
translational mode frequencies in the hydrogenated and
deuterated salts is expected to be V'2:1 and 1.1:1, respec-
tively.!°

The 113- and 156-cm ™! (10 K) bands have been unam-
biguously assigned as NH, 1 librational modes as they de-
crease by factors of 0.71 and 0.66, respectively, in the Ra-
man spectra of ND,ClO,. From the known structural
data,' the ratio of the force constants of different NH,
librail:igons can be calculated using the following expres-
sion:

¢i OCKi70'25 , (3)
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FIG. 5. Representative Raman spectra of ammonium per-
chlorate in the lattice-mode region and in the regions of internal
modes of the ammonium ion at a few selected temperature. L
and T indicate the ammonium librational and translational
modes, respectively, while C represents perchlorate lattice
modes. The arrows indicate the rotational sidebands as dis-
cussed in the text.

where ¢;’s are the librational amplitudes and K;’s are the
corresponding force constants. The ratio of the two
high-frequency librational force constants for the NH,*
ion in NH,CIO, comes out to be 11:18 using known
structural data and expression (3). The ratio of the ob-
served bands at 113 and 156 cm ™! associated with the
NH, ™" librational frequencies is 113:156—11:16, which is
in excellent agreement with the structural data. One of
the librational frequencies extracted from the NMR ac-
tivation energy'? turns out to be 14018 cm™! and is
close to the observed librational mode at 156 cm~! (10
K). The 113-cm™! band corresponds to the observations
of Rosasco et al.,’ but the extremely feeble and broad
background (Fig. 1, Ref. 9) centered around 180 cm ™'
had been misinterpreted by these authors as an NH,* li-
brational mode. This is mainly due to the fact that
NH,CIO, is a strong proton conductor'>? and therefore
a depolarized, featureless background is typical of this
system due to translational motion of the proton. The

TABLE IV. Unidentifiable observed modes in NH,ClO, (10
K). (w denotes weak, vw denotes very weak.)

Symmetry
A, By, B,, B,,
Frequency
(cm™Y
50.7 vw 86.4 w 813w 85.1 vw
82.1w 97.5 w 96.2 vw 102.0 w
104.0 vw 107.5 w 123.6 vw 120.0 w
1212 w
138.4 vw
156.0 vw

T. CHAKRABORTY AND A. L. VERMA 39

observation of a similar depolarized background in the
Raman spectra of NH,ClO, in the lattice-mode region
(170-250 cm ™ !) therefore strongly supports our conten-
tion.

The assignment of the 156-cm ! mode as the NH,* li-
brational mode and its correlation to the 105-cm ™! band
in the deuterated system merits further discussion as the
band observed around 155 cm~! in the deuterated spec-
trum has been associated with the ClO,~ motion by ear-
lier workers.” In view of their close frequencies it is
indeed tempting to correlate the 156-cm~' (NH,CIO,)
and 155-cm~! (ND,CIO,) bands with a ClO,” mode.
This view, however, is not tenable for the following
reasons.

(1) In the hydrogenated system the 156-cm™! band is
observed in the (@a) and (ac) scattering geometries,
whereas in the deuterated system this band is observed in
the off-diagonal scattering geometries only (Fig. 4).

(2) The 156-cm~! band shows a strong temperature
dependence and softens upon increasing the temperature
from 10 to 30 K. The 155-cm~! band in the deuterated
salt, on the other hand, is temperature independent in the
same temperature range.

Correlation of the 156-cm ™! band of the hydrogenated
salt with the 105-cm~! band in the deuterated salt, how-
ever, is free from the above discrepancies, as it is ob-
served in the expected scattering geometries and shows
similar temperature dependence as the 156-cm ! band in
NH,CIO,. )

The 48- and 218-cm ™! bands (10 K) show a deuterium
shift by a factor of 0.91 and have been identified as origi-
nating predominantly from NH,* translational modes.
This is consistent with the observation of Rosasco et al.,
and the inelastic neutron peak®' at 48 cm~! also corre-
sponds to our observation. The 33-cm~! band observed
in the (ac) polarization geometry of the hydrogenated salt
has been correlated with the 26-cm ™! band in the deu-
terated system. This band has been correlated with the
NH," translational mode and no band has been observed
in the INS spectrum?! around 33 cm~!. The larger deu-
terium shift of 0.79 for this band indicates some form of
coupling of this mode with the librational motion of the
cation because of its low frequency.?>%

At higher temperatures, only one band at 178 cm™
(room temperature) shows a definite deuterium shift of
0.9 and is therefore assigned as an NH," translational
mode. This is consistent with the fact that the NH,™"
(ND,%) ions are rotating almost freely at room tempera-
ture and retain their tetrahedral structure.® The libra-
tional motion of a tetrahedral group belongs to the F,
symmetry and is inactive in the ir and Raman spectra.
We may point out here that although the 33- and 48-
cm~! bands were reported by Rosasco et al.’ also and as-
signed as NH, " translational modes, their symmetry as-
signment is erroneous. From the results given in Table
III, it is clear that at low temperatures we have observed
and assigned the site-split and correlation-field-split com-
ponents of the NH,* (ND,™) librational and translation-
al modes consistent with the structural data'* and group
theoretical predictions.

1
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EVIDENCE FOR ONE-DIMENSIONAL
NH,* QUANTUM ROTATION BELOW 30 K

As pointed out earlier, the most surprising observation
in our studies is that many vibrational modes associated
with the NH,' ion show temperature-dependent side-
bands on the high- and low-frequency sides of the central
bands. The frequency separation of these side bands in-
creases from 19+0.5 cm~! at 10 K to 22.2+0.5 cm ™! at
30 K. The vibrational modes of the ClO,~ ion, on the
other hand, do not show any such structure. In this sec-
tion we shall focus our attention on understanding the
nature of these sidebands. The various possible explana-
tions for the appearance of these sidebands can be con-
ceived in terms of the site and correlation-field splittings,
inequivalent NH, " sites in the lattice, combination tones
involving the NH,* modes with an unobserved low fre-
quency (~19 cm ™) lattice mode, free rotation of the cat-
ion, excited librational state splitting, or one-dimensional
(hindered) rotation of the NH,™" ion in the lattice. Prop-
er identification of the nature of the observed excitations
shall be crucial for understanding the dynamical aspects
of the system.

The site and correlation-field splittings of the vibra-
tional modes in a unit cell depend on the degree of distor-
tion of the ion(s) occupying sites of lower symmetry and
the induced dipole moment generated during a particular
mode of vibration of the molecular species in the unit
cell. Therefore the strongly ir-active asymmetric stretch-
ing and deformation modes of the cation would be ex-
pected to show a much larger splitting compared to the
very weakly ir-active symmetric stretching or bending
modes in the low-temperature Raman spectra of
NH,C10,. The constant frequency separation of the side-
bands from all the NH,* vibrational modes thus rules
out the possibility of understanding the observed satellite
bands as originating from site or correlation-field split-
tings. Similarly, from the absence of any possible ine-
quivalent sites to accommodate the cations in the Pnma
space group of NH,ClO, at 10 K, and the absence of
similar structure in the low-temperature ir spectra,24 we
must conclude that the sidebands cannot originate from
inequivalent cation sites in the lattice. For the site-split
or correlation-field-split components as well as for the
NH,* ions occupying inequivalent sites, the energies of
the NH,* vibrational modes are much larger than kT
below 30 K and therefore the intensities of the sidebands
are expected to be temperature independent. The strong
temperature dependence of the sidebands, the structural
data,'* and other spectroscopic data’** support our con-
tention.

If one attempts to explain the sidebands as combina-
tion tones of an unobserved low-frequency lattice mode
with the NH,* vibrations, the following serious
discrepancies are encountered.

(1) The assumed lattice mode at ~19 cm™! in the
Einstein-oscillator approximation would contribute 1.1
calmol~! K~ ! to the heat capacity at 10 K, while the ex-
perimental value® is only 0.543 calmol~! K~ 1.

(2) For a 19-cm ™! (10 K) NH,* or ClO, ™ lattice mode
in NH,CIO,, a corresponding mode is expected in the
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ND,CIO, spectra. No band in the (13-20)-cm~! range
was observed either in the lattice-mode region or in com-
bination with the reasonably strong N—D symmetric-
stretching mode in the Raman spectra of ND,ClO,.

(3) For the 19-cm ! lattice mode, the intensity ratio of
the difference and sum tones would be given by
exp(—#w /kT) at all temperatures. This expression gives
a theoretical value of 0.402 at 30 K, while the experimen-
tal value is ~ 1.

(4) The intensity of the difference-tone band is propor-
tional to 1/[exp(#io/kT)—1]. Thus the difference-tone
intensity should increase 3.5 times in going from 15 to 30
K, while experimentally only a nearly twofold intensity
increase has been observed for many difference bands in-
volving 19-cm ! excitation.

At low temperatures the excited librational states in
many systems®> are known to split considerably (2—10
cm™!) due to quantum-mechanical tunneling of ions,
while the translational and internal modes show only a
very small splitting (~0.5 cm™!). The observed satellite
bands separated by =19 cm™! (10 K) with the internal
and external modes of the NH," ion conclusively show
that these bands cannot be explained in terms of excited
librational state splittings either. This view is supported
by the observation of a complicated multiplet structure
(Av~5 cm™") associated only with the 113-cm~! NH,*
librational mode (Fig. 4). Most likely this structure arises
from excited librational state splitting due to rotational
tunneling of the cation as the hindering barrier is expect-
ed to be low for such a low-frequency librational mode.
However, in view of the strong temperature dependence
of this multiplet, possible interference from combination
or overtones of several low-frequency lattice modes, etc.,
an unambiguous assignment of this multplet is not possi-
ble at this stage.

The inadequacy of the possibilities considered so far in
explaining the observed sidebands, the small frequency
separation, the observation of only two out of the three
expected NH," librations, and structural data of
NH,CIO, at 10 K (Ref. 14) suggest that the cations may
be rotating almost freely around the strongly hydrogen
bonded N—H(2)---0O(1) bond making an angle
of 84.17° with the a axis in the ac plane while it
librates around the two axes perpendicular to the
N—H(2) - - - O(1) bond. We shall attempt to explain the
observed spectral features in terms of this model. The ro-
tational problem, therefore, reduces to that of a plane ro-
tor which can be described by Schriodinger equation of
the form

—#dY/20d P>+ V($)W=E . 4)

As V(¢)—0, the rotational energy is simply given by
F= AK?, where K is the one-dimensional rotational
quantum number. The selection rules for the vibration-
rotation Raman spectra are Av==x1 and AK =0, 2 for
the diagonal scattering geometries and Av==*1 and
AK =42 for the off-diagonal scattering geometries.®
However, AK =0 transitions may also become allowed in
the off-diagonal scattering geometries as the cation per-
form;librational motions around the two perpendicular
axes.
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In order to analyze the observed spectra, one must take
into account the influence of nuclear spin on rotational
transitions. This point has been discussed in detail by
Vedder and Hornig.’®®>®) For the rotation of the ion
around the N—H(2) - - - O(1) axis, only three protons
change their positions. From detailed considerations of
the spin of the fourth proton, Vedder and Hornig>® have
shown that in this situation the population of the K =0
level should increase with a decrease in temperature,
leading to a concomitant increase in the K =0—0 and
K =0—2 transition intensities. Using the proposed
energy-level scheme (Fig. 6) based on this model, the
strong central bands would correspond to the Av=1.
AK =0 transitions, while the Av =1, AK = %2 transitions
are expected to give rise to sidebands separated by 23.6
cm™! from the central bands. Our experimental results
can be explained in this framework. However, the ob-
served separation of £19 cm ™! (10 K) for the sidebands is
smaller than the planar-rotor predictions. This is be-
lieved to be due to the presence of a weak hindering po-
tential originating from the interaction of the molecular
unit with all other atoms and ions in the lattice. If a
threefold cosine-type hindering potential is assumed, then
the AK = =2 transition energies are expected to be higher
than the corresponding free-rotor energies (Fig. 3, Ref.
2), which is contrary to our observation. Therefore the
possibility of a threefold barrier hindering the motion of
the NH," ion about the N—H(2) - - - O(1) axis can be
definitely ruled out. This is also supported from the
structural data'* and the complex surrounding of the rap-
idly interchanging protons where only the H(1) atom is
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FIG. 6. Vibration-rotation energy-level scheme for the total-
ly symmetric (4,) ammonium vibrational modes. Different al-
lowed transitions in the Raman scattering are indicated by vert-
ical lines. “A4” under energy (E) is the rotational constant.
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surrounded by a hemispherical umbrella of six oxygen
atoms. Although our results can be explained by assum-
ing a sixfold barrier? of moderate height of ~110 cm ™!,
limited experimental data and the absence of any litera-
ture evidence for such a potential makes it highly specu-
lative. In view of this, a quantitative estimate of the po-
tential height and its shape is not feasible at this stage.
However, the comparable value of the K =0— 2 transi-
tion energy (19 cm ™!, 10 K) with the planar-rotator ener-
gy (23.6 cm™') and a comparison of our data with those
for the CH, in phase II (Ref. 1) allow the observed side-
bands to be interpreted as combination tones with the
one-dimensional hindered NH,*t rotational states in a
very weak hindering potential. This view is strongly sup-
ported from the following facts.

(1) The decrease of the intensity of the Av=]1,
AK = —2 transition with increasing temperature is as ex-
pected for a rotational transition.?%?’

(2) The observed nearly twofold increase in the intensi-
ty of the low-frequency sidebands associated with the
N—H stretching and the 156-cm™! librational mode for
an increase in temperature from 15 to 30 K matches very
well with the predicted intensity increase (2.0 times) for
the K =20 transition based on the model of one-
dimensional rotation of the NH,' ion without spin
equilibration.

(3) The rotational heat capacity is a very sensitive func-
tion of the potential barrier. The calculated rotational
heat capacity of the NH,* ions in tetrahedral, trigonal,
and orthorhombic fields show a hump around 30-40 K if
and only if there is a free rotation around a N—H
bond.?*?° This anomaly disappears for barrier heights
more than 200 cal mol ! hindering the threefold rotation.
The calculated rotational heat capacity in the (30-40)-K
temperature range is 1.15 calmol ! deg ! when the ion is
freely rotating around a N—H bond. Thus the observa-
tion of a hump in the rotational heat capacity of
NH,CIO, in the (30-40)-K temperature range and the
magnitude of rotational heat capacity of ~1.17
calmol~!deg ™! in the same temperature region strongly
support our conclusions.

(4) The observed INS peak®>3 at 23 cm~! can be con-
sistently understood in terms of the K =0—2 rotational
transitions of the cation as this band cannot be assigned
to any lattice modes of the NH,* ion for reasons given
earlier.

(5) The existing NMR results can also be understood in
terms of the proposed model. For the motion of the
NH," ion taking place at time scales of the order of
1013 s, the NMR technique cannot probe this motion
because of its slow time scale. Fast reorientation of the
NH,* ion would, however, modify the NMR signals in
the following ways.

(a) The spin-spin relaxation time T, decreases with de-
creasing temperature because of the fast motion of the
NH," group, causing relaxation via spin-rotational in-
teraction. (b) The average second-moment value associat-
ed with the intramolecular dipolar coupling within the
F-type, almost freely rotating, NH," ion should be con-
sistent with the theoretical value (~ 10 G?) corresponding
to the freely rotating F-type NH,* ion. (c) The fast reori-
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FIG. 7. The rotational heat capacity of the ammonium ion in
(a) ammonium perchlorate (experimental result, Ref. 6), (b) an
orthorhombic crystalline field for a ground-state splitting of
0.15 cm™! (Ref. 28), and (c) a trigonal crystalline field for a
ground-state splitting of 0.094 cm™! (dashed line) and the
change in the temperature dependence of heat capacity in the
presence of a threefold rotation in a trigonal crystalline field
(dashed-dotted curve, Ref. 29).

entation of the NH, " ion is expected to retard the pro-
cess of spin equilibration, leading to very high spin con-
version time, as found for CH, in phase 11!

The absence of spin conversion up to 1.7 K for 12 h,?!
the observation of line narrowing in the NMR spectra
with decreasing temperature,*!>3! and the experimental
average value of the second moment [M,(F)] of 11.1£0.5
G? therefore suggest the presence of a very fast reorienta-
tion of the NH, ™" ions in the lattice. Although the inter-
pretation of our Raman-spectroscopic results is in very
good agreement with the structural,’* NMR,
quasielastic-neutron-scattering,'> and heat-capacity re-
sults,® our conclusions are at variance with the interpreta-
tion!® of the observed ground-state splitting in the INS
spectrum. The observed INS spectrum had been ex-
plained by assuming that only 120° tunneling is impor-
tant. When the magnitude of the tunneling overlap in-
tegrals is extracted from the experimental data, it is
found that the four 120° tunneling matrix elements are
hy=—0.035, hy=h;=—1.317, and h,=—1.410. This
indicates that one of the four N—H rotation axes is a
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hard rotation axis, whereas the remaining three are soft
rotation axes. Using the experimentally obtained libra-
tional amplitudes of the threefold librations of the NH,*
ions in NH,CIO,, the ratio of the librational force con-
stants and the barrier heights can be found in the har-
monic approximation using expression (3). The ratio of
the threefold librational force constants came out approx-
imately 5:1:2:2, indicating that one of the rotational axes
is very soft and two axes are hard, while the fourth rota-
tional axis is very hard. The structural data, therefore,
are at variance with the interpretation of the INS results.
The estimated barrier heights from the librational ampli-
tudes turn out to be ~0.2 kcalmol ™! for the very soft
axis and ~ 1 kcalmol ™! for the hardest rotational axis.!*
The barrier heights from Huller’s model, on the other
hand, come out to be 2 kcal mol ! around the hard axis
and ~1 kcalmol ™! around the soft axes.”® As shown
in Fig. 7, the calculated rotational heat capacity of the
NH," ion from the observed 4-E ground-state tunnel
splitting of 0.1 cm ™! in a trigonal or orthorhombic field is
in very poor agreement with the experimental results.
Huller’s model!® also fails to take into account the 180°
tunneling which is likely to be important as the barrier
height is expected to be ~ 1 kcal mol ! for the librational
motion corresponding to the observed librational modes
at 156 and 113 cm™~!. On the basis of the above discus-
sion, it emerges that the interpretation of the observed
INS spectrum is not correct.

CONCLUSIONS

From the detailed temperature-dependent Raman stud-
ies on NH,ClO, and ND,CIO, single crystals, we have
been able to assign the observed Raman bands in the
lattice-mode region of these systems. Our analysis is fully
compatible with the known crystal-structure data and
group-theoretical predictions. From the observed sum
and difference bands separated by +19 cm™!, we have
concluded that the NH," ion performs an almost free
one-dimensional rotation about the strong and straight
N—H(2) - - - O(1) axis, while it librates around the other
two perpendicular axes. A threefold cosine potential
hindering the rotation of the NH,™ ion can be ruled out
and the hindering potential may be more complicated.
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