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1. Introduction

Ammonium compounds have been extensively stud-
ied by a wide range of experimental techniques
because of their unique properties. The tetrahedral
ammonium ion is capable of forming four hydrogen
bonds, which can point toward the corners of a
surrounding tetrahedron. The most favorable hy-
drogen bonding can take place when the site sym-
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metry of the ammonium ion is tetrahedral. However,
there may be more than four hydrogen bond accep-
tors at nearly equal distances from the nitrogen atom
of the ammonium ion. In this situation, it is possible
for the ammonium ion to have a number of equivalent
or nearly equivalent orientations in the solid. If the
energies of the ammonium ions in two or more
equivalent positions are the same, there is the
possibility of a disordered structure. If the energies
are only slightly different, the ammonium ion may
undergo hindered rotation with a low barrier. Am-
monium compounds with low barriers to rotation
show anomalous properties in their heat capacities.
The ground librational level of the ammonium ion is
16-fold degenerate (5A, 9T, and 2E states) when the
site symmetry of the ammonium ion is tetrahedral
or lower and nuclear spin degeneracies are consid-
ered. If nuclear spin degeneracies are not considered
the degeneracy of the ground librational level is 12-
fold degenerate. When the ammonium ion is in an
octahedral crystalline field the ground-level degen-
eracy is 32-fold degenerate, if nuclear spin degenera-
cies are used. Tunneling splittings have been ob-
served in the ground librational level of a number of
ammonium solids at very low temperatures. For an
ammonium ion in a tetrahedral crystalline field, the
ground librational level splits into three states A (/
=2), TI=1),and E (I =0) symmetry. The nuclear
spin is represented by I. When the ammonium ion
is in a crystalline field of lower symmetry, the triply
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Figure 1. Tunneling states of the ammonium ion in
crystalline fields of Ty, Cs,, Cg, and C; symmetry. The
energy levels are classified according to the irreducible
representations T’ x I', where I' is an irreducible represen-
tation of the group T and I' is an irreducible representation
of the group the represents the site symmetry of the body.
See section 3.2.

degenerate T state splits into two or three states, as
is illustrated in Figure 1.

For a three-dimensional harmonic oscillator, the
energy levels are equally spaced. The librational
frequency is the difference in the energies of the
lowest two harmonic levels. The energy difference
for the transition from the 0 — 2 states is exactly
twice as large as that for the transition from the 0
— ] states. If NH4* were a harmonic oscillator, the
isotope effect for the librational frequency, i.e. the
ratio of the librational frequency of the NH4* to that
of ND,*, would be v/2. For NH," in the solid state
with a finite barrier to rotation, the energy difference
for the transition from the 0 — 2 states is usually
less than twice that for the transition from the from
0 — 1 states. Furthermore, the isotope effect for the
librational frequencies is somewhat less than +/2. For
NH," in its compounds, the higher energy levels
eventually change from anharmonic levels to rota-
tional levels. The result of the crossover can be
illustrated by considering the heat capacity due to
the hindered rotation of NH4*. In Figure 2, the heat
capacity of a three-dimensional harmonic oscillator
with a librational frequency of 201 cm™! is illustrated.
At room temperature, C/R, where C is the heat
capacity and R is the gas constant, approaches a
value of 3. The heat capacity due to the motion of
NH,4* derived from the observed heat capacity of NH,-
BF,! is also illustrated in Figure 2. At low tempera-
tures, the heat capacity due to the motion of NH4* is
the same as that of a three-dimensional harmonic
oscillator, since the lowest energy levels of NH 4+ are
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Figure 2. Curve a is the heat capacity due to the motion
of the ammonium ion in NH,BF,. Curve b is the heat
capacity of a three-dimensional harmonic oscillator with a
librational frequency of 201 cm™!,

harmonic oscillator energy levels. As the tempera-
ture is increased the population of the higher energy
levels increases. There is a gradual transition from
anharmonic to rotational energy levels, as higher
energy levels are occupied. The effect of this is
illustrated in Figure 2, where the heat capacity due
to the motion of NH,* in NH,BF, approaches that of
? free rotor at room temperature, i.e. C/R approaches
/2.

For the past 20 years, studies have been under-
taken to compute the hindered rotational energy
levels of the ammonium ion in many of its compounds
in the solid state and to analyze the experimental
data on the hindered rotation of the ammonium ion
in terms of the computed energy levels. The proce-
dure for computing the energy levels due to the
hindered rotation of the ammonium ion was first
outlined by King and Hornig for the ammonium ion
in an octahedral crystalline field.?2 Since that time,
the hindered rotational energy levels have been
computed for the ammonium ion in crystalline envi-
ronments of all possible symmetries.®* The starting
point of the computation is to assume single particle
rotations, that is the environment of the ammonium
ion can be represented by a rotational potential V(w),
where w represents the Euler angles. The potential
function and wave functions take into account both
the tetrahedral symmetry of the ammonium ion and
the site symmetry of the ammonium ion. The Hamil-
tonian matrix is considered a sum of the potential
energy matrix and a diagonal kinetic energy matrix.
The diagonalization of the Hamiltonian matrices
permits the determination of the hindered rotational
energy levels. These energy levels have been used
to compute the heat capacity, thermal expansion,
librational and tunneling frequencies, and activation
energies of ammonium ions in the solid state.5~1°

Two approaches have been used to compute the
energy levels due to the hindered rotation of a
tetrahedron. The wave functions may be either free
rotational wave functions or harmonic oscillator wave
functions. The pocket state formalism uses the
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harmonic oscillator wave functions. However, this
method has only been used to computed the rota-
tional energy levels in cubic crystalline fields, while
for the procedure using free rotational wave functions
the rotational energy levels of a tetrahedron has been
computed in crystalline fields of various symme-
tries.!! A review of these approaches has been
published.!!

Do any ammonium compounds have coupled am-
monium ions? Coupled methyl groups have been
studied in lithium acetate dihydrate, dimethyl ether,
etc.!? The number of tunneling states increases and
extra terms must be added to the potential function
to take into account the coupling of the methyl
groups. No such coupling of ammonium ions has
been observed.

The theoretical and experimental methods used for
investigating the hindered rotation of ammonium
compounds may also be used to study solid meth-
ane.’34 However, the computation of the hindered
rotational energy levels in solid methane is far more
complex, since the motion of one methane molecule
will affect the other methane molecules in the solid.!?
Nevertheless, there are numerous similarities in the
procedures that are used.’ The hindered rotational
energy levels have been computed for methane ad-
sorbed on graphite and MgQ.1617 A review of hin-
dered rotation in matrix isolated materials has
appeared.!®

Tetrahedral ions, e.g. BH,~, AlH,~, and GaH,;™ have
also been studied using the procedures that have
been found successful for the investigation of am-
monium solids.19-21

2. Experimental Techniques

2.1, Librational Frequencies

The librational frequency is usually measured for
ammonium compounds by use of Raman spectroscopy
or inelastic neutron scattering (INS). By taking the
Raman spectra of both the NH,* and ND,* com-
pounds, it is possible to pick out the librational
frequencies, since the librational frequency of the
NH,* compound will be larger than that of the ND,*
compound by about a factor of +/2.

Inelastic neutron scattering has been used success-
fully to determine the librational frequencies of NH,*
compounds, since it is a very sensitive probe of proton
motions because of their large scattering cross section
and small mass. The measurement of the librational
frequencies of ND,*, however, are not as easily
determined because the scattering cross section of
deuterium is much less than hydrogen.

The librational frequencies of a number of am-
monium compounds have been determined by ob-
serving in the infrared spectra the combination
modes v4 + vg and/or v; + vg, where vo and v4 are
internal vibrations of the ammonium ion and vs is
the librational frequency of the ammonium ion.
These combination modes give good results for the
librational frequencies of the ammonium ion in the
ammonium halides and in some other ammonium
solids that have high barriers to rotation, but give
poor results when the barriers to rotation are low.22
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For the ammonium ion in a crystalline field of T
symmetry, there is a single librational frequency that
is 3-fold degenerate. In fields of lower symmetry, the
librational frequency is split.

2.2, Tunneling Frequencies

High-resolution inelastic neutron scattering has
been used to determine the tunneling frequencies of
ammonium compounds with tunneling frequencies
greater than about 0.5 xeV.?® Transitions between
the A and T states and the E and T states can be
observed.!! The relative intensities of the absorp-
tions help identify which transition the band cor-
responds to. In a tetrahedral crystalline field the
splitting between A and T states is twice as large as
between T and E states.!! Ozaki has derived the
relative inelastic scattered intensities in CHy(II).24
This theory has been applied to methane embedded
in the rare gas solids?>?® and the ammonium ion in
the alkali metal halides.?”

Nuclear magnetic resonance has been used to
determine tunneling frequencies as low as about
0.00002 ueV. Three methods have mainly been used
to determine the tunneling frequencies of NH,*
solids:?®8 NMR line shapes,? field cycling techniques,®
and from the minimum in Ty,.5! The analysis of the
NMR line shapes can be used to determine the
tunneling frequencies of ammonium compounds when
the tunneling frequency is about 0.00003 ueV. The
tunneling frequencies derived from the minimum in
T, are usually for temperatures between 40—70 K.
Since the tunneling frequencies decrease with in-
creasing temperature, the values determined at 4 K
cannot be compared to those derived at much higher
temperatures. The measurement of the spin—lattice
relaxation time 7T; as a function of the proton
resonance frequency v, the field cycling technique,
can be used to measure tunneling frequencies up to
0.4 ueV at any temperature.

The tunneling frequencies of ND,© may be mea-
sured from values of about 0.002 to 0.04 ueV on the
basis of calculating the spectra considering a theory
which accounts for the quadrupole and dipolar in-
teractions for the four deuterium atoms of ND,+.28:32
Use of deuteron NMR has permitted the determina-
tion of the isotope effect in the tunneling frequencies
for (NH.)SnClg and NH,4C10,4.32-3¢ The isotope effect
in the tunneling frequencies has been computed to
vary from 50 for low barriers to rotation to 5000 for
high barriers to rotation.®

2.3. Low-Temperature Heat Capacity

The low-temperature heat capacity of ammonium
compounds can be analyzed by subtracting the heat
capacity due to the lattice from the observed heat
capacity. The result, the heat capacity due to the
motion of the ammonium ion, has been used to derive
librational frequencies. For ammonium compounds
with high barriers to rotation, the ammonium ion
behaves as an harmonic oscillator at low tempera-
tures. Therefore, its heat capacity can be represented
by an Einstein function. The librational frequencies
of a number of ammonium compounds, as well as
compounds of AlH,~, BH,~, and GaH,~, have been
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Figure 3. The rotational heat capacity of the ammonium
ion in (a) NHReOy, (b) (NH4)2SnClg, and the borohydride
ion in (¢) CsBHs,.

derived from low-temperature heat capacities.?! For
compounds where the barrier to rotation for the
ammonium ion is less than 4 kcal/mol, there is a
maximum in the low-temperature heat capacity due
to the motion of the ammonium ion. The tempera-
ture of the maximum in the rotational heat capacity
of the ammonium ion depends both on the barrier to
rotation and the environment the ammonium ion is
in.?® The heat capacity due to the motion of the
ammonium ion is derived by subtracting the lattice
heat capacity and C, — C from the observed heat
capacity. Usually the C, — C, term is estimated. For
NH;BF,, NHReO4, and NH IO, this is difficult,
because of an anomalous thermal expansion.?¢ In
Figure 3, there is illustrated the rotational heat
capacities of CsBH, (c),3” NH,ReQ, (a),%® and (NH);-
SnCls (b),*® respectively. Since the Cy — C, term for
the rotational heat capacities illustrated in Figure 3
are estimated, there is uncertainty in the values of
the rotational heat capacities, particularly at higher
temperatures. The rotational properties of the boro-
hydride ion resemble those of the ammonium ion in
its compounds. The heat capacities of both CsBH,
and NH;ReO, are about the same at low tempera-
tures, because the librational frequency of the
tetrahedral ions are both about 270 cm~1.1940 At
higher temperatures, they diverge, because of the
different environments of the tetrahedral ions.

The librational frequencies of some ammonium
compounds have been derived by subtracting the heat
capacity of the NH,* solid from the ND4* solid.? This
difference curve for NH,BF, is illustrated in Figure
4.1 The first maxima can be reproduced by subtract-
ing from the heat capacity computed from an Ein-
stein function with a frequency of 147 cm™1, the heat
capacity computed from an Einstein function with a
frequency of 201 cm™!. These frequencies are the
librational frequencies of the ND,t and NH," in
ammonium tetrafluoroborate, respectively.?

In the difference curves of NH;BF,, NH;ReQy4, and
NH,10,4,3%38-43 there are two maxima. The second
maxima is due to the fact that these compounds have
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Figure 4. The difference in the heat capacities of ND,-
BF, and NH,BF, as a function of temperature. The circled

points represent the difference in the observed heat capaci-
ties of ND4BF4 and NH4BF4.1

a high maxima in their rotational heat capacity, as
is illustrated for NH;BF, in Figure 2 and for NH,-
ReQy, in Figure 3.

2.4. Thermal Expansion

The thermal expansion of ammonium compounds
can be analyzed in a way similar to that of the heat
capacity, i.e. the thermal expansion due to the lattice
is subtracted from the observed thermal expansion.®
Unfortunately, the thermal expansion of only a few
ammonium compounds have been measured. Com-
putations from the computed hindered rotational
energy levels have predicted that the thermal expan-
sion is negative, when the tunneling frequencies are
large.’9 This has been observed for solid methane, 45
but has not been observed in ammonium compounds.

2.5. Activation Energies

The activation energy of rotation can be determined
from measuring the temperature dependence of the
spin—lattice relaxation time 7. The activation
energy corresponds to the energy difference between
the ground librational level and the rotational levels
above the barrier to rotation. How is the barrier to
rotation related to the activation energy? The barrier
to rotation is the energy difference between the
lowest relative maximum (saddle point) and the
minimum. Svare et al. suggested that the activation
energy is the difference between the zero-point ener-
gies at the minimum and at the saddle point at the
top of the barrier.#® So

E, = Eo — Eo (1)

where Ej is the zero-point energy at the minimum
in the potential function and Ej, is the zero-point
energy at the saddle point in the potential function.
These terms are illustrated in a simplified diagram
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Figure 5. A simplified picture of the minimum and the
saddle point of a potential function. See section 2.5.

in Figure 5. In the harmonic approximation, E, is
E,=V,~hhv + hv,
where V) is the barrier to rotation, Av is the libra-
tional frequency, and hv;, is the librational fre-
quency at the saddle point. The computation of
hv;, is difficult and has only been accomplished for a
crystalline fields of T,; and Cs, symmetry.48 For other
symmetries, approximations are made. The value of

hv;, may vary from 0 to hv. Therefore, the activa-
tion energy is

Vo= %hhv <E, <V, — Yohv
or
E,=V,— hv (£',hv) (2)

Quasielastic neutron scattering studies also permit
the determination of the activation energy.*’” From
an analysis of the results of these studies, the relative
barriers to rotation around 3- and 4-fold axes may
also be determined.*4°

The measurement of the activation energy is one
method of elucidating the dynamics of the ammonium
ion.5® Another method has been to study the infrared
spectra of the isotopic probe ion NH3D" in ammonium
compounds at low temperatures, ?1-55

3. Theory for a Tetrahedron

3.1. Hamiltonian

The Hamiltonian for a tetrahedral ion or molecule
in a crystalline field of G symmetry is invariant
under the direct product group Ty x G, where T,
represents the tetrahedral group of rotations about
the body-fixed axes and G represents the group of
rotations about the space-fixed axes.? The symmetry
of the Hamiltonian and the symmetry of the free
rotational wave functions take into account both the
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tetrahedral symmetry of the ion or molecule and the
site symmetry of the tetrahedron. For the wave
functions however, the point group of the body and
the point group that represents the site symmetry
must contain only proper rotations in order for the
Pauli exclusion principle to be obeyed. So, if the
symmetry of the potential function is 7' x C;, the
symmetry of the wave functions is T' x C,.
The Hamiltonian operator for a tetrahedron is

H =BP? + V(o) (3)

which satisfies the Schrioedinger equation H®(w) =
AB®(w), where P? is the total angular momentum
operator, A is the dimensionless energy, and B is the
rotational constant.

Single-particle rotations describe the rotational
motion of a single molecule or ion in its surroundings.
Tunneling excitations are well described by single-
particle states. However, librational excitations can-
not always be described by single-particle states,
because of strong ammonium—ammonium inter-
actions. By observing the tunneling or librational
frequencies of ammonium compounds, where some
potassium or rubidium ions have been substituted
for the ammonium ions, the strength of the am-
monium—ammonium interactions can be estimated.
The tunneling frequencies of [K.(NH4);—.]e:SnCls and
the librational frequencies of K.(NHy);-.H>PO, have
been measured and found that these frequencies do
not change significantly as potassium ions are sub-
stituted for ammonium ions.?$57 Therefore, the am-
monium—ammonium interactions in these solids
must be weak.

3.2. Wave Functions

The wave functions are given in terms of sym-
metry-adapted basis functions.? They take the form

® = Y CTJaKCTJn Myl KM (4)
KM

where T represents an irreducible representation of
the point group T, I represents an irreducible rep-
resentation of the point group of the site symmetry
of the tetrahedron, n is the number of symmetry-
adapted basis functions for a given value of the free
rotational quantum number J, and K and M run
independently from —J to +<J. The variables with
the bar above them refer to the tetrahedron, while
those without a bar above them refer to the site
symmetry of the tetrahedron. The C coefficients are
chosen such that

CT\J ,n,M)Y ;,,6,0)

is a basis function for an irreducible representation
of group T or G’. The spherical harmonics is repre-
sented by Y u(0,¢). The point group G’ is a subgroup
of G and includes only the proper rotations of G.
The energy levels for the hindered rotation of the
spherical top NH,* are classified according to the
irreducible representations I'; x I, where I is one
of the irreducible representations A, E;, Ey, or T of
the tetrahedral group T and I is one of the irreduc-
ible representations of the group G". For NHy* in a
crystalline field of C3 symmetry, the energy levels are
classified as A x A, A x E, etc., where the first letter
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is one of the irreducible representations of the
tetrahedral point group (for body symmetry) and the
second letter is one of the irreducible representations
of the point group Cj (for site symmetry).

3.3. Potential Functions

The potential function for a tetrahedron in the solid
state is

Viw) = BB87HV*Y B,iJ A x A)
J

Viw) = BBY B,V w) (5)
J

where Y 67 = 1 and § is a dimensionless field
strength parameter related to the barrier to rotation.
The values of J in the summation in eq 5 depend on
the tetrahedral symmetry of the body and the site
symmetry. The values of J are usually set equal to
3, 4, 6, and 7. Higher values of J do not normally
affect the energy levels. V., (w) may be written in

terms of Wigner rotational functions Di,():
Viw) = EaJMCJKD}{:M (6)
KM

The values of K and M that are permitted depend on
the tetrahedral symmetry of the body and the site
symmetry of the tetrahedron, respectively. The
parameters ajy and cjx are normalized so

J
crl + 2 (e’ =1 (7N
K=1

A similar equation can be written for ajy. The values
of cyx are given by the cubic harmonics,’® since the
body is a tetrahedron. The values of ajy, which
reflect the site symmetry of the tetrahedron, and the
value of 8 are considered parameters to be deter-
mined.

3.4. Hindered Rotational Energy Levels

The Hamiltonian matrix is expressed as a sum of
a diagonal kinetic energy matrix plus a potential
energy matrix, each multiplied by its appropriate
BBf; coefficient. The diagonal kinetic energy matrix
elements are BJ(J + 1). The potential energy matrix
elements depend on the site symmetry of the tetra-
hedron and have previously been given.2™* The sizes
of the Hamiltonian matrices depend on what value
of J the wave functions are expanded using eq 4. The
higher the barrier to rotation, the larger the Hamil-
tonian matrix required for the accurate determina-
tion of the librational frequency. For a given value
of J, the lower the site symmetry of the tetrahedron,
the larger the Hamiltonian matrices. To compute the
librational frequencies of NH,Cl and NH Br the wave
functions must include terms with J = 20. To
compute the tunneling frequencies of these solids,
terms with J < 28 must be used in the wave
functions. Using these terms in the wave function
permits the computation of tunneling frequencies as
low as 1075 ueV. The Hamiltonian matrices for a
tetrahedron in crystalline fields of less than tetra-
hedral symmetry will be Hermitian. For tetrahedral
and octahedral site symmetry, some of the matrices
are real and symmetric.
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For high barriers to rotation, expressions for the
librational frequencies can sometimes be derived
from the potential function.* The potential function
is expressed in terms of trigonometric functions. By
making the proper substitutions into the potential
function, V(w) may be expressed in terms of quadratic
and quartic terms of x, v, and 2.5 The energy levels
may be derived by using first-order perturbation
theory. Expressions for the librational frequencies,
barriers to rotation, and activation energies have
been derived, when the site symmetry of the tetra-
hedron is T; or Cy,.* These equations are particularly
useful in computing the librational frequencies of
ammonium compounds with high barriers to rotation,
since the size of the Hamiltonian matrices that must
be diagonalized in order to determine the librational
frequencies are large.

How are the parameters in the rotational potential
function to be determined? One method is to match
observed librational and tunneling frequencies with
values computed for certain values of the parameters.
This has been accomplished with the ammonium
halides and ammonium hexachlorides.#0-% How-
ever, when the site symmetry of the ammonium ion
is less than tetrahedral, there are too many param-
eters that must be determined. Another method is
therefore required.

3.5. Derivation of Rotational Potential Function
from Atom—Atom Potentials

As the site symmetry of the tetrahedron is lowered,
the number of parameters in the rotational potential
function increases. Therefore, the only way it is
possible to compute the hindered rotational energy
levels when the site symmetry of the ammonium ion
is less than tetrahedral, is to determine them from
atom—atom potentials. Yasuda derived the crystal-
line field potential for solid methane from atom-—
atom potentials of the Lennard-Jones type and of the
Buckingham (exp-6) type.®* The interaction between
a hydrogen atom of an ammonium ion with any other
atom X in the crystal is given by

B(R;,) = Apx exp(—0yxR;y) — Crnd/Ry’ —
DHX/RikB - quaqx/R;, (8)

The effective charge on the hydrogen atom of the
reference ammonium ion is represented by gu and
the effective charge on an atom X is ¢x. The first
term on the right-hand side of eq 8 is the repulsive
term and the =% and r~8 terms are the leading terms
in the van der Waals attraction. The last term on
the right-hand side of eq 8 is the electrostatic term.
The parameters in the rotational potential function
are computed using the equations derived by Yasuda
(eqs 9—11).8¢

BB ek = ZAHXZO(R Q) exp(—agxR)
X

By Z(R,6,J)

e~ anaxZRLIR (9)
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where
(g PBp — J Ji—OyR)
ZyR,opyx,) =
o)) ; @ — Dl +J + D!
4
Y 36,0) Y Y 1 (6,.0,) (10)
k=1
nm+p—J—-3IMNn+p+J-2)!!
ZRnD=Y
. (@ — Dp +J + DI

4
Y (0.0)/RYP Y Y ;16,4 (11)
k=1

R is the distance between an atom X and the nitrogen
atom of the reference ammonium ion, r represents
the length of the N—H bond, andp =J,J + 2, J +
4, etc. The function B(p — J,J;aR) has previously
been defined.®* The spherical harmonics in eqs 10
and 11 are computed numerically. The angles 6 and
¢ are the angles between any atom X and the
nitrogen atom of the reference ammonium ion, while
6: and ¢, are the angles made by the N—H bonds of
the reference ammonium ion with the z and x axes.
A standard orientation is chosen for the reference
ammonium ion, so that the summation over “&” in
eqs 10 and 11 may be carried out. The standard
orientation is that the 2-fold axis of the ammonium
ion lies on the z axis and one of the N—H bonds
makes a 45° angle with the y axis.

4
N v O4y) = c g2 + 1)y, (12)
k=1

The values of v, for a tetrahedron have been given
by Yasuda.®* The standard orientation for a tetra-
hedron in an hexagonal crystal is for one of the N—H
bonds to lie on the 3-fold axis and one of the other
N—H bonds to lie 60° off the a axis. By using the
equations presented in this section, all the param-
eters in the rotational potential function have been
determined for a number of ammonium and boro-
hydride compounds,21.65-67

The contributions to the rotational potential func-
tion are computed by considering the interactions of
all the atoms in the crystal within 7 A of the reference
ammonium ion for the repulsion and the r—¢ inter-
actions and for the electrostatic interactions all the
atoms within 15 A. There were no problems with
convergence.

4. Analysis of the Properties of Ammonium
Compounds

Ammonium compounds have been classified ac-
cording to which atom is the nearest neighbors to the
ammonium ion. The rotational potential functions
have been derived from atom—atom potentials for
solids, where the nearest neighbor to the ammonium
ion is chlorine, fluorine, and oxygen.?'%56¢ For these
studies the strongest interaction is between the
ammonium ion and its nearest neighbors. For a
compound NH,MX,, the partial charge on M and X
must be set. For many compounds, these values have
previously been derived. However, the partial charge
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on the atoms depends on the method used for
deriving the charges. For example, the charge of the
oxygen atom in NH,ClO, has been assigned values
from —0.21 to —0.78 electron units.%® The charge on
the hydrogen atoms of the ammonium ion have been
set at 0.19 electron units for all the ammonium
compounds studied.?1656¢ The parameters in the
atom—atom potential, eq 8, must be set, because
these parameters have not been determined for the
interaction of the hydrogen atom of an ammonium
ion and an atom X. The parameters in the atom—
atom potentials are set by matching the computed
and observed librational and tunneling frequencies
of a number of ammonium compounds that have the
same nearest-neighbor atom. There are three pa-
rameters that must be determined for the interaction
between the hydrogen atom of the ammonium ion
and X (in the case of ammonium—chlorine compounds
there are four parameters because of the r~2 term).
Likewise, there are three parameters for the inter-
action of the reference ammonium ion with the other
ammonium ions in the crystal. Finally, only one
term, the % term, is used to describe the interaction
between the ammonium ion and M. Although there
are a number of parameters in the atom—atom
potentials that must be determined, a number of
these parameters affect only the J = 3 term in the
potential function, e.g. the charge on X, the param-
eter for the interaction between the ammonium ion
and M, and the interactions between the reference
ammonium ion and the other ammonium ions in the
crystal.

The electrostatic interactions make an important
contribution to the first term in the potential func-
tion, anywhere from 20% to 80% of the J = 3 term.
However, for higher terms in the potential function,
the electrostatic interaction plays a less important
role. So, for the J = 6 term, the electrostatic
interaction makes only a small contribution to the
overall value of 8¢8. The r=% and the repulsive
interactions make the major contributions to the </
= 6 and J = 7 terms in the potential function.

The crystal structure of ammonium compounds to
be studied must be known. The positions of the
hydrogen atoms must have been determined. Fur-
thermore, usually the librational and/or tunneling
frequencies have also been observed. Solids with two
or more inequivalent ammonium ions have not been
analyzed. Although, it is possible to derive the
rotational potential function of each of the inequiva-
lent ammonium ions in such solids, the results have
not been good. Solids, such as these, usually have a
strong interaction between ammonium ions and this
leads to poor results when the computed and ob-
served properties are compared.

The ammonium—chlorine compounds studied were
NH,Cl and the ammonium hexachlorides.®> Since
the tunneling frequencies of the ammonium ion in
the hexachlorides were observed at liquid helium
temperatures, it was necessary to compute the hin-
dered rotational energy levels at low temperatures.
This presented a problem for a number of the
hexachlorides, since there are no low-temperature
crystal structure determinations. The position of
chlorine atoms in the solid depends on a parameter
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u that is close to /4. Unfortunately, the J = 3 term
in the potential function is a very sensitive function
of this parameter. The parameter u for (NH4)2SnCle
has been measured at liquid He temperatures.®
Therefore, for the other ammonium hexachlorides
either the same temperature dependence of u was
assumed or the value of the computed tunneling
frequency was made to match the observed tunneling
frequency.%®

The rotational potential function of a number of
ammonium—fluorine compounds have been studied:
21 the ammonium perovskites, cubic and hexagonal
(NH4)2MF6, N H4F, NH4HF 2 NH4SnF3, and NH4A1F4
The site symmetries for the ammonium ions vary
from C; to Q). A comparison of the results of the
computations with the observed rotational properties
yielded good results. The only compound studied
where the observed and computed librational fre-
quencies does not match is NH4AlF,. In the original
paper, a comparison of the librational frequencies
appears to be good,?! but a recent inelastic neutron
scattering study indicates that the librational fre-
quencies are significantly higher than first thought.
Of the various ammonium compounds studied, the
ammonium—fluorine compounds give the best results
in light of the fact that the large number of solids
that were studied had a range of crystal structures.

The study of ammonium—oxygen compounds was
the least successful of the groups of ammonium solids
studied.?® The solids studied included NH ReOy,
NH4IO4, NH4CIO4, NH4OOCCH3, (NH4)2H3106, and
(NH)2C204H>0. The site symmetry of these solids
range from C; to C;. The low site symmetry of the
ammonium ion makes the analysis of these solids
more difficult than the previous groups of ammonium
compounds studied. A number of compounds gave
poor results when the computed and observed libra-
tional frequencies were compared, e.g. NH/H,PO,
and NH;VO;. Despite the difficulties in the analysis
of these solids, a comparison of a number of the
computed and observed rotational properties of NH;-
Cl0O4 gave good results. This solid will be discussed
in the next section.

In the sections below, the rotational properties of
families of ammonium compounds are discussed.
When the ammonium ion can form strong hydrogen
bonds in a crystal, the barrier will be high and each
term, 33, in the potential function will be negative.
When one or more of the terms in the rotational
function are positive and reasonably large, the am-
monium compound will have anomalous properties.

The derivation of the parameters in the rotational
potential function depend on the N—H distance.
From neutron diffraction studies, this distance is
usually between 1.02 and 1.05 A. Although, this is
only a small range, this distance can have a signifi-
cant effect on the computed librational and tunneling
frequencies, if all the 55 values are negative. If one
of the terms is positive and has a significant value,
the dependence of the librational and tunneling
frequencies on the N—H distance will be small, e.g.
ammonium hexahalides.

4.1. Ammonium Halides

There is an order—disorder transition below room
temperature in NH,Cl, NH,Br, and NH,I. For NH,-
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Cl, the ordered low-temperature phase is body-
centered cubic with the site symmetry of the ammo-
nium ion being T;. The disordered room temperature
phase is also body-centered cubic, but the site sym-
metry of the ammonium ion is O;. Both in the
ordered and disordered phases, the ammonium ion
has a high barrier to rotation. All the terms in the
potential function are negative, as expected when
four hydrogen bonds can be formed. There have been
a number of analyses of the rotational properties of
the ammonium halides in terms of the computed
hindered rotational energy levels, 10:60.61.65.72

The high-temperature phase of the ammonium
halides is face-centered cubic. The ammonium ion
cannot form four hydrogen bonds, but rather only one
of the N—H bonds points toward a halide ion. For
this structure, the 53, term in the potential function
is positive, while the 3¢ term is negative. This phase
has been studied at low temperatures by embedding
less than a few percent of ammonium ions in alkali
halides. This leads to large tunneling frequencies,’"
even though the librational frequencies are high.”™
Using atom—atom potentials derived for ammonium—
chlorine compounds, the parameters in the rotational
potential function are too small to reproduce the
librational and tunneling frequencies.’”® The derived
rotational potential is too weak. Even by setting
values of 5; and fs, it has not been possible to
adequately reproduce the tunneling and librational
frequencies.

4.2. Ammonium Hexahalides

The ammonium hexachlorides have a cubic crystal
structure at room temperature, with the site sym-
metry for the ammonium ion being T, At low
temperatures, some of the hexachlorides have phase
changes to other crystal structures. A number of the
ammonium hexafluorides have a hexagonal crystal
structure, with the site symmetry of the ammonium
ion being C3,. All of the ammonium hexahalides have
a positive 5fs term in the potential function, which
is reasonably large. This leads to a boxlike potential.
The two lowest librational frequencies of some of the
hexachlorides have been measured.”” The second
librational frequency is more than twice as large as
the first librational frequency. With the ammonium
halides, the second librational frequency is less than
twice as large as the first librational frequency.” The
reason why the ammonium hexachlorides are differ-
ent than the ammonium halides is because of the
boxlike potential for these solids. There are other
anomalous effects due to the positive value of 58,2
e.g. anomalous isotope effects. Unfortunately, there
are phase transitions in a number of the deuterio-
ammonium hexachlorides that do not appear in the
ammonium analogs, so it is not possible to compare
the low-temperature properties of the ND,© with
NH,*, because of the different crystal structures at
low temperatures.

The barrier to rotation for the ammonium ion in
the ammonium hexachlorides increases with increas-
ing size of the crystal lattice. Usually, if the size of
the lattice increases, the barrier to rotation decreases,
since the atoms are farther apart. However, in the
ammonium hexachlorides, as the lattice decreases in
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size, each of the terms in the potential function (J =
3, 4, and 6) increase. The J = 6 term in the potential
function changes by percentage more than the other
two terms. Since g8 is positive, an increase in this
term decreases the barrier to rotation and the libra-
tional frequency. Since (NH4)2PtCls and (NH,)>,PdClg
have the smallest lattice dimensions of the am-
monium hexachlorides, they have the largest values
of Bs. Therefore, they have the lowest librational
frequencies and the second librational frequency is
about 2.5 times as large as the first librational
frequency, rather than twice as large.”” Another
reason the barrier to rotation increases with decreas-
ing lattice parameter is because the parameter u,
which sets the position of the chlorine atoms, in-
creases with decreasing lattice size. The closer u is
to 0.25, the smaller the value of 3; in the potential
function.

The parameters in the rotational potential function
for (NH4)2SnCls, (NH,)PtCls, and (NH,)TeCls have
been determined from an analysis of the Bragg
scattering from neutron diffraction.5®” The param-
eters determined in this way are in qualitative
agreement with those determined from atom—atom
potentials.

4.3, Ammonium Perovskites

The rotational motion of the ammonium ion in
solids with the formula NH;MF; have been studied
by a number of experimental techniques. At room
temperature these solids are cubic, with the site
symmetry for the ammonium ion being O. All of
these solids undergo phase changes to a low-tem-
perature structure. The first derivation of the pa-
rameters in the rotational potential function was
accomplished for NH,ZnF; using only electrostatic
interactions.®® The parameters in the rotational
potential function of the Zn, Mn, Co, and Mg
perovskites have been determined using the inter-
action in eq 82! Only the first two terms in the
potential function must be considered. The value of
the B is larger than 84 and 86 is positive. There is
good agreement between the computed and observed
rotational properties.?!

The activation energy of NH,CdF; has been mea-
sured and been found to be significantly larger than
the other ammonium perovskites, despite the fact
that the lattice parameter for the cubic phase of NH4-
CdF; is larger than the other ammonium perovs-
kites.8! The phase transition to the cubic phase for
NH,CdF; is above room temperature, unlike the
other perovskites. The activation energy was mea-
sured in the noncubic phase. However, the activation
energies of NH,ZnF3 and NH,MgF'; above and below
the phase transition are similar. Therefore, it had
been concluded that deriving the parameters of the
rotational potential function from atom—atom poten-
tials is inappropriate.?#2 However, recent X-ray
powder diffraction studies of NH,MnF; and NH,CdF;
indicate that it is possible to explain the large barrier
to rotation in NH,CdF;.838 In the low-temperature
phase, the lattice parameters of NH,CdF; are larger
than NH,MnF;, yet the two shortest distances be-
tween the nitrogen atom and fluoride ions are 2.76
A in NH,CdF; and 2.82 A in NHMnF;. The 2.76 A
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distance is even shorter than the 2.91 A distance in
NH,ZnF'; (cubic phase). There is yet another reason
why NH,CdF; has a larger barrier. The V3 term (see
eq 5) appears in the noncubic phase, but is missing
when the site symmetry is O. In fact, for the low
temperature phase of NH4CdFj3, the largest term in
the potential function is the J = 3 term. Since the
inclusion of the V3 term in the rotational potential
function significantly increases the strength of the
potential, this explains why even though NH,CdF;
has a larger lattice parameter than the other
perovskites, it also has a larger activation energy.

4.4, Ammonium Scheelites

The ammonium scheelites, NH;ReO, and NH,IO,,
have a number of anomalous properties. The ther-
mal expansion along the tetragonal o axis is negative
over a wide temperature range.?$% The rotational
heat capacity has hump that is much higher than
found in other ammonium compounds. This anomaly
in the heat capacity and thermal expansion has been
explained in terms of a model of Ising pseudospins.®®
The anomaly in the heat capacity is believed to be
due to the anomalous thermal expansion.3® Unfor-
tunately, the elastic constants of these ammonium
solids have not been measured. These elastic con-
stants are necessary to test the theory.

4.5. Ammonium Perchlorate

Ammonium perchlorate has been one of the more
extensively studied ammonium solids, because its
barrier to rotation is only about 0.5 kcal/mol. The
site symmetry of the ammonium ion is C:.5” The
tunneling frequencies of NH,* and ND,* in am-
monium perchlorate have been measured.?*%® They
follow the scheme in Figure 1 for a tetrahedron in a
field of C; symmetry. The low site symmetry of the
ammonium ion causes there to be three T tunneling
states, with the lower two having similar energies.
The librational frequencies, heat capacity, and acti-
vation energies have also been measured.?789-92 By
using atom—atom potentials for ammonium-oxygen
compounds,®® the computed librational frequencies of
both NH,C10, and ND4C10O, agree with the observed
values.f”% The overall tunneling splitting of the
ammonium ion in NH,ClO, is used to help determine
the empirical parameters. The computed splitting
of the T states does not match the observed splitting
in ammonium perchlorate. The hindered rotational
energy levels of ND,t are computed by halving the
value of the rotational constant and doubling the
value of B in eq 5. There are no additional empirical
parameters. The computed overall splitting of the
tunneling states (A — E) for ND4* in ammonium
perchlorate matches the observed value.?* The dif-
ference in the heat capacities of the ND,* and the
NH,* compounds at low temperatures is also cor-
rectly reproduced.®%92

5. Other Tetrahedral Hindered Rotors

The methods used to compute the hindered rota-
tional energy levels of the ammonium ion in its solids
can also be used to compute the tunneling and
librational frequencies of the methane molecule in
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solid methane and of the methane molecule adsorbed
on solid surfaces. The hindered rotational energy
levels of the borohydride ion in its compounds can
also be computed by the methods employed for
ammonium solids.

5.1. Alkali Metal Borohydrides

There is a lambda (1) point transition in the
observed heat capacities of the alkali metal boro-
hydrides.?*97 The entropy of transition is about R
In 2 in NaBH,, but about half that value in the other
alkali metal borohydrides.®® The lower entropy of
transition in the heavier alkali metal borohydrides
is probably due to the partial disordering of the
borohydride ion, while in NaBH4 the borohydride ion
is totally disordered above the transition tempera-
ture.?® In the alkali metal borohydrides the impor-
tant interaction is the repulsion between the boro-
hydride ions and the alkali metal ions.!'® The
parameters in the rotational potential function have
been derived from atom—atom potentials.®” The
computed and observed librational frequencies of the
borohydride ion in the alkali metal borohydrides and
embedded in alkali metal halides are compared.19101:102
The results are good for the borohydride ion in the
alkali metal halides, but the computed frequencies
are higher than the observed values in the alkali
metal borohydrides.®”

5.2, Methane

Solid methane has two phases at atmospheric
pressure; the high-temperature face-centered cubic
{fce) orientationally disordered phase (I) and a low-
temperature fec partially ordered phase (II). This
latter phase consists of eight sublattices, two of which
are orientationally disordered with Oy, site symmetry
and six sites are ordered with Dy site symmetry.13.103
In addition, solid CD4 has a tetragonal orientationally
ordered phase (III). The potential function for the
methane molecules on the ordered sites of phase II
has been presented by Yamamoto et al. in their
classical paper on the theory of solid methane!?

Viw) =V (w) + V (w) (13)

where V,(w) is the potential function due to the
molecular field and V(w) is the potential function due
to the crystalline field. In phase 1 and on the
disordered sites of phase II, Viy(w) = 0. The crystal-
line field potential has been derived from atom—atom
potentials. The derivation of the molecular field
arising from the electrostatic octupole—octupole in-
teractions between methane molecules is complex.13
A simplified method has been used to compute the
rotational properties of solid methane in phase II and
for methane adsorbed on graphite and Mg0.5717 The
molecular field strength is taken as an empirical
parameter. The crystalline potential function was
derived using atom—atom potentials of Bartell and
those of Williams.1%4105 With the use of only one
empirical parameter, the librational and tunneling
frequencies of methane in phase II have been com-
puted and found to be in good agreement with the
observed values, 15106107

The tunneling frequencies of CH; adsorbed on
graphite has been analyzed using set IV of the atom—
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atom potentials suggested by Williams.1® The atom—
atom potentials of Bartell and Williams gave poten-
tial function that were too strong.1941% If the atom—
atom potentials!®® used in this problem were used for
solid methane in phase II, results similar to using
the potentials of Bartell and Williams are found. By
using an Hamiltonian with T x C3 symmetry, the
computed tunneling frequencies are found to agree
with the observed frequencies.!”1%° Steele has re-
viewed the molecular interaction of molecular gases
on surfaces.!?®

The tunneling frequencies of CH4 adsorbed on the
(100) surfaces of MgO have been analyzed using the
atom—atom potential of Williams for the C—H inter-
actions and those of Lakhlifi for the Mg—H and O—H
interactions.%®11! The potential function has T' x Cy,
symmetry. The computed tunneling frequencies
reproduced the observed INS spectra.l®!” The tun-
neling frequencies of CH, adsorbed on NaCl and LiF
have been computed.!? The strength of the crystal-
line potential is much stronger for CH, adsorbed on
NaCl than for it adsorbed on MgQO. The crystalline
field potential is somewhat weaker for CH, adsorbed
on LiF than for it adsorbed on MgO.

The tunneling frequencies of methane have been
measured by high-resolution inelastic scattering in
a number of different environments. Tunneling
frequencies of CD4(II1) and CH4(III) at high pressures
have been observed.11¥114 The tunneling frequencies
of solid solutions of CDs and CH4 have been mea-
sured.!’® Tunneling frequencies of methane embed-
ded in Ne,'¢ Ar 17 Kr 18 Xe, 1 and Ar—N; mix-
tures!?’ have been measured. Measurement of the
tunneling frequencies of methane sorbed by second-
stage graphite—cesium, CysCs(CHy) has also been
accomplished.?!

6. Theory for Symmetric Tops

The hindered rotational energy levels of NH3D*
and NHD3* have been computed in crystalline envi-
ronment of Oy, Ty, Cs, C», and C; symmetry,17.122-124

6.1. Hamiltonian

The Hamiltonian for a symmetric top is

2 2 2
P Py  P:

H=5r "ar "o

X

where the moments in inertia I, = I, = I,. The
diagonal kinetic energy matrix elements are BJ(J +
1) + (A — B)K2. The rotational constants for a
symmetric top are A and B.

+ Viw) (14)

6.2. Potential Functions

The potential function of a symmetric top in a
crystalline field is given by eqs 5 and 6. The values
of J used in eq 5 can run from 1 to 7, if the site
symmetry is less than tetrahedral. However, the
values of ¢ x are no longer the cubic harmonics, as
they were for spherical tops. Therefore, the values
of cyx and ay both must be determined from atom—
atom potentials.
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6.3. Derivation of Rotational Potential from
Atom—Atom Potentials

The parameters in the rotational potential function
of a spherical top in a crystalline field are determined
using eqs 9—11. For a symmetric top, such as
NH3D™, eqs 10 and 11 must be changed, because the
distance from the center of mass to the hydrogen
atom is not the same as the distance from the center
of mass to the deuterium atom. So, eq 10 becomes
for a symmetric top

R (o4VB(p — JJ;~0xR)
olB0umeel) = ;‘ (p — N +J+ D!

4
Y 6,0) Y 1Y 11 (6,,0,) (15)
k=1

n+p—-J=-In+p+J—-2!
(p — D(p +J + D!

4
Y (0.0 URY > 1Y 1(6,,8,) (16)
k=1

ZRnd) =Y.
p

The procedure followed for determining the param-
eters in the rotational potential function is to first
determine the values of au for the NH,* compound
and assume that the values of a u are the same for
the NH3;D* compound as the NH,™ compound. Then,
by using eq 5, 6, and 9, the values of cjx are
determined for the NH3D" compound. If only elec-
trostatic terms are included in the eq 8, then

XJK

== (17
Cik (ZKX?]K)UZ

where

4
Xk = er VY 63004
=1

The values of ¢;x computed using eq 17 are usually
close to the values found when the values of ¢jx are
determined using eq 9.171%2 For J = 3 or J = 6, the
cJk values are about the same for NH,;* and NH3D™,
but when J = 4 there is a significant difference. For
NH", cq0 = 0.509 and c43 = 0.609, while for NH;D+
cao = 0.269 and cy3 = 0.681, if eq 17 is used.1?3

The computation of the parameters in the rota-
tional potential function are computed as with a
spherical top, except for the J = 1 term in the
potential function. For a symmetric top in a crystal-
line field of symmetry less than T, there are ad-
ditional terms in the potential function; the J =1, 2,
and 5 terms. The convergence of the J = 1 term,
when electrostatic interactions are considered is very
slow. The computation had to be carried out using
the Evjen method,'? i.e. by summing up a converging
series of electrically neutral shells surrounding the
reference symmetric top. In some cases, it was
necessary to include all the atoms in 40 unit cells
surrounding the unit cell containing the reference
symmetric top.

A complication not present in the study of spherical
tops is that the nitrogen atom of NH;D* will also
contribute to the rotational potential function. The

Chemical Reviews, 1994, Vol. 94, No. 6 1577

contribution is only significant to the J =1 and J =
2 terms in the potential function. It only contributes
to the ass terms, where M = 0.

7. Librational and Tunneling Frequencies of
Symmetric Tops

7.1. NH;D* and CH;D

There have only been a few experiments performed
that have measured the librational and/or tunneling
frequencies of the symmetric tops of the isotopic
forms of NH,* or CH,. The tunneling frequencies of
NH;D* in solid KBr have been observed.!?® The
tunneling frequencies of CH3;D have been observed
when it is embedded in CH4(II) and in solid argon
and when it is adsorbed on graphite 26127128 Ag
mentioned earlier, the derivation of the parameters
in the rotational potential function for NHs" in the
alkali metal halides do not lead to satisfactory results
when the computed and observed tunneling and
librational are compared. Therefore, there are no
studies available for the comparison of computed and
observed properties of NH;D*. Only the tunneling
frequencies of CH3sD are available for comparison
with computed results.

Two questions must be resolved before the param-
eters in the rotational potential function can be
determined. For a symmetric top, such as NH3;D™,
is the nitrogen atom or the center of mass situated
on the lattice site? Is the center of interaction the
nitrogen atom or the center of mass? For the many
molecules that have been studied, the assumption
has been made that the center of interaction is
situated on the lattice site.l”122-12¢ The center of
interaction is used in the definition of Rin eq 9. For
the spherical top NH,*, the center of interaction is
the center of mass, which is located at the nitrogen
atom. However, for a symmetric top, such as NH3;D™,
the center of mass is not at the nitrogen atom. For
the isotopic forms of NH,* and CH,, the center of
interaction is set at the nitrogen and carbon atoms,
respectively. If this were not the case, the site
symmetry of NH3D?* in a compound would be differ-
ent than that of NH,*. For symmetric tops, such as
CHGF, the center of interaction is the center of mass.

The tunneling frequencies of CH4 and CH;3D have
been computed for these molecules in phase II of solid
methane, when these molecules are embedded in the
rare gas solids, and when they are adsorbed on
graphite and MgQ.1617.123,130 A gimilar computation
has recently been done for CHD3 and CD4.'12 From
a study of CH3D embedded in solid argon, it is clear
that the parameters c;x take on the values of the
cubic harmonics and not the expected values of a
symmetric top. The computed tunneling frequencies
of CHsD in solid argon could only reproduce the
observed tunneling frequencies,? if the fact that the
center of mass of CHsD is not at the carbon atom is
disregarded when the potential function is derived.
The tunneling frequencies of CHsD in CH4(II) have
been computed for the molecules on the O, and on
the Dy, sites and compared to the observed re-
sults.!”127 QOnly if the values of cjx are taken to be
the cubic harmonics will the computed tunneling
frequencies on the O sites reproduce the observed
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values. The methane molecules with Dy site sym-
metry have a crystalline field symmetry of Oy, so
there are no extra terms in the potential function.
For the molecules on the Dy sites, it makes no
difference which set of values are chosen for cx.
However, if the crystal field symmetry of CHsD is less
than tetrahedral, the potential function must reflect
the fact the center of mass is not at the carbon atom.
This was determined from a comparison of the
computed and observed tunneling frequencies of
CH;D adsorbed on graphite.l”!?® In addition to the
J =3, 4, 6, and 7 terms in the potential function,
there are terms with J = 1, 2, and 5, if the site
symmetry of the symmetric top is less than tetrahe-
dral. These extra terms lead to two sets of tunneling
levels separated by the energy A. This observed
tunneling scheme could only be reproduced, if the
center of mass of CH3D is taken to along the C—-D
bond. The observed tunneling levels of CHsD ad-
sorbed on graphite are very interesting, because the
separation between the lower five states and the
upper two states is about A = 380 ueV (see Figure
6a), while the overall splitting of the tunneling states
of CH, adsorbed on graphite is only about 150 ueV.
The tunneling frequencies of CH3D should be less
than CH,, because of its smaller rotational constants.
This unusual behavior has led to the computation of
the tunneling frequencies of NH;D* and NHD;* in
ammonium compounds to see if these solids also
exhibit this anomaly.

The librational frequencies of NH3D* in a number
of ammonium compounds have been computed by
both neglecting and considering the fact that the
center of mass of NH3D" is not at the nitrogen
atom.l”123 A single librational frequency for NH,*
in a crystalline field of Ty or O, symmetry is split
into two frequencies for NHsD* and NHDs*, one with
A symmetry another with E symmetry. This split-
ting is due both to the kinetic energy term and the
potential energy term in the Hamiltonian. The
splitting due to the potential energy term arises from
the fact that the values of c;x change when the center
of mass is not at the nitrogen atom. So the largest
splittings should be for ammonium compounds which
have a large 8, term in the potential function, since
the values of cix are the most sensitive to where the
center of mass is. Such a solid is NH4Cl in its room
temperature phase. If we take the center of mass
not to be at the nitrogen atom, the librational
frequencies are 305 (E) and 380 cm™! (A). However,
if we assume that for cubic crystalline fields we
disregard the fact that the center of mass is not at
the nitrogen atom, the librational frequencies are 313
(E) and 360 cm™! (A).17123 Similar results are ob-
tained for NHD;* in NH,Cl. Librational frequencies
have also been computed for NH3D* and NHD3* in
(NH,4)2SnCls and in cubic (NH)eSiFs.17122 Unfortu-
nately, there are no experimental studies of the
librational frequencies of NH3D* and NHD3* in their
compounds.

The tunneling frequencies of NH3D* and NHD;*
have been computed in a number of ammonium
compounds, where the site symmetry of the ion is less
than tetrahedral.!3! In these cases, large tunneling
frequencies result, because of the addition of the J
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Figure 6. The tunneling states of NH;D* in crystalline
fields of (a) Ca, (b) Cs3, and (¢) C; symmetry and the
tunneling states of NHyDy" in crystalline fields of (d) Cs,,
and (e) 84, Cs, and C, symmetry. The energy states, within
a group in these schemes that are shown to be degenerate,
have in fact small energy differences. However, these
energy differences are very small compared to the differ-
ence in energy between the groups of energy states.

=1, 2, and 5 terms to the potential function and due
to the fact that neither cx nor ajy take on values of
the cubic harmonics. In Figure 6, the tunneling level
schemes of these symmetric top ions are illustrated
for crystalline fields of low symmetry. In Figure 6a,
there are five lower levels and two upper levels. The
five lower and two upper levels are not degenerate,
but the splitting within the five lower levels is much
less than the spitting between the upper and lower
levels. This is true for all the diagrams in Figure 6.
If nuclear spin degeneracies are not considered, the
total degeneracy of each of the diagrams in Figure 6
is 12. In Figure 6a, the total degeneracy of the lower
five states is 9 and the upper two states have a
degeneracy of 3.

The tunneling frequencies of NH3D* and NHD3*
have been computed in NH,F, NH,HF,, (NH4),SiFs,
(NHy):GeFg, (NH,)2TiFg, NHReO4, NHIO4, and NH,-
C104.13! For each of these solids, rather large values
of A were computed. For NH3D® in NHF, the
computed value of A is 196 cm™!. The tunneling
frequency of the ammonium ion in NH,F is probably
less than 1 x 1077 em™1. Unfortunately, it will be
difficult to experimentally confirm this computation,
since the spectroscopic absorptions are forbidden. The
measurement of the low temperature heat capacity
of NH;DF would permit the derivation of the value
of A. The computed values of A are very sensitive to
the value of 818, so the computed values of A must
be considered as quantitative guesses.

The computed tunneling states for NH;D* and
NHD:;* in the solids listed above follow the tunneling
splittings illustrated in Figure 6, part a, b, or c¢.13!
The tunneling splittings followed the same scheme
for NH;D* and NHD; ™", except for these ions in NH,-
ClO4. For this compound, NH;D* followed the tun-
neling splitting scheme illustrated in Figure 6¢, but
for NHDs* the scheme was inverted.!®! The analysis
of the infrared spectrum in the N—D stretching
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region of NHsD™ and NHD;* doped NH4C1O, at low
temperatures confirm that the tunneling states of
NH;D* follow the scheme illustrated in Figure 6c,
while the tunneling states of NHDs* in NH,ClO,
follow a scheme the requires the tunneling states in
Figure 6¢ to be inverted.’* The low-temperature
infrared spectrum of NH3;D* in other ammonium
solids have also been analyzed.??-%

7.2. Other Symmetric Top Molecules

The hindered rotation of ammonia molecules in
solid ammonia has been studied.'?® Since the dis-
tance from the center of mass to the hydrogen atoms
are all the same, eqs 10 and 11 can be used to
compute the parameters in the rotational potential
function. The values of c;x are computed using eq
12. The computed and observed librational frequen-
cies are in reasonable agreement.!?®

The hindered rotational energy levels of the methyl
halides embedded in solid argon have been com-
puted.'?2 Energy levels computed for the hindered
rotation of the methyl halide molecules do not
resemble the hindered rotational energy levels of
other molecules or ions studied. The librational
frequency of CH;I embedded in solid argon has been
found to be 90 cm~1.132 The computed librational
frequency is close the observed value.!?2

The tunneling frequencies of ammonia in KCoyy-
(NH3)5% and in CsCos(NH3),!%4 have been measured.

8. Theory for Asymmetric Tops

The hindered rotational energy levels of NHoDo*
have been computed in a crystalline field of T,
symmetry.1?® Work has been completed on comput-
ing the rotational energy levels in crystalline fields
of Cs, Cs, and C; symmetry.135

8.1. Hamiltonian

To compute the moments of inertia of NH;Dy™, the
hydrogen atoms must be aligned along the x axis and
the deuterium atoms along the y axis. The 2-fold axis
of NH;D2;™ must lie on the x axis for the three
different rotational constant A > B > C.122 However,
in the standard orientation of the ammonium ion, the
2-fold axis lies on the z axis and one of the hydrogen
(or deuterium) atoms lies 45° off of the y axis. If the
moments of inertia are computed for this standard
orientation, there are off-diagonal elements. Since
the Hamiltonian is somewhat complex, it will not be
given here.!23

8.2. Potential Function

The potential function for asymmetric tops, such
as NHy;D2t and CH;3Ds, is given by eqs 5 and 6. As
with the symmetric tops, if the site symmetry is less
than tetrahedral, the values of J kept in eq 5 run
from 1 to 7. Due to the decrease on symmetry on
going from NH,t to NH:D:;", there are extra cjx
terms, unlike the symmetric top case. The param-
eters ¢ x may be derived from atom—atom potentials
using the same equations as are used for symmetric
tops, eqs 15 and 16.

8.3. Computation of Librational Frequencies

The only experimental studies on asymmetric tops
of the type considered in this section is the unpub-
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lished study of the tunneling frequencies of CH,D»
embedded in solid argon? and the tunneling frequen-
cies of solid CH2Do(II1).13¢ The structure of phase III
is uncertain, so the computations on this phase is not
possible. The computed tunneling frequencies of
CH;D; embedded in solid argon are able to reproduce
the observed values, if the values of ¢ x are the cubic
harmonics.

The librational frequencies of NH:Dy* in am-
monium compounds have been computed.'”'%® For
NH:D," in solids, where the site symmetry of the ion
is less than tetrahedral, the tunneling frequencies
have been computed.!3® Large values of A have been
found. In Figure 6, parts ¢ and d, the tunneling level
scheme for NH;Ds™ or CHzD, in various crystalline
symmetries are illustrated.

9. Future Studies

The ammonium scheelites have both an anomalous
thermal expansion and low-temperature heat
capacity. The measurement of the elastic constants
below room temperature of either NH;ReO,4 or NH;-
104 would help elucidate the dynamics of the am-
monium ion in these solids. A study of the heat
capacity and/or thermal expansion of the solid solu-
tions of the potassium and ammonium solids would
also shed light on this problem.

Neither the librational nor tunneling frequencies
of hexagonal (NH4),SiFg, (NHy)sGeFs, and (NH,),TiFs
have been measured. The measurement of the
librational and tunneling frequencies of (NH,)sSiFs
at low temperatures would permit a comparison of
the computed and observed values. Of the three
ammonium compounds listed above, hexagonal (NHy)s-
SiFg has the largest positive 88 term in the potential
function and therefore is the most interesting of these
three solids.

As mentioned earlier, the ammonium hexahalides
have a significant positive S¢f term in the potential.
This leads to a number of anomalous effects.?* For
(NHy):PtCls and (NHpPdCls, the librational
frequency might well increase as the temperature
increases, even though usually the librational
frequency of the ammonium ion will decrease as the
temperature increases since the lattice volume in-
creases. These two ammonium solids have the
largest values of 8s of the ammonium hexahalides.

There are few experimental studies of the libra-
tional and/or tunneling frequencies of NH3;D* and
NHD;" in ammonium compounds. The study of these
symmetric top ions in ammonium compounds would
help elucidate the assumptions that should be made
in the theoretical approached to the problem. The
study of these ions in crystalline fields of low sym-
metry would permit the determination of the energy-
separating groups of tunneling states, A.

The computed rotational energy levels have not
been able to predict both the librational and tunnel-
ing frequencies of the ammonium ion in the alkali
metal halides. The measurement of the tunneling
frequencies of ND4* might help elucidate this prob-
lem.

The computation of the librational and tunneling
frequencies of ammonium—chlorine compounds is
made difficult by the lack of low-temperature diffrac-
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tion studies of the ammonium hexachlorides. Crystal
structure studies at liquid He temperatures of (NDy)s-
SnClg, (NH4)oPtCls, and (NH,4):PdCls would help in
the analysis of these solids. The crystal structure
determination of other ammonium solids at low
temperatures would be of great interest: NH,BF,,
NH4PF6, NH4CN, and (NH4)3A.1F6

Solids that have tunneling frequencies of about 1
cm™!, should have a negative thermal expansion at
very low temperatures.!® This has been observed in
solid methane.**5 In a solid solution of ammonium
and potassium halides, the thermal expansion should
be negative at very low temperatures, due to the
large tunneling frequencies, if about 50% ammonium
ion is present in the solid solution.

In the low-temperature phase of the ammonium
halides and in the partially ordered phase of the
alkali metal borohydrides, the first term in the
potential function, the 53V; term, is very small. If
the 35 = 0, the ground librational level is composed
of five states with a total degeneracy of 32. However,
when ;3 = 0, the ground librational level is composed
of three states with a total degeneracy of 16. For a
very small value of 35, the five degenerate states will
start to split.5” This splitting has never been ob-
served. It might be observed in solid solutions of
ammonium chloride and potassium chloride, if the
percentage of potassium ion is small.

Small molecules, such as CHy; and NHj;, show
interesting properties when adsorbed on sur-
faces.1610%128 The measurement of the tunneling and/
or librational frequencies of CH4 adsorbed on NaCl
and LiF would compliment the studies of CHy on

Table 1. Properties of Ammonium Solids
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graphite and MgO. The observation of the tunneling
frequencies of CH3D on these surfaces would also be
of interest. The adsorption of NH; on MgO, NaCl,
or LiF would compliment the studies carried out on
methane on these surfaces, since the electrostatic
interactions will play an important role when NHj
is adsorbed on these surfaces.!®” The electrostatic
interactions are not particularly important for meth-
ane on these surfaces, because of the small charge
on each hydrogen atom of the methane molecule.
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11. Appendix

A review of the experimental results on the hin-
dered rotation of ammonium compounds is given in
this section in Table 1. The values and references
of the librational frequencies, tunneling frequencies,
and activation energy are given. The references to
the low-temperature heat capacity of the ammonium
solids are also presented. For solids with a number
of phases, only the data for the low-temperature (LT)
phase and room-temperature (RT) phase is pre-
sented. The site symmetry of the ammonium ion in
the solid is given from either X-ray or neutron
diffraction studies. Only one reference is usually
given for the librational frequencies. For solids that

C

p
site symmetry hv, cm™! E,, kcal/mol wy, ueVv ref(s)

NH.CI1(LT) Ty 380138139 4,7140,141 <0.00002142 143,144

NH.CI1 (RT) O 355145 4.6140,141

NH.Br (LT) Doy 348145,146 4.0141.147 0.0000372° 148,149

NH4BI‘ (RT) Oh 32()145,150 3_611,151

NHLI (LT) Doy 2094150.152 2.4141,153 0.00024154 144

NHLI (RT) o)} 277150.155

(NHy)o.026Ko.974C1 On 32815 0.1517

(NH4)0.031Ko0.965C1 Ox 4807

(NHy)o.021Ko.079Br Oy 289156

(NH4)o.033Ko.067Br O 51674

(NHy)o.02Ko 081 Oy 600158

(NHy)o.045Ko.9851 Ox 230156 59974

(NH4)o.0eKo.021 O 59,26275*

(NHy)o.468Ko.534] O 78,2507 144

(NHy)o.024Rbo.976C1 O 330156 0.15157

(NHai)o.034Rbo.966Br O 292166

(NH4)o.021Rbo 9761 O 225158

(NH4)o.024Cs0.9761 O 373,356156159

(NH4)0‘062CSO_9381 Oh 323,314156‘159

(NHy)o.039Cs0.9611 O 289,268156.159

(NH,)2SnClg Ty 1084 1.23 3.048 39

(NDy)2SnCls (LT) Ty 83160 1.5%2 0.038%2 161

[(NH4)o.10Ko.8112SnClg Ty 2.756%

(NH34);PdCle Ty 49162 0.6163 56162 164,165

(NH,)2PtCls Ty 6577 0.7163 29166 167,168

(NH,)z8eCl (RT) T, 169

(NH,):TeClg (LT) Cs. 14577 1.317%0 0.099166 171,172

(NH,4);TeClg (RT) T

(ND,):TeClg (LT) 1.6170 0.006170 173

(N'H4)2PbClg Ty 12577 1.4163 0.208¢

(NH4):RuClg Ty 1.9163 0.02%163

(NH4)2ReClg Ty 8.3166

(NH4)2IrClg Ty 20166

(NH4)20sCls Tq 12166
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C

site symmetry hv, cm™! E,, kcal/mol W, ueV ref(ps)
(NH4)2SiFg Ta 16817 2.2175.176 0.02177 178,179
(NH4)2SiFs (hex) Ca 1.1180 1.0177 178
(NHy)2GeFe Ca 1.3181 0.07%181 182
(NH,4).;TiFg Ca 1.8181 0.02+%181
(NH4):PtBre (LT) 41183 2.8,3.8184
(NH4)2SnBrs (LT) 1.4176 0.13,.15185 39
NH,PFg (LT) .90181 3.6,4.2,4.81868 187,188
NH,ZnF; (LT) 315189 1.61%0 0.006%81 191
NH,ZnF; (RT) O 266177 1.31%0
NHMgF;s (LT) 1.58 0.007*81 192
NHMgF; (RT) O 1.719
NHMnF; (L) C; 342,354,384%8 194
NH,CoF3 (RT) O 194
NHCdF; (LT) Cs 3.981 0.00003*81 192
NHMnCl; (LT) Cs 1.4195 196
(NH,)PdCl, (LT) 298197 2.6198 0.083197
(NH):PdCl, (RT) Dy, 281197 2.3198
(NH4)PtCl, (LT) 290197 0.095197
(NH4)»ZnCly (LT) C: 2.2199 0.10,0.15200
o-NHHgCl; (LT) Dy, 281201 202
CL-NH4Hg013 (RT) D4h 280203 2.2202
NH.AIF, (LT) Ss 382,4607° 3.6204 205
NH34AIF, (RT) Dyy 378,4537 4.3%04
NH.SnF; Cs 375,455206 5.3207
NH,F Cs, 555208 9.446 209
NH.HF. Cs 6.1210 211
NH,BF, Cs 1.418! 0.08+*181 212,213
(NH4)2CuCl4#2H:0 (LT) 302,34621¢ 215
(NH2:CuCly2H:0 (RT) S4 215
NH,C104 Cs 113,157% 0.791 7.2,11.3%8 90
ND,ClO, C; 85,13193.87 0.88% 0.048,0.050,0.0783% 92
NH,BrO, C, 216
NH4ReOy4 S. 266,276% 2.247 0.003*218 38,41
NH,IO, Sy 241,25921° 2.1220 0.006+218 42,43
NH4VO; C; 311,353221 3.8%22
NHNO; (LT) C 33678.152.223 3.2224 0.00027225 226
NH,H,PO, (LT) Cy 290227 42228 229
NH.H:PO, (RT) Sy 310227 4,0%28
(NHy)o5Ko sH2PO;4 Sy 294230
(NHu)o.35Rbo.e5sH2PO4 Sy 294,308231 3.2232
NH./H:As0, (LT) Cy 42027 3.823 234
NH H:AsO, (RT) Sy 440227 2.5238
(NH4).H3I06 (LT) 360227
(NH4):H3I06 (RT) Cs 405227
(NH,)2Cr:0-; (LT) C: 320152 1.82% 0.04*381
(NH4):Cr;07 (RT) C: 320152 1.1224
(NH4)2CrOy4 Cy 339238 3.0%22 0.00006142
(NH4)2Ce(N03)e Cl 25046 1.5224 0.1177
NH,O0CCH; Cy 49(237.238 8.046
NHH(CH,CICOO); (LT) Cy 33023 4,624 0.00006%241 242
(NH)2S04 (LT) Cy 350,390,430%43 2.7,3.924 0.0004153 245,246
(NH4)2804 (RT) Cs 350243 4,124
[(NHa4)o.16Ko0.8412804 C; 350243 1.3247
[(NH4)0.97K0.0312804 (RT) Cs 358,375%48f
(NH,)28:04 C, 286152 1.8224 1.1249
NH,HSO,4 (LT C, 29()250 2.0%!
NHHSO, (RT) Ci 260,290252 1.7251
(NH)3H(SO,): (LT) Cs, Cy 3302658 2.0%! 254
(NH,):Cdx(SOy)3 (LT) 294,318,337255 0.02626 257,258
NH.NH,SO; Cy 174,198,228259 .99260
NH,CF380;3 Dy 2903261
NH,LiSO, (LT) C, 2.3283 0.03*262 263
NH,LiSO4 (RT) Cy 262,369264
NH.NaSO#2H:0 C 255,310264 5.2265
(NH4)sMg(SO4)26H20 Cy 330,366%66
(NH,4)2Zn(S04)26H0 o 3647267
(NH4)2MI‘I( SO4)2’6H20 C1 364267
(NH4)(COO)sH;0 C 4504 6.846
(NH.HC;04)>H20 (RT) Cs 268
NH,SCN C: 343152 4.0224 0.00007225 269
NH,N; C; 400270
NH,CN Dy 41071
NH,HS Dyy 226272
NH;B(Ce¢Hs)s Dgy 35,61278 53278 274
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have many studies, usually the reference to the most
recent study is given. If more than one librational
frequency is listed, it signifies that there is more than
one librational frequency. When there is more than
one study and the values of the librational frequen-
cies are different, the results of only one of the studies
is listed, although on occasion more than one refer-
ence is given. The same is true for activation
energies and tunneling frequencies. Tunneling fre-
quencies refer to the A — T transition. Ifthe T states
are split, more than one tunneling frequency may be
given. Tunneling frequencies that are followed by
an asterisk are measured at temperatures higher
than 20 K by the method developed by Svare et al.?!
The reference to the heat capacity results is given
only for the low-temperature phase, even though the
studies cover the room temperature phase as well.
If the heat capacity of the deuterium compound has
also been measured, it is given under the NH,*
compound, if there is no entry for the ND,* com-
pound.

A dagger (7) following a number indicates that the
reference contains information on other compositions
of the solid solutions.
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