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ABSTRACT

Using both infrared and Raman techniques the vibrational spectra of

selected polymorphs of the ammonium halides; NH,C1, ND4 4 4

NH4I and ND4I, have been recorded in the spectral region 4000 - 50 cm

Ci, NH,Br, ND,Br,

1

The Raman spectra of NH4F and ND,F were also recorded. Although all the

4

foregoing crystals have been the subject of previous spectroscopic invest-
igations some important new features are observed. These include (i) Raman
active longitudinal modes and (ii) previously unreported internal and ex-
ternal modes. In adaition more meaningful assignments are made for some
previously reported spectral lines. Included are assignments involving

(i) the non-degenerate NH4+ stretching mode in combination with acoustical
modes and (ii) the transverse and longitudinal components of the triply

degenerate NH * bending mode in combination with the librational mode.

4

A study analagous to that involving the ammonium halides was made of

the following alkali-metal borohydrides: LiBH,, LiBD,, NaBH,, NaBD

4’ 4° 4’° 4°

KBH4, KBD4, RbBH4 and CsBH4. From the.vibrational spectrum of potassium
borohydride recorded at 10°K it is possible to infer that the ordered

phase associated with this salt has a cubic structure compatible with the
space group sz. The vibrational spectrum of the ordered tetragonal phase
of sodium borohyd?ide allows the placing of the seven BH4_(D2d) internal
vibrational modes. - In addition a mode of translatory origin is observed

and a mode of rotatory origin is inferred from a line assigned as the second

overtone of a librational mode. In the case of lithium borohydride seven

of the nine BH4_(CS) modes are observed. Six modes of translatory origin



iii

appear in the infrared and a mode of rotatory origin is inferred from a
line assigned as the second overtone of a librational mode.

The structure of potassium borohydride at room temperature is discussed
and evidence in support of a structure intermediate between the ordered
cubic sz phase and the disordered cubic Oh5 phase of sodium borohydride
is given.

Finally, the F matrix associated with an undistorted XY4(Td) (XY4 =
NH4+, BH4_)'ion and the G matrix associated with the same ion which has
undergone a slight angular distortion to give an XY4(D2d) ion is used to
calculate the contribution of the kinetic energy to the spectrum of the
XY4(D2d) ion. It is found that the order of appearance in the spectrum
of the B

and E components associated with the two F, vibrations is correctly

2
predicted.

2
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CHAPTER I

INTRODUCTION

1-1 Historical Background

Ever since Ewald's (1) discovery ih 1914 of an anomaly in the heat
éapacity of ammonium chloride the ammonium halides have continuously
attracted the attention of physicists and chemists. As a result an
enormous amount of information about these substances has accumulated
and from this information has emerged the fact that the strﬁctures of
NH4G1, NH4Br and NH4I (at one atmosphere and over the temperature inter-
val 0°K-450°K) are distributed among four distinct crystalline phases.

All three of these ammonium halides exist in the high temperature
modification known as phase I.

Both x-ray and neutron diffraction data (2) indicate a face centered
cubic phase I structure (Z=4) compatible with the space group Oﬁ(FmSm).
Under this space group a number of possible structural models are allowed.
However, for each model the overall crystal symmetry must be achieved
statistically by randomness involving the hydrogen atoms thus giving rise
to a disordered structure. Levy and Peterson's neutron diffraction data
(2) narrows the choice of models to three. One of the three models allows
unaxial rotation of the NH4+ ion and the remaining two models; while they
do not allow for either unaxial or free rotation, do allow fof a NH4+iion
which is relatively free. Recent neutron inelastic scatfering studies by
Venkataraman and his.co-workers (3) show no torsional peak in the scattering

patterns for NH4I(I), instead a broad distribution is observed. This result

is in agreement with an earlier infrared study (4) which shows a very broad



diffuse absorption arising from the combination of the torsional mode with
the NH4+ bending mode. However, whereas Plumb and Hornig (4) interpreted
their infrared result in favor of a model involving unaxial rotation
the more recent work of Venkataraman and his co-workers (3) shows that
form factor measurements tend to preclude the possibility of unaxial
rotation - thus favoring a model in which the NH4+ ion is relatively
free. On this basis the choice is between the two models which Levy and
Peterson denote as the double approach model and the tripié approach
model. In the former two of the hydrogen-halide distances associated
with each NH4+ ion are minimized and in the later three are minimized.
The model maximizing the hydrogen-halide distances is excluded by the
neutron diffraction data, Such a model would place 32/2 H atoms on the
3m positions under the space group Oi(FmSm) and, as will be indicated later,
this is the structure of the phase I alkali metal borohydrides.

It is found that the second highest temperature modification of the
ammonium halides is also a disordered cubic structure and that the three
C1, NH Br.and NH I,exist in this phase, known as phase II.

4 4 4
The phase II structure was established by Levy and Peterson (4-6). Their

salts, NH

neutron diffraction data gave a body centered cubic structure (Z=1),
compatible with the space group Oi(PmSm) and having 8/2 H atoms occupying
the 3m positions. Thus, the overall crystal symmetry required under the

space group is achieved by a random distribution of the NH * tetrahedra

4
between the two possible orientations in the unit cell. It is clear then,
that the phase transition, II + I is of the disorder-disorder type and

heat capacity data (7-9) show it to be of the first order.

The remaining two phases, III and IV are the low temperature poly-



3

morphs and both possess ordered structures which have been determined by

X-ray (10) and neutron diffraction (2) methods. Of NH,C1, NH Br and

4 4
NH4I only NH4Br is found to exist in both low temperature phases - the

lowest temperature phase for NH Br being phase IV. For NH4C1 the low .

4
temperature phase is IV and for NH,I it is III. Phase IV has a body

4

centered cubic structure (Z=1) under thé space group Té(PZSm). The
4 H atoms lie on the 3m positiﬁns. This compares with the 8/2 H atoms
on the 3m positions under the space group Oi(FmSm) for the disordered
phase II structure. These configurat;ons for the hydrogen atoms allow
for the second order phase change IV > II. The expected excess entropy
of transition of R 1In 2 = 1.36 e.u. for such an order-disorder phase change
is indeed observed, within experimental error, for ammonium chloride (8).

The phase III structure which can be thought of as a distorted body
centered arrangement has a tetragonal structure (Z=2) compatible with the"
space group D4g(P4/nmm). In this structure the nitrogen atoms occupy the
42m positions; (0,0,0) and (%,%,0) and the halide ions occupy the 4mm
positions, (0,%,u) and (%,0,u). The parameter, u, is a measure of the
displacement of the halide ions from the corresponding cubic positions
which would be (o0,%,%) and (%,0,%). Also, in order to have a true cubic
structure the condition, a = c/fi-would have to be satisfied. The 8 H
atoms associated with the two nitrogen atoms in the unit cell will occupy
the m(i) positions of the space group D4£(P4/nmm). This configuration for
the hydrogen atoms allows for a III -+ II phase transformation which is of
the second order. For ammonium bromide the reported excess entropy of

transition (7) is in agreement with the expected value of R 1n 2 for an

order-disorder transformation. A corresponding experimental result is



not available for ammonium iodide.
The final phase change to be considered is the order-order trans-

formation IV » III for ammonium bromide. Here the hydrogen atoms are

+

4

ions are arranged in parallel layers and in phase III they are in anti-

also involved in the phase transformation, since in phase IV the NH

parallel layers. Because there is no change in order for the transitions,
the entropy change as expected is small (7,9) corresponding to a small
increase in volume. It has been postulated (7) that the phase change is
of the first order type.

Most of the above information is summarized in Table 1-1. Also
included are recent values for lattice parameters (11-16), transition
temperatures (17-19) and the percent volume changes (12-16, 19,20)
experienced by the salts as they go through their respective phase
transitions.

The final ammonium halide to be mentioned is ammonium fiuoride.

Not unexpectedly this salt is not isomorphous with any of the ammonium
halides already discussed. Instead, the structure is hexagonal (Z=2)
and is compatible with the space group 063(P63mc) (21). Under this
space group both the nitrogen atoms and fluoride ions will be on the 3m
positions; (1/3, 2/3, z) and (2/3, 1/3, 1/2 + z). For the nitrogen
atoms z = 0 and for the fluoride atoms z = u. If the parameter u which
fixes the posifions of the fluoride ions is 3/8 and if the axial ratio
c/a is (8/3)1/2 then the site symmetry for the NH4+ ions will be raised
from C3V to an effective symmetry of Td and, indeed, the X—ray.studies
reported by Piumb and Hornig (21) do show these conditions for a tetra-

hedral arrangement of NH4+ ions to be satisfied. Only one modification



TABLE 1-1. The Phases of the Ammonium Halides
NH4C1 ND4C1 NH4Br ND4Br NH4I ND, I REFERENCES
PHASE IV o
1 - 88 82°
Ty (P43m) {a(A®) 3.820 4.009 11, 12,
IV > III T(°K) 108.5° 166.7° 7,9
AV (%) +2.20% +2.23% 12,12
AS(e.u.) 0.3 0.3 7,9
PHASE III o o
7 157 157
D4h(P4/nmm) a(A®) 5.718 6.105 12, 13
c(A®) . 4.060 4.338
IV,III > II{T(°K) 242.2° 249.7° 234.57° 215.05° 231.0° 224° 8, 8, 7,9, 7,19
AV (%) +0.48% +0.39% -0.43% -0.73% -0.28% -0.21% 20,20,12,12,13,19
AS(e.u.)| 1.3%0.2 1.3+0.2 1.3+0.2 1.3+0.2 8,8, 7,9
PHASE II . ° o
1 299 299 248
Oh(PmSm) a(A®) 3.8756 4,0594 4.333 11, 11, 13
11~ 1 T(°K) 456.3° 448° 410.4° 405° 257° 254° 17,18,17,18, 7,19
AV (%) +19.43% +18.3% +16.96% 14, 15, 16
PHASE I ° ° °
5 473 453 282 .
Oh(FmSm) a(A®) 6.6004 6.8725 7.256 14, 15, 16




of ammonium fluoride is known to exist at one atmosphere (21).

In view of the foregoing outline of the polymorphism associated
with the ammonium halides it is easy to understand why it was early
recognized by spectroscopists that the ammonium halides would provide
for a most interesting study, particularly if such a study involved
temperature dependence so that the spectra of different phases could be
compared. It was Wagner and Hornig (22,23) who were the first to under-
take a comprehensive infrared study of ammonium chloride (22) and ammonium
bromide (23). Their published work included spectral results for: NH4C1(II),
ND4C1(II), NH4C1(IV), ND4C1(IV), NH4Br(II), ND4Br(II), NH4Br(III),
ND4Br(III) and ND4Br(IV). It was not until 1968 (24) that the infrared
spectrum of NH4Br(IV) was published; The infrared spectrum of NH4I(III)
was included in Bovey's paper (25) of 1950. Plumb and Hornig (21) in
F and ND,F.

4 4
In the above works (21-25) it is found that the infrared spectral

1954 published spectra for NH

line showing the greatest sensitivity to the phase changes, III + II,

IV - II and IV > III is the line arising from the V4 bending mode. In
phase IV the NH4+ iqn lies on a site of Td symmetry and the expected
§ing1et is observed for the triply degenerate vibration, v4(F2). Ih
phase III the degeneracy is partially lifted - here the NH4+'ion lies on
a site of D2d symmetry and as expected a doublet appears corresponding |
to v4(B2) and v4(E). As we go to phase 11, which has a cubic structure,
Va unexpectedly appears as a doublet. Wagner and Hornig (22) in their
original work associated the anomalous component with the disorder in
the lattice. It is now well known (26,27) that for disordered systems

there can be densities of states with E_# 0 associated with the fundamental



vibrations predicted in the zero wave-vector limit and recently Garland
and Schumaker (28) have shown that the anomélous phase II component of
v, must bg attributed to a density of states with K # 0. Disordered
systems in the ammonium halides will be discussed at greater length
in Chapter IV - the important point to note now is that the appearance

of the Vy doublet at high temperatures serves to help identify phase II

spectra.
Finally, the infrared spectrum of ammonium fluoride (21) shows a

single sharp line for v thus supporting a tetrahedral configuration

4>
of NH4+ ions as indicated by the x-ray data (21).

Turning now to the Raman spectra of the ammonium halides we find
that the most comprehensive studies were those carried out by Couture-
Mathieu and Mathieu (29) in 1952. Earlier studies were made by Krishnan
(30,31) in 1947 and 1948. Couture-Mathieu and Mathieu recorded spectra
of NH4C1(II), NH4C1(IV), NH4Br(II) and NH4Br(III). .The.Raman spectrum
of NH4Br(IV) was reported by Schumaker (24) in 1968. The Raman studies
are a very important complement to the infrared work because they place
the infrared ihactive NH4+ bending and stretching modes. 1In addition
Raman spectra Qére the first to place crystal modes of translatory origin
for the ammonium halides (29 - 31). |

Consideré£ion of the foregoing outline of previous infrared and Raman
studies indicafés an eﬁtensive set of spectroscopic data. However, it
should be noté&ithat the studies mentioned have not included the infféred
spectrum of ND4I(III), nor have they included Raman spectra for ND4Ci(II),
ND,C1(IV), ND4Br(II), ND,Br (III), ND,Br(IV), NH,I(III), ND,I(III),
NH,F and ND4F; Also, most of the work oh the ammonium halides was cérried

4

out in the 1950's and since then there has been considerable sophistication



in instrumentation. Thus, witP the recent availability of laser Raman
spectrophotometers as well as grating spectrophotometers that can scan

the infrared down to about 30 cm-1 considerable data can now be obtained
which will complement that obtained by earlier workers. The study of the
ammonium halides was carried out, then, with a view to placing those
lattice modes of rotatory and trandatory origin which had not been -
previously observed. It was hoped, too, that assignments for the internal
fundamentals of the various salts could be made which would be more
complete than those of previous workers.

Also, earlier workers (22,23,29) had observed lines in the low temper-
ature phase spectra which were not obvious combinations or overtones of
the fundamental modes. Since a cleér one to one correspondence between the
spectra of the protonated and deuterated samples wés not established
for these lines it was hoped that such a one to one correspondence could
be established. This would then aid in makiﬁg meaningful assignments.
Finally, it was believed that it would be very worthwhile to compare
a stﬁdy of the ammonium halides with an analogous study of the alkali
metal Borohydrides - about which considerably less is known.

The high temperature modification of NaBH, and KBH4, known as phase I

4
(32), has a face centered cubic structure (Z=4) under the space group
Oi(FmSm) (33-35), There are 32/2 H atoms lying on the 3m positions

thus giving rise to-a disordered structure. Heat capacity data (36,37)
for both sodium and potassium borohydride indicate a disorder-order trans-
formation at low temperature.  For sodium borohydride this transformation

results in a contraction along what becomes the c axis of a body centered

tetragonal structure (38) and if a simple order-disorder transformation



involving the orientation of the borohydride ions is assumed the low
temperature structure (z=2) must be compatible with the space group
Dzz(IZmZ). A tetragonal structure under the DZS(IZmZ) space group places
8 H atoms on the m(i) positions énd allows for an order-disorder trans-
formation analogous to that of the ammonium halides.

The heat capacity data (37) for potassium borohydride suggest that
the disorder-order transformation takes flace over a fairly large temper-
ature interval finally undergoing completion at 77.2°K where there is a
pronounced anomaly in the heat capacity curve. No X—réy diffraction
data have been reported for potassium borohydride below 90°K. However,
it is known that the structure does remain cubic down to 90°K (40) and the
infrared results of this work recorded at 10°K are also compatible with
a cubic structure and can hardly be interpreted on any other basis.

For the infrared spectrum of KBD4 the V4 half-height line width is only

3.5 cm_1 at 10°K and since the observed Vg4 splittings for sodium boro-
hydride are about 20 cm—1 any distortion from true cubic symmetry would |
have to be very small indeed; especially when it is considered that

the probable angular distortions from a tetrahedral configuration of

BH4- ions in sodium borohydride are only +2.22%and -1.10° for the two
different types of H-B-H angles (see section 1-2). Thus, it would appear
that the disorder-order transformation fof KBH4 effectively differs from

- that of NaBH4 in that there is no axial contraction. This gives a face
pentered cubic structure (Z=4) under the space group Td(FZSm) and places 16 H
atoms on the 3m positions. Since there are 32/2 H atoms on the 3m positions of

phase I a second order phase transformation involving hydrogen atoms is

allowed for. The heat capacity data (36) show that the anomaly
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at 77.2°K accounts for 0.70 e.u. of the 1.36 e.u. expected for the excess
entropy of transition. However, as previously indicated, the data
suggest that the original onset of the transition is at a much higher
temperature with the missing excess entropy of transition extending
over a very broad temperature interval which lies above 77.2°K.
Schutte (32) has called the low temperature modification of NaBH4

phase II and this designation is followed here. 1In addition, the low

temperature phase of KBH, will be called phase III.

4

Thus far no mention has been made of RbBH4 and CsBH4. It has been
found (38) that the high temperature modifications of these salts are
also face centered cubic, so they very likeiy possess the phase I
structure. Cooling and warming curves for rubidium and cesium boro-
hydride respectively show breaks at 44 and 27°K (41) and it is likely
that each of these temperatures represents the completion of a disorder-
order phase transformation, which like that of potassium borohydride
takes place over a wide temperature interval .

Most of the foregoing information relating to the alkali metal
borohydrides is summarized in Table 1-2.

Finally, we come to the remaining alkali metal borohydride - LiBH4,
whose structure is not isomorphous with any of the phases common to the
‘ other alkali metal borohydrides. The structure for lithium borohydride
given by the sole reference in the literature (42) is compatible with thé
space group Déﬁ(?&mn). Since there are fou¥ molecules per unit cell the
boron atoms must lie on m positions giving a BH4‘ ion of Cs site symmetry..

The lithium ions must also lie on m positions if they are to be surrounded

by the distorted tetrahedron of H atoms suggested in reference 42. There



TABLE 1-2.

Phases of the Alkali Metal Borohydrides

RbBH,

. NaBH, KBH, A CsBH, REFS.
Phase III
) — 90°
T," (F43m) a(A®) 6.636 39
III ~ 1 T(°K) 77.2% 44 27 36,41
AS(e.u.) 0 0.70
Phase II
9 - V o 780
D, (14m2) a(A®) 4.354 37
c(A®) 5.907
II+1 T(°K) 189.9° 35
Phase I
5 o 296 298
0~ (Fm3m) a(A®) 6.1635 - 6.7272 7.029 7.419 37

It
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will be 8 H atoms on two different m positions and the remaining 8 H
atoms will lie on the general positions. Heat capacity data (43)
indicates that lithium‘borohydride undergoes no transitions in the
temperature interval 15-300°K.

Consideration of the foregoing structural information relating to
the alkali metal borohydrides suggests some very worthwhile studies
for vibrational spectroscopists. However, in actual fact, very few
of these studies appear to have been pursued. No reported Raman studies
have been méde of any of the crystalline phases of the borohydrides and
the only infrared studies that have been previously reported are the
infrared studies of NaBH#(I) and NaBH4(II) by Schutte (32). The present‘
LiBD

work includes both infrared and Raman spectia of LiBH NaBH4(I),

4’ 4’
NaBH4(II), NéBD#(I), NaBD4(II), KBH4(I), KBH4(III), KBD4(I) and KBD4(III).
Raman and infrared spectra of RbBH4 and CsBH4 were also reéorded. The
studies were carried out with the following objectives; (i) the placing
of crystal modes of translatory and rotatory origin, (ii) assigning for
both NaBH4(II) and NaBD4(II) the 7 internal fundamentals predicted by the
BH4_ D2d site symmetry, (iii) assigning for both LiBH4 and LiBD4 the

9 non-degenerate fundamentals predicted by the BH4- CS site symmetry,

and deduciﬁg,_if possiBle, the structure of the low temperature phase

of potassium borohydride. The result of this final objective.has already
been given. This allows for a more ordered presentation of the detailed
crystallographic information which follows. In keeping with the order

of the discussion thus far the information relating to the ammonium

halides is presented first.
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1-2 Crystallographic Data

Table 1-3, 1-4 and 1-5 respectively, give detailed crystallo-
graphic data for phases II, III and IV of the ammonium halides. In all
cases an N-H bond length of 1.03 A° determined by Levy and Peterson
(2,5,6,44) was used to fix the hydrogen positions.

Particulér attention should be paid to phase III. This structure
is compatible with the space group D4;(P4/nmm)and has the hydrogen atoms
lying on the m(i) positions. Under the symmetry requirements of the
space group the (X,0,Z) nitrogen atom associated with the (0,0,0) nitrogen
atom may be placed anywhere in the XZ plane bounded by the unit cell edges.
Once this (X,0,Z) hydrogen atom has been placed the symmetry elements of
the space group will generate the remaining hydrogen atoms. Levy and
Peterson (2) carried out a neutron diffraction study of an ammonium
bromide powder in 1952. Their results were compatible with the hydroggn
atoms lying on the face diagonals. However,‘their results do not meaningF
fully exclude the possibility that the hydrogen atoms are slightly re-
moved from these X = Z positions. Since the H/2 atoms point toward the
nearest bromide ions in phase II, the possibility that the phase III
H atoms point directly toward the néarest'bromide ions should also be
considered.

The above two configurations for the NH4+ ions give two different
situations for the angular distortion of the NH4+ ions. If the hydrogen
‘atoms are on the face diagonals then the angular distortion from a tetra-

hedral configuration for the NH * ions will result in two H-N-H angles

4
less than the tetrahedral angle (-0.23°) and four H-N-H angles greater
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thén the tetrahedral angle (+0.116). If the hydrogen atoms aré pointing
directly toward the nearest bromide ions the reverse situation will hold;
i.e. éhere will be two H-N-H angles greater than the tetrahedral angle
(+3.09°) and four H-N-H angles less than the tetrahedral angle (-1.52°).
It is this last situation for the angular distortion which the BH4_ ions
in NaBH4(II) almost certainly experience. (This is discussed later on in
this section).

Now, the spectral results of this work (see sections 4-2 and 5-2)

show that the v3/v4 splitting patterns for NH4Br(III) and NaBH4(II) are

of the same type; i.e. the following results are obtained:

—— 31— —= 26 =—NaBH,(II)
Y(em 1) -
v3(B2) A v, (B2)
vz (E) v, (E)

Therefore, it is very likely that the situation for fhe D2d distortions are
also of the same type and the implication is that in NH4Br(III) the

- hydrogen atoms are probably pointed directly toward the nearest bromide
ions. This means that the parameter, . u, which fixes the positions of

the halide ions will effectively determine the angular distortions for the

NH4+ ions. Ketalaar (10) has determined these parameters for NH4Br(III)



TABLE 1-3. Crystal Structure of Phase II Ammonium Halides
1
Space Group:Oh (Pm3m)

Atomic Positions
1 X Atom at (%,%,%)

1 N Atom at (0,0,0)

8/2H Atoms at (X,X,X), (X,X,X), &X,x,X), (X,X,X)
(K,i’i)’ (XJX’X)’ (X)i,x)) (XJX.\X)

.8756 A°

o
it
(93]

(i) NH,CL

X = 0.153
(ii) NHBr a = 4.0594 A°
X = 0.146
(iii) NH4I a = 4.333 A°
X = 0.137

Ammonium Ion Parameters - NH4+(Td)

Z@H-N—H) = 109.47°, T(N-H) = 1.03 A°

15



TABLE 1-4. Crystal Structure of Phase III Ammonium Halides
,
Space Group: D4h(P4/nmm)

Atomic Positions
2 X Atoms at (0,%,u), (%,0,u)
2 N Atoms at (0,0,0), (%,%,0)

" 8 H Atoms at (0,x,2), (X,0,Z), (s%+X,Z), (#X,%,2)
(O,R:Z), (X:O:Z), (1/2:1/2_)(,2)’ (I/Z'X:I/Z,Z)

(i) NH,Br a=5.718 A° ¢ = 4.060 A°
u=0.47, X =0.150, Z = 0.141
(ii) NH,I a=6.105 A° c = 4.338 A®

u=0.49, X =0.138, Z = 0.137

Ammonium Ion Parameters - NH4+(D2d)

i 4ZEH—N—H) - 107.95°, 22@H-N-H)= 112.56°,

r(N-H) = 1.03 A°

(ii) 4Z(H-N7H) = 109.06°, ZL(H-N—H) = 110.30°,

r(N-H) = 1.03 A°

16
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TABLE 1-5. Crystal Strhctures of Phase IV Ammonium Halides

Space Group: Té(PZSm)

Atomic Positions

1 X Atom at (%,%,%)
1 N Atom at (0,0,0)

4 H Atoms at (X,X,X), (X,X,X), (X,X,X), (X,X,X)

(i) NH,C1 a = 3.820 A°
X = 0.156
(ii) NH4Br ‘a = 4.009
X = 0.148

Ammonium Ion Parameters - NH4+(Td)

Z&H-N—H) = 109.47°, T(N-H) = 1.03 A°
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FIGURE |— I

THE CRYSTAL STRUCTURE OF THE PHASE IV
AND PHASE Il AMMONIUM HALIDES
PROJECTION ON (0OOIl) PLANE

PHASE 1V

Z=%
Z =0
PHASE I
+ )
PN
Z =U
Z—?U
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and NH4I(III) fo be 0.47 and 0.49 respectively. The value of 0.47
for ammonium bromide was subsequently confirmed by Levy and Peterson
(2).

Figure 1-1 shows the ordered structﬁres for both phases III and
IV and thus complements the structural data given in Tables 1-4 and
1-5. |

We turn now to the alkali-metal borohydrides. Tables 1-6, 1-7
and 1-8 respectively giﬁe, detailed crystallographic data for phases
I, II and iII. In all cases a B-H bond distance of 1.26 A° determined
by Peterson (34) was used to fix the hydrogen poéitions.

Special attention should be given to phése II which has a tetra-
gonal structure under the space group D;i(lamZ). The hydrogen atoms
lie on the m(i) positions. In direct analogy to the case of the phase
IITI ammonium halides, the symmetry requirements of the space group
allow the (X,0,Z) hydrogen atom associated with the (0,0,0) boron atom to be
placed anywhere in the XZ plane boundéd by the unit cell edges;A Again,
once this (X,0,Z) hydrogen atom has been placed, the symmetry elements of
the space group will generate the remaining hydrogen atoms. Neutron
diffraction studies could aid in placing the hydrogen atoms; however,
these studies have not been carried out. One possibility is that the
hydrogen atoms are pointed toward the second nearest neighbour sodium
ions. This possibility is seen to be reasonabie when we consider the
phase change which‘yields the low temperature fetragonal modification
of sodium borohydride.

In the high temperature disordered cubic‘structure the H/2 atoms

point toward the second nearest neighbour sodium ions. The ordering
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process results in a contraction along what becomes the c axis of the
tetragonal structure, This contraction could very conceivably result

in a flattening of the BH, tetrahedra with the H atoms still pointed
toward the second nearest neighbour sodium ions. Such a situation
gives the two angles lying in the XZ and XY mirror planes a positive
distortion of +2.22°. The remaining four angles have a negative
angular distortion of -1.10°.*

Figures 1-2 and 1-3 which respectively show the phase II and

phase III structures complement the data contained in Tables 1-7 and

1-8.

*
When the contraction along the C axis is considered for NaBH, any

distortion of the BH, ions will almost certainly result in two angles
greater than 109.47° and four angles less than 109.47°. The situation
cited here is probably the most likely.
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TABLE 1-6. Crystal Structure of Phase I Alkali Metal Borohydrides

Space Group: Oi(FmSm)

Atomic Positions

4 X Atoms at (%,4%,%)
4 B Atoms at (0,0,0)

32/2 H Atoms at (X,X,X), X,%,%), (K.X,%), &.%5X
X,X,%), XXX, XXX, (XXX

(1) NaBH4 a = 6.1635 A°
X = 0.118

(ii) KBH, a=6.7272 A®
X = 0.108

(iii) RbBH, a = 7.029 A°
X = 0.103

(iv) CsBH4 a = 7.419 A°
X = 0.098

Borohydride Ion Parameters - BH;(Td)

Z@H-B-H) = 109.47°, r(B-H) = 1.26 A°



TABLE 1-7. Crystal Structure of Phase II Alkali Metal Borohydrides
S ) 9, -
pace Group: D2d(I4mz)
Atomic Positions
2 Na Atoms at (0,0,%)
2 B Atoms at (0,0,0)

8 H Atoms at (X,0,Z), (X,0,Z), (0,X,Z), (0,X,Z)

4.353 A° c= 5.907 A°

s
]

e
1]

0.240, Z = 0.120

Borohydride Ion Parameters - BH4-(D2d)

4[(H-B-H) = 108.37°, 2L(H—B-H) = 111.69°,

r(B-H) = 1.26 A°

22
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FIGURE |1—2

THE CRYSTAL STRUCTURE OF NaBH - PHASE |l
PROJECTION ON (OOI) PLANE

N|-
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TABLE 1-8. Crystal Structure of Phase III Alkali Metal Borohydrides

Space Group: Ti(FZBm)

Atomic Positions

4 K Atoms at (%5,%,%)
4 B Atoms at (0,0,0)

16 H Atoms at (X,X,X), (X,X,X,), (X,X,X), (X,X,X)

6.636 A°

[
1}

<
1]

0.110

Borohydride Ion Parameters - BH4-(Td)

Z@H-B-H) = 109.47°, T(N-H) = 1.26 A°



25 ¢

FIGURE 1—3
THE CRYSTAL STRUCTURE OF KBH,— PHASE Il
PROJECTION ON (OOl) PLANE

vy
'S
O
g4
X
N
(V] oy




26

CHAPTER II
EXPERIMENTAL
2-1 Materials

All compounds used in this work, with the exception of ND,I and

4
ND4F, were obtained commercial}y. The alkali-metal borohydrides, LiBH,,
NaBH4 and KBH4 were obtained from Metal Hydrides Inc. and the remaining

.two salts in this series, RbBH, and CsBH4 were obtained from Gallard

4
Schlesinger Ltd.. British Drug Houses Ltd. supplied the ammonium halides -
this included the fluoride, ch}oride, bromidé and iodide. The fully
deuterated'salts; LiBD4, NaBD4, KBD4, ND4C1 and ND4Br were obtained from
Merck, Sharpe and Dohme (Canada) Ltd.. All of the above salts were of
reagent grade, with an assay of not less than 98%. The fully deuterated
analogs of NH4I and NH4F were prepared by five successive recrystalliza-
tions of the appropriate protonated compound from DZO' The isotopic pur-

ities of the resulting salts were estimated spectroscopically to be in

the range 90 N 95%.

2-2 Technique

The preparation of samples for the infrared studies involved threé
different techniques; the choice of technique depended on the compound
under study and also on the region of the infrared to be scannéd. The
first technique consisted of mulling finely divided crystalline powder with
nujol and then mechanically depositing a thin uniform layer of the re-
sulting slurry on a suitable support. For our work the supports used with

this technique were either cesium iodide or polyethylene.
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The second technique allowed for mechanically depositing a thin
uniform film of crystalline powder on either a sodium chloride or
potassium bromide support. This was accomplished by first grinding
one surface of the polished support with a very fine emery paper
(Carbimet 600 Grit). A small mound of very finely divided crystalline
powder was then placed on the surface of a ground glass plate. Carbon
tetrachloride was then added to the surface of this ground glass plate
in such a manner so as to completely surround and moisten the mound
of crystalline powder without dispersing it. The ground side of the
support was then placed directly on top of the mound of moistened
crystalline powdé; and then‘rubbed, using small circular motions,
against the surfaée of the ground glass plate; The support was slid
off the ground glass plate before a sufficieﬁt amount of the carbon
tetrachloride had evaporated to cause ''sticking". After sliding the
support off the ground glass plate and also allowing for sufficient
"drying time" the.éxcess crystal powder was cérefully brushed off the
ground surface of the support; a small, finé; hair brush was used for
this purpose. Depénding on the salt the above procedure was repeated up
to three.successiQé times in order to obtain a sufficiently thick film.
It was found that'films prepared in such a maﬁner can give excellent
crystal spectra. |

The final technique involved the.prepara;ion of a polyethylene
pellet. The firs£ step, in the preparation of the pellet, was to
intimately mix a small amount of very finely &ivided crystalline powder
with a larger amoﬁﬁt of polyethylene powder.(The optimum ratios of

crystalline powder and polyethylene powder for the different salts
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could only be found by trial and error). After the mixing process was
complete an optimum portion of the mixtﬁre was placed on the surface

of a 14" x 14" x %" glass plate and then spread evenly over the surface
so as to give a thin, roughly circular, layer. The glass plate supporting
the mixture and a second glass plate of equal dimensions were then placed
on a hot plate heated to about 300°C. As soon as the polyethylene was
observed to melt enough to flow slightly the second glass plate was
placed directly on top of the glass p}ate supporting the sample. The

two plates were then firmly pressed together by hand and then immediately
transferred to a mechanical press which allowed a uniform pressure to

be maintained unti& the sample had cooled. Pellets prepared in this
manner were of uniform opaqueness and gave gbod crystal spectra. They
were, however, uséful for only room temperature work as the thinness

of the pellets dia.not allow for good thefmal'contact in our low
temperature cells.

It should be goted that for all three techniques, the handling
of the crystalline compounds was carried out in a dry box containing a
dry nitrogen atmosphere.

All spectra, with the exception of the polyethylene pellet spectra,
were recorded with¥the samples mounted either in a liquid nitrogen,
Hornig type, cell 6; a liquid helium cell.. In each of these cells
- provision was madé.for the sample supports to be fitted tightly into
a cold block whicﬁ-was in direct contact with:fhe coolant. A copper-

' constantan thermoébuple attached to the cold blocks allowed for monitoring
the temperature of the cold blocks. When using the liquid nitrogen

cell it was possible to bring the cell into the dry box and thus mount
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the samples in a dry atmosphere. HoweVer, because of its size this

was not possible with the liquid helium cell. In this case the sample
was removed from the dry box in a sealed container. Once this container
was opened the sample was fitted, under a stream of dry nitrogen, as
quickly as possible and evacuation of the cell started.

The spectra of the ammonium halides recorded in the spectral region,
4000-500 <:m-1 were recorded using the liquid nitrogen cell and samples
prepared using the thin film technique. With the exception of the
lithjum salt all the spectra taken of the alkali-metal borohydrides in
the spectral region 4000-500 cq_l were also recorded using samples
prepared as thin crystalline films. However, fér these studies the
liquid helium cell Qés used. The spectra taken of lithium borohydride
were recorded using{nujol mull samples mounted in the liquid nitrogen
cell. Finally, forzépectra recorded in the 606450 cm—1 region poly-
ethylene pellets wefé used at room temperature and for lower temperatures
samples prepared by ;he nujol mull technique wére mounted in either the
liquid nitrogen or iiquid helium cell.

Thus far, the'discussion of sampling techﬂiques has related to the
infrared expérimenté. We turn now to the prepération of samples for
Raman experiments.L In order to prepare the sample all that was necessary
was to tightly compress finely divided crystaliine powder into a conical
cavity at the end Sf a brass rod. Once the saﬁple had been prepared in
this way, the brass rod could then be fitfed info a specially designed
low temperature cell. (The cell used was a m&dification'of the one
describea by G.L. Cérlson (45) which was designed for coaxial viewing

using the Cary 81 spéctrophotometer fitted with a He-Ne laser). In the
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cell which was used for this work the non sample end of the brass rod
fitted precisely into a cylindrical cavity in the cold block and in
so doing butted against a spring placed in this cavity. When the cell
was fitted together this spring caused the sample end of the brass rod
to butt tightly against one end of a pyrex light pipe. When the cell
was correctly positioned the opposite end of the pyrex light pipe was
in optical contact with ;he hemispherical lens of the spectrophotometer.
Again, the'samples were prepared and the cell assembled in a

dry box containing a dry nitrogen atmosphere..

2-3 Instrumentation
The infrared spectra were recorded on two complementary double
beam grating spectrophotometers, the Perkin Elmer 421 and the Perkin

Elmer 301. The 421 was used in the spectral region, 4000-500 en” !

and the 301 in the region 600-50 cm-l.' The wave number scale of both
these spectrophotometers was calibrated with the atmospheric water
vapor spectrum and the uncertainty in the measured frequencies is

+ 2 cm_l. All spectra recorded on both instruments were recorded with
the optical paths sealed from the atmosphere. This allowed for the use
of an air dryer gpd also allowed for the purging of atmospheric CO2
with dry nitrogen:

The Raman sbeétra were recorded with thé:Cary 81 Raman spectro-
photometer equippé& with the Spectra—Physics‘He—Ne laser. The instrument
was calibrated wi¥ﬁ emission lines from a neon lamp over the spectral
range 0 - 4000 cmr-:1 and the uncertainty in tﬁé measured frequencies is

£ 2 em 1.
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CHAPTER III
THEORY

3-1 The Vibrations of Molecules

The classical treatment of molecular vibrational motion, yielding
solutions for the vibrational frequencies, is well known (46). However,
since both computed vibrational frequencies and force constants form
an important part of the discussion in both Chapters IV and V - it
will be helpful to give an outline of the classical treatment leading
to the formation of the vibrational secular equations. The solution
of these equations will then be briefly discussed according to the
method of Green and Harvey (47).

Classically, the molecular model that is used to describe vibrational
motion is that of N'elastically coupled point masses (or nuclei). Such
a system of N nuclei has 3N degrees of freedom of which six (only the
non-linear case is‘considered) account for the.translationsand rotations
of the molecule asué whole. If the 3N mass weightﬁdCartesian displacement

co-ordinates, {q}, are introduced, where,

q; = )Ty, G= 1,3) | (1)

then the kinetic energy T, of the molecule in matrix notation is given
by:
-t. .
T =qq (2)
The potential energy, V, can be expressed as a Taylor series expanded

about the displacement co-ordinates {q} giving:
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3V 32y
2V = 2Vo + 2;(,;{_) a *.Z(a]_.dq.) Ay * e (3)
1 i/e i,j i /e

where the sums are over the 3N co-ordinates. Now, the equilibrium con-
figuration is associated with a minimum in the potential energy surface
and when it is defined to have zero energy the first two terms in the

above expression vanish. Thus, neglecting higher order terms we have:

S 2

; <V
2V = T | — .q. =2 f..q.q., . 4
iebe). w0 iy By @
: 2V = qt E q (5)

The dependence of the potential energy only on second order terms implies
harmonic motions of the atoms; if the displacements are large this
approximation is not valid and higher order terms begin‘to become important.
The motions of the system are governed by Newton's equations of
motion, which are, in the mass weighted Cartesian system and in Lagrangian

form:

-k -0, (=1, (6)

i i

‘&
@
Q

[a WY
Q

t

Q

where, L, the Lagrangian function is given by L = T-V. Since T is a
function of the éi”and V of the q; > substitution of equations 1 and 4
into equation 6 giVes the set of 3N homogeneous differential equations:
g+ I f..q. =0, i=1,3N
§+ IE 50 ( ) (7)

One possible solution is:

§ |
q; = q;° sin (tA* + 6) (8)
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where q; is the amplitude of the motion, § is a phase factor and A is
related to the vibrational frequency. Substitution of equation 8 into
equétion 7 gives rise to a set of 3N linear homogeneous equations which
have a non-trivial solution only if the secular determinant equals zero;
i.e.

{fij-xsij|=o 9) .
Six of tﬁe 3N values of A satisfying equation 9 are always found to be
zero; these correspond to the three molecular rotations and to the
three translations. The remaining 3N-6 values of A are related to the
normal frequenciéé of vibration, v, (in.cm_l) by A = 4H2§2c2; substitution
of these values 6f A back into equation 8 sﬁows how each of the co-
ordinates qQ varies with time. The motion of the nuclei corresponding
to each normal fféquency is known as a normal mode of vibration. The
normal frequencies and the normal modes of vibration are, of course,
independent of th¢ co~-ordinate system used.

The analysis;of the vibrational problem would be simplified if a
co-ordinate systémAcould be found for which all cross terms between
co-ordinates in Bgth the potential and kinetic énergy expressions were
zero; (the mass:Weighted Cartesians have this property for only the
kinetic energy). fit is found, though, that such a co-ordinate system
can be defined aﬁ& that a single displacement co-ordinate in this system
describes the motion executed by all the atoms when the molecule under-
goes a normal viﬂfation. If the orthogonal transformation relating the

3N Cartesian displacement co-ordinates and the 3N normal co-ordinates,
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{Q}, is written as:

q=X0Q ’ (10)
where X is the transformation matrix; then the expressions for the kinetic
and potential energies may be written as:

.t
Q, and (11)

2T

i
| ©

2v = Qt

=

Q (12)

respectively. The diagonal matrix A is defined by:

bo=x"EX (13)

Since it is usual to treat the kinetic energy in terms of internal

co-ordinates a further transformation must be introduced. It is:

q=T | * (14)

Where Z is the matrix relating the 3N Cartesian co-ordinates,‘{q}, with
the internal co—ordinatés,'{S}. (In the absence of redundancy there will
be 3N-6 internal co-ordinates) Now, the matrix T is not readily available
from the molecular geometry and it is convenient to introduce the G matrix
elements of Wilson (36). From the molecular geometry the matrix B for the

inverse transformation

S=Bgq (15)
can be calculated. Since {Sland {q} generally have different dimension,
B is not square and thus cannot be inverted to give T. However, Egt is

square and if the.matrix G is defined as:

t

G = (16)

[{leo)
neo
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then it can be shown (reference 46, appendix 7) that the kinetic energy

iS given by:
or = 8t gl s (17)

Also, in terms of internal co-ordinates the potential energy may be

written:

v =stFs (18)

where F is the force constant matrix for the internal co-ordinates.
The normal co-ordinates are linearly related to the internal co-ordinates

by the transformation:

S=LQ (19
Substituting equation 19 into 17 and 18 yields:

«t .t -1

2T

1]
o
ne
ne

L4 =4

L]

Q , and (20)

2V

Qb Lt

lies]
ne

Q= q"

=

Q (21)
From the equations 20 and 21 we obtain the vibrational secular equations:

and (22)

ne
nx
ne
"
=

e
[{[=p}
e
!
Ni—

(23)
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By substituting equations 17 and 18 into equation 6 the vibrational

secular equations can be cast into the form:

[GE-2; L] =0 (24)

However, E F is not symmetrical and a symmetric matrix formulation of
the vibrational secular equation is clearly desirable since the eigen-
values and eigenvectors of a symmetric matrix are more easily evaluated
than those of a non-symmetric matrix.

Green and Harvey (47) have recently cast the vibrational secular
equations into a symmetric matrix formulation. In their treatment they

set

1/ .
L=Ur*e (25)

where the matrices U and P are orthogonal. Thus, we have the set of

relations:
1
L=UTI*P
- -1
L= pt
-t L
L =UTrT™P, and
1
L= ptrtut

Substitution of equation 25 into 23 gives

“to -kt -i

p I L

(26)

nes
o
nc
[{Rav]
1}
1]

The matrix U is .now defined as the orthogonal matrix diagonalizing the

G matrix, according to:
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9t§2=£ (27)

and [ becomes the diagonal matrix giving the eigenvalues of G. The

orthogonal matrix U is then composed of the eigenvectors of G. Thus,

L - -
L =UT*P, satisfies L 1 L t

e
He
ne

= 1 and also retains the appropriate

les|

ne
]

=

. t . .
freedom to satisfy L l.e, we can write:

1
e

nes
W
ne

I*p- (28)

It=

i
The matrix T2 U F U T

is symmetric and its eigenvalues are shown by
Green and Harvey to be the same as those of G F; its eigenvectors are
orthogonal and thus comprise the orthogonal matrix P.

Equation 28 can be rearranged to give an expression for the force

constants which is

b}
-%

_1
F =y Py (29)

n—
no
=

It is shown by Green and Harvey (47) that P possesses the important
property that the elements Pij of P equal zero unless the As belong to the
same symmetry class. This arises from the fact that the orthogonal

matrix U can be written as:
U=y (30)

where § is the usual orthogonal matrix relating internal and symmetry

co-ordinates.U is an orthogonal matrix defined by equation 30. It should



be noted that the symmetry co-ordinates are just the linear combinations
of the internal co-ordinates formed by projecting one member of each
symmetrically equivalent set of internal co-ordinates into the point
grbupf of the molecule."This allows for maximum symmetry factorization
since no interaction terms in the For G matrices will occur betwéen
two co-ordinates of different éymmetry. The force constants calculated

using symmetry co-ordinates are known as symmetry force constants.-

3-2 Symmetry and Selection Rules -

By the use of group theofy it is possible. to show how the 3N normal
modes of vibration (including translations and rotations) are distributed
among the symmetry types associated with the molecular point group
appropriate to the molecule being considered (46). The result is

summarized by the equation:

Yy . 1 Y v .
n' == Zh, x.(R) x:(R : 1
NjJXJ()XJ() , (1)

‘where nY

is the number of times the irreducible representation Tj is
contained in the reducible representation F} ; xj(R) and x}(R) are the
characters under the operation R of Fj and,Fg respectively; N is the
order of the group and hj is the number of group operations falling
under the jth class. All terms in equation 1 with the exception of

ij(R) may be obtained from the appropriate point group; The expression

for X}(R) is:

x}(R) = wR(il + cos ¢R) | . ' (2)
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where W is the number of atoms invariant under the operation R and

or is the angle of rotation associated with the operation R. The +ve
signs are taken for proper rotations and the -ve signs for improper
rotations.

Group theory may also be used to derive the transition moment selec-
tion rules for both infrared and Raman experiments. For a fundamental trans-
ition to occur by absorption of infrared radiation the integral, < wilgle >,
‘must have a non-zero value. In the intégral wi is the totally symmetric
vibrationless ground state, wj is the excited state and y is the dipole
moment operator. Now, the Cartesian components of p will transform like
the Cartesian displacement co-ordinates; Tx’ Ty and Tz' Therefore, wj
must transform like either Tx’ Ty or TZ in order that the integrand
for the above integral have a totally symmetric component and so be non-
zero.

For a transition to be Raman active one of the elements of the three
by three symmetric tensor, [< wilg]wj >] mu;t have a non-zero vélue. Again
wi is the totally symmetric ground state and wj is the excited state; g.
represents the polarizability tensor. If the transition is to appear in
the Raman effect, wj must transform like at least one of ﬁhe nine elements
of the polarizability tensor; Methods for determining the transformation
properties of the polarizability tensor under the various point groups

are discussed by Herzberg (48).

3-3 (Crystal Symmetry and Solid State Spectra

It is found that all of the symmetry operations of a crystal form
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what is known as the finite space group for the crystal. The space
group consists of two subgroups: the translation operations form one
subgroup and the remaining operations form the second subgroup called
- the factor group. The factor group or unit cell group is isomorphous
with one of the 32 point groups possible for crystals. it is convenient
also to mention the site group - this group is the group of all symmetry
operations acting through any point, or site, in the crystal. When the
site coincides with a molecular position in the crystal, the site is
then a subgroup of the molecular point group as well as the factor group.
We have already seen that the vibrational analysis for free molecules
analyzes the molecﬁlar motion under the appropriate molecular point
group. In crystals the motion of the unit cell is analysed under the
appropriate factor group. If there ére N atoms in the primitive unit
cell then there will be 3N crystal or lattice vibrations. Three of
these; known as acoustical modes, correspond to pure translations and in
the zero wavevector limit Qill have zero frequency. The remaining 3N-3
vibrations are known as optical modes. The three acéustical and 3N-3.
optical modes may be further classified as either internal or external
modes. The external modes always include the three acoustical modes
and arise from franslatory or rotatory motions of the molecules in the
unit cell. The internal vibrations are those which arise from motions
of the atoms associated with the individual molecules in the unit cell.
By considering the group of N non-equivalent points corresponding to

the N non-equivalent atoms contained in the primitive unit cell and
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applying the principles of group theory it is possible to obtain an
expression for nY; the number of times a particular irreducible
representation rj is contained in the reducible representation, r}.
The desired expression corresponds to equation 1 of section 3-2.

Again, Xj(R) and Xj(R) are the characters under the operation R
of Fj and P} respectively; N is the order of the group and hj is the
number of the group operations falling under the jth class. All terms
except x}(R) can be obtained from the appropriate factor group. Ana-
lytical éxpressions for the x}(R) have been devised by Bhagavantam
and Venkatarayudu (49). |

By a suitabie choice of the reducible representation F} and by
utilizing the ché?acters, Xg(R)’ appropriate to it, it is possible to
determine how thé interna1, external translatory, external rotatory and
acoustical modeghére distributed among the various symmetry species of
the factor grouﬁl It is to be emphasized tﬁat the factor group analysis
considers only a $ing1e unit cell and the assumption is made that
all equivalent aféms in adjacent unit cells ﬁove in phase. In the
following sections it will be seen that this éssumption may fail in
certain cases. ‘
3-4 Phonons and:Lattice Vibrations

The energy ih a lattice vibration or elastic wave is quantized -
giving rise to qﬁéhta of energy known as phonons. This is analogous
to the case of ei;ctromagnetic waves, where the quanta are known as

photons. It is fotnd that phonons of wavevector, ’{IEJ = 2r/\},

Ephonon

and photons of wavevector, {]X| = 2n/A}, interact

Ephoton
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and hK

as if they possessed momenta hK Ko hoton"

—phonon The momentum con-

servation law for crystals, which acts as a selection rule for optical
and acoustical tfansitions, may therefore be expressed in terms of wave-
vectors and for this reason the wavevector is of significant physical -
importance.

A photon-phonon interaction may result in either the creation or
absorption of a phonon, with the photon being scattered in the process;
as a result both the photon wavevector and frequency will change. For

the creation of a phonon the conservation of wavevector requifeé that:
K.. = K + K ‘ - 1

where Ei’ Es and K are the wavevectors of the incident 1ight, scattered

light and phonon respectively. Similarly by conservation of energy

W, = + W (2)

where W, W and w, respectively are the angular frequencies of the in-

cident 1light, scattered light and phonon. Equation 2 may be rewriften as:
clg;l = elk ] + viK| S ®

where, v, the velocity of the phonon (soundwavej is much less than, c,

the velocity of the.photon (light wave). If K (phonon) and Ei (photon)

are of comparable magnitude Wy (photon) will be much greater than wg (phonon).

Thus, the percentage difference between we and W is small and it follows

that |Ei| and IESI are not very different. In a vector momentum diagram

with |§i| = |K_|, |K|, will form the base of an isoceles triangle and we

-S

can write:
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K F 2K, siniy

(4)

where ¢ is the scattering angle. For Raman experiments using right angle
viewing (¢ = 90°) the phonon wavevector will be 2 Ki; so if the incident

[-]
Raman exciting light has a wavelength of about 6000 A the phonon wavevector

will be of order 1.5 x 10° cm L.
In-.the case of infrared absorption experiments wavevector and energy

conservation lead to:
wi = We ' (5)

K = K (6)
where ws and Ei are angular frequency and wavevector respectively for the
incident light and w, and K are the angular frequency and wavevector of the
phonon. For absorption at about 1000 cm_1 the phonon wavevector will be
of order 6 x 10° cm™?.

Since it is possible for the phonon wavevector to take on-any value
lying in the Brillouin zone - the maximum value being of order Ii/a where
a is the lattice constant - it is evident that the phonon wavevectors
associated with both Raman scattering and infrared absorption experiments
are small compared to the maximum order of about 108 cm-l. The relative
smallness of the phonon wavevectors has important consequences since

this implies that the phonons will have wavelenghts very long compared

to the lattice constant. In the case of infrared inactive phonons the

frequencies are determined mainly by short range forces in the lattice;
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phonons with wavelength long compared to the lattice constant are not
significantly influenced by the dispersive effects of these forces and
have essentially the same frequency as infinite wavelength phonons. The

Raman shifts thus measure the phonon frequencies at K = O.

The infrared active phonons produce an electric dipole moment in

the lattice and the accompanying long range (macroscopic) electric fields
may extend over many lattice cells. Thus the motion of the dipoles may

be influenced by these long rahge electric forces; i.e. the motion of

the vibrating dipoles through the pfésence of the macroscopic electric
field may couple with the motion of the electromégnetic radiation in the
lattice. The result is that for each infrared active phonon there will

be a frequency difference between different directions of phonon propa-
gation relative to the electric field, E. For non cubic crystals where the
polarization, P, is no longer parallel to E, the magnitude of the frequency
difference between transverse (g_l_ K) and  longitudinal (E_ll K) phonons
will depend on the orientation of the crystal with respect to the electric
field.

In order to see how the aPove results are arrived at the motion of
both the electromagnetic radiaFion and the vibrating dipoles will be con-
sidered in a classical context.

Maxwell's equations can be used to describe the propagation of the
electromagnetic waves in homogeneous media. Four vector quantitiés are
involved. These are, E, fhe electric field, H, the magnetic field, D,
the electric displacement and, B, the magnetic induction. They are

related by the two equations:
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D = eE | (7)

B = (8)

where ¢ and y are real symmetric tensors of second order. Since magnetic
effects can usually be ignored, most crystals will behéve as if y was a
unit tensor and so B = H. For a particular crystal the elements of €

are determined by measuringvits dielectric properties. The polarization,
P, which represents the dipole moment per unit volume is related to E and D

by the equation
D = E + 4m (9)

According to the theory of Maxwell the above vector quantities are

related by the following four fundamental equations:

v-H =0 (10)
v-D = 0 (11)
1
VxH = =D (12)
—— — c_
) - :
VxE = --H 13)

If the electromagnetic waves as they propagate in the lattice are assumed
to have plane form with spatial and time dependence exp i (K'r - wt) then

Maxwell's equations impose the requirement (50) that
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E = - 41K (K- P) - u®/c?p

K2 - w2/c2

(14)

If K > > w/c for the phonons which is the case in Raman experiments then

equation 14 becomes

- - a@)EE) | | (%)

The above result for E is identical to that obtained when Maxwell's

equations are replaced by the equations of electrostatics:
y°D = YxE = O (16)
Thus, equation 15 is the solution of:

(17)

| =
(o
n
o

KxE = O (18)

Born and Huang (51) have shown that in the harmonic
and adiabatic approximation the potential energy density for a crystal

may be expressed as follows:

s = wut ‘

e

u - UTQE - MEYE

(19)

Here U is a 3n dimensional vector whose components represent the dis-
placements of the n different types of atoms, identified by k = 1,2,....n.
The displacements are represented by a super position of travelling waves

so that in a wave of wavevector K and frequency w the displacement of the
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atoms at a point r will be U exp i (K - r - wt) and the field will be
E exp ii(EEE.- wt). The 3n x 3n matrix L has elements Lds(k,k') which
depend on the force constants between atoms of type k and k' (a,B8, and ¥y
are Cartesian co-ordinates). Q is a 3n x 3 matrix and has elements
Qas(k) which depend on the charges residing in atoms of type k. Finally
the elements, XaB’ of the ma;rix x are the components of what is known as
the electronic susceptibility tensor.

According to equation 19 the potential energy density, ¢, arises from
(i) the displacement of the 3n atoms from their equilibrium positions,
(ii) the relative displacement of the atoms due to the presence of a
macroscopic electric field and (iii) the displacement of the electrons

in the atoms relative to the nuclei.

The equations of motion for atoms moving in such a potential are:

U= -LU + QE (20)

no

where p is the diagonal 3n x 3n mass density matrix for which the elements

maa(k k) = m for all o. When the periodic solutions for E and U are

substituted into equation 20 it yields:

2
w

no

U=1LU -QE | (21)

We see that in equation 21 two terms contribute to the restoring forces.
These are the local elastic restoring forces and the long range electric
forces.

The polarization, P = - 3¢/3E, (Reference 51 - Appendix 5) is given

by:
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|
il
o
=
+
<

E (22)

If the matrix p is eliminated by defining:

W K) = (o )?U (k) (23)
Nk K') = L (k k")/(oy0, ) (24)
. 2 (25)
Zyg®K) = Qug(K)/ (py)
then equations 21 and 22 become:
2 : .
W W o= NKW-ZE (26)
(27)

P = Z'W + yE

and we recall that for K > >w/c the macroscopic electric field is given

by equation 15; i.e.

() )

Equations 26 and 27 completely define the motion of the vibrating.

dipoles in the presence of a macroscopic field and so are applicable
whenever conditions are uniform over regions containing many lattice cells.
The expression for the macroscopic field, E, has been obtained by consid-
ering the motion of electromagnetic radiation in homogeneous media. Since

the solutions of equation 26 are dependent on E, these solutions will relate
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the motion of the dipoles to the motion of the electromagnetic radiation.
Using the above three equations we will consider two cases after

Cochran and Cowley (52).

Case I; E =0
In this case the macroscopic electric field is suppressed and the
3n eigen frequencies, Qj (G = 1,2,...3n), will be given by the secular

equations:

| =0 ' | (28)

n=z

-
J

ih—

Three of these frequencies will éorrespond to acoustical modes for which
Qj =0, say j = 1,2,3. If the rows and columns of the singular matrix N
which involve the kth atom are deleted, then the resulting minor, g, is

non singular and of order 3n-3. Its. determinant is independent of the

choice of k and
_ 3n 2 ‘
Det N = I &, (29)
= J=4 ]
An effective inverse g"l may be formed by taking the inverse of E and

adding zeros in those rows and columns which are eliminated from N to

give N. The matrix §‘1 is of importance in the next case.

Case II, E $ O
When the crystal is in eqpilibrium in a static field a¢/ag_= 0 and

thus NW = ZE. Using this result to eliminate W from equation 27 gives a

relation between P and E which, with the help of equations 7 and 9, leads

to the following expression for the static dielectric constant.
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The optical dielectric constant is then:
s T s T o0
The elements of g(o) and g(m) may be determined experimentally. Those

of g(m) are determined at a relatively high frequency such that the in-
ertia of the atoms eliminates the contribution due to their relative
displacement.

In considering the eigenvalue problem it is convenient to choose axes
so that K is parallel to a direction &, which may be taken as being com-
pletely arbitfary. Thus, from equations 15 and 17; E, = -4IP with
Eg = E =0 andwbs =P, = 0. This result can be used to eliminate E

from equation 26. The secular equations for long wavelength vibrations

with K in the_g direction then become:

41

N+ 2z xzt - e @I =0 (32)
= E(oo) = = = j =
oo
1 0
where § = 0 0
0 0

Cochran and Cowley (52) show that for the 3n-3 optical modes:

3n _
T w.(a) =Det N1l
j=4

LA
=)
ool

[ ) (33)

Qo |
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The important result from cases I and II is that equations 29,30,31

and 33 lead to:

2 °
. (wJ' (e) ) _ “an. ' (34)
j=4 Qj eég)

Equation 34 can be simplified if s0me of the frequencies wj(a) are the same
as the frequencies Qj. This can be so only if the polarization in the
a direction vanishes and the macroscopic field, E, vanishes. (When all
the Maxwell equations are conSidered (51) the macroscopic fiéld will be
suppressed but E cannot vanishiidentically). It can be shown (52) that the
polarization of each of the modes whose frequencies are the Qj is along
one of the crystallographic axes for crystals of orthorhombic or higher
symmetry. Therefore from equation 17 we can say that for modes satisfying
wj(a) = Qj’ where o specifies the direction of a crystallographic axes
we will have E_L Qil] a). Such modes are known as transverse modes.

The other solutioﬁs are the longitudinal modes of case II for which
K is parallel to g. Here o instead of specifying a general crystal
direction will now be taken to be fhe a associated with the transverse
modes. In this case K || (P || o). Remembering that there will be n-1

modes associated with each crystallographic axis we can rewrite equation

32 as:
2 (o)
1 u)L(oc) _ aa

n-'1 wT (0(,) ) 8(5:) (35)
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where the wr, and the wp are respectively the frequencies of modes of
longitudinal and transverse po}arization. For a particular dipole the
frequency of the transverse mode will lie lower than the longitudinal
frequency since in a transverse mode E vanishes and the vibrational fre-
quency is determined solely by the local elastic restoring forces (see
equation 26). For a longitudinal mode there is an electric field, E,
which through the Q matrix contributes an additional restoring force.

If a mode has no polarization associated with it (i.e. if it is infrared
inactive) then @ and W will be equal for that particular mode.

Equation 35 is a generalized form of the LST relation which was
first derived for diatomic cubic crystals by Lyddane, Sachs and Teller
(53).

It should be emphasised that equation 35 holds for long waves. Thus,
K is small. However, in order for these longitudinal and transverse
waves to propagate in the lattice they must be of wavelength smaller than
the dimension, d, of the crystal (i.e. it is necessary to have K_1< <d).
The difference, then, between g mode for which K = 0 and a mode for
which K » O lies not in the vglue of K but in the absence of a macro-

scopic field in the first case and its possible presence in the second.

Born and Huang show thét the p yill be the infrared absorption fre-
quencies. It may be noted alsq tﬁat the infrared active phonons must be
those for which K = O since the polarization associated with the modes
will vanish otherwise (51), Alternately, conservation of wavevector
(equation 6) tells us that the phonon wavevector will be small compared

to the dimensions of the Bullouin zone and therefore an infrared absorption
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measures thé'phonon frequency at K = 0.

From the foregoing discussion we see that the first order Raman and
infrared spectra give information about the phonon dispersions only where
K is effectively zero. More complete phonon spectra may be obtained
from neutron inelastic scattering experiments. Recently Brockhouse and
his co-workers (54) have used neutron inelastic scattering techniques to
obtain the phonon dispersions for the translatory external modes of a
crystal of interest in this wo?k - ND4C1(IV). Below is a sketch of their
spectra of the longitudinal optical (LO), transverse optical (TO), longi-
tudinal acoustical (LA) and transverse acoustical (TA) phonons; K is in
the (%,0,0) direction. (The dispersions will, of course, be different

when K is in other (symmetry) directions such as (%,%,0) or (%,%,%)).

257 calc.
T

, 215 (209)

| 175 175 (150)
fﬁ TO

5 137 (142)
> LA

100 (102)
T.

0 .
T(0,0,0) - X(}%,0,0)

K

ND4C1(IV) phonon dispersions - ref. 54

>
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The symbols r(0,0,0) and X(%,0,0) appearing in the foregoing
diagram represent symmetry points in the reciprocal lattice. They
occur at the zone edges and their numbef is determined by lattice
Symmetry.

The simblest model which we may use to predict optical and
acoustical phonon dispersions is the linear diatomic chain - only
nearest neighbour interactions are considered. Such a model may be
related to a simple cubic lattice (55) where atoms of mass M, lie on
the odd numbered planes and atoms of mass lelie on the even numbered
planes. The spacing between the planes is a and the lattice constant

is 2a. If f is the force constant connecting nearest neighbour planes

(e.g. planes 2s and 2s + 1) then the equations of motion become:

2
d™X 2s+1 _ _
Y12 = Hpup - Xasa1) 7 Kpgup ~ Xpg)!
d2X 2
Z 245 ; - - -
M2 2 FlXgse1 = Xgg) = Kpg = Xy 1)} (36)
Convenient trial sblutions in the form of travelling waves are:.
X2$+1 = A exp i {(2s+1)Ka - wt}
o = Bexp i {2s Ka - wt} (37)
New equations of motion are obtained by substituting equations 37 into
equations 36. They are found to be:
- wz MlA = (2fcosKa)B - 2fA
!
- w2 M,B = (2fcosKa)A - 2fB (38)

2
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There will be a non trivial solution only if the determinant of the co-
efficients of the two unknown amplitudes, A and B, vanishes. This re-
quirement leads to the dispersion relations:

. 2 1
2 . 1 1 1 1\ 2 4sin“Ka |7
w(optlcal)=f.__+__+f(__+_) -
M1 M2 M1 M2 MlMZ

— s ;L
2 . 1 1 1 1\% 4sin“Ka ;
w - (acoustical) = f| — + 57— |- (~_ +._:) _ 2sin Ra
o My M, MM, MV

(39)
The force constant f may be related to either transverse or longitudinal
polarizations. It will, in general, be different in each case. Substi-
tuting equations 39 into equations 38 gives (at K = 0) A/B>= 1 for the
acoustical branch and A/B = —M2/M1 for the optical branch. These relations
show that in the K = 0 limit agjacent atoms move togepher for acoustical
modes and that for the optical modes they vibrate against each other with
their center of mass fixed.

At X = 0 the roots of the dispersion relations 39 are; w2(optical)_=
2f(l/M1 + 1/M2) and wz(acoustipal) = 0. At the zone edge 5max = *[/2a.
Here the roots of equation 39 (Ml > MZ) are u?(optical) = 2f(l/M2) and
wZ(acoustical) = Zf(l/Ml). In the case of ND4C1(IV) we can uselthis simple
model to estimate the zone edge LO, TO, LA and TA frequencies (We associate
the mass of the ammonium jon with M2 and the mass of the chloride ion
with Ml). The results are shown on the diagram on page 53. Considering
the simplicity of the model the agreement is remarkable.

A knowledge of phonon dispersions throughout the Brillouin zone

(and particularly at the symmetry points where the densities of states
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possess critical points) is helpful in interpreting the second order
Raman and infrared spectra. This is because the phonon wavevectors may
range throughout the entire Brillouin zone. The only requirement imposed
by conservation of wavevector is that the wavevectors of the two phonons
should effectively be equal and opposite. That this is so is seen by

considering the conservation relations

=
il

i K+ K+ K (Raman)

Ki = Ky + Ky (infrared)

(40)
In these relations the symbols have their usual meaning and the subscripts
1 and 2 refer to the phonons givingrise to either a combination or over-
tone mode. In the case of both infrared and Raman experiments the photon
wavevectors are negligible compared to the Brillouin zone dimensions and
hence wavevector conservation requires that the phonon wavevectors are
effectively equal and opposite. The frequency distribution for two phonon
processes is thus proportional to a weighted density of lattice states
in which two phonoﬁs of equal and opposite wavevectors are present. It
is found that there are particular values for fhe K vector (e.g. at the
symmetry points) where there will be discontinuities in the frequency
distribution. Therefore it is.important‘to kﬁow the selection rules at
particular K vectors for the pairs of phononvbranches which can contribute
to the second order spectrum.

The selection rules are simplest to calculate for processes due to
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phonons with zero wavevector. In this case the requisite group theory
and its application are well known (49). Selection rules for two phonon
processes due to phonons with non zero wavevector are in principle
calculated the same way as for phonons with K = 0. However, even though
the mechanics of the calculations are basically the same as for K=0
phonons, the actual manipulations are more complex due to the higher
dimenéiqnality of the representations involved. Because of the complexity
involved, detailed selection rules have been worked out for only a very
few simple crystals. These include the rock salt, zinc blend and diamond
structures (56,57).

It.is interesting to note that acoustical phonons may take part in
two phonon processes. This, of course, is not the case for first order

spectra where the selection rules forbid their appearance.
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CHAPTER IV

VIBRATIONS OF THE AMMONIUM HALIDES

4-1 The Phase IV Ammonium Halides

The phase IV ammonium halides possess an ordered cubic structure
under the space group Té(PZSm). The factor group anaiysis is carried out
under the Td factor group and the irreducible représentations for the
internal, optical translatory (OT), optical librational (CL) and acoustical.

translatory (AT) vibrational modes are:

I'(internal) = A; + E + 2F,

F(OT) = F2
roL) = F,
I(AT) = F,

In the infrared only the triply degenerate modes of F, symmetry may appear,
whereas in the Raman effect modes of A; and E as well as F, symmetries

may be active. We recall from section 3-4 that for dipole allowed vibra-
tional modes - in the present case modes of F, symmetry type - there will

be both transverse and longitudinal components. Since the phase IV ammonium
halides are not centrosymmetric the transverse modes may be both infrared
and Raman active. The longitudinal modes can appear only in the Raman
effect. 'Turning now to the NH4C1(IV)_resu1ts obtained by earlier workers
(3,22,29,30) we find that the fundamental modes vl(Al), vz(E), v3(F2) trans-
verse, v4(F2) transverse, Tl(Fz) transverse and Ll(Fi) have all been ob-
served and assignéd. The translatory mode, Tl(Fz), has been observed in the

Raman spectrum (29,30) and the libratory mode, Ll(Fl): which is both infrared
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and Raman inactive has been observed using neutron inelastic scattering
techniques (3). From the results of this work assignments have been made
for Vo (longitudinal) and V4 (longitudinal). Reference to the Raman
spectrum of NH4C1(IV) (see Figure 4-2) shows a distinct doublet associated
with v4(F2). The low and high wave number components appear at 1401 and

1421 cm_1 respectively. The low wave number component compares with the
infréred absorption at 1400 cm_1 and can be assigned ‘as v4(transverse).

The high wave number component can.réasonably be assigned as v4(longitudina1)
since; (i) there are no obviops combinations or overtones to which it

may be assigned and (ii) it satisfies the requirement that the longitudinal
component will be at higher frequency than the transverse component. There
are two Raman scatteringswhich appear at higher wave number than the Vg
(transverse) scattering at 3127 em L, They are found at 3141 and 3164 em L,
Since the 3141 cm—1 scattering can be satisfactorily assigned as a combin-
ation mode (this aséigﬁment is discussed later) we assign the 3164 cm_-1
scattering as vs(lbngitudinal). Unfortunately the longitudinal component of
.Tl(Fz) is not observed. Howéver, recent infrared reflection measurements

by Lowdnes and Perry (58) have placed Tl(longitudinal) at 275 cm—1 and

T, (transverse) at 188 cm-l.A

value of 183 em L.

The later frequency compares with the Raman

The first order Raman spectra of the remaining phase IV ammonium
halides; i.e. NH4Br(IV), ND4C1(IV) and ND4Br(IV) very closely parallel the
spectrum observed for NH4C1(IV). For NH4Br(IV) Schumaker (24) does not
report a line corresponding to vs(longitudinal); he does however report a

line which may be assigned as v4(10ngitudina1) (see Table 4-2). The Raman
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spectra of the two deuterated salts (see Figure 4-4) clearly show the
appearance of the transverse and longitudinal components for both vy and
vy i.e. in each case there is only one higher wave number scattering
in the near vicinity of the transverse components. Infrared reflection
measurements (58) have placed Tl(longitudinal) for NH4Br(IV) and neutron
inelastic scattering results (54) have placed this mode in the case of.
ND4C1(IV).

The results for the transverse and longitudinal splittings are

summarized below (dielectric constant data (58) are also included).

NH,CL(IV) ND,C1(IV) ‘ NH, Br (1V) ND,Br (IV)

vz (L) 3164 2371 (3140) 2370
v4(T) 3127 | 2333.5 3126 2332
v, (L) 1421, 1069.5 . 1418 1065
v, (T) ’ 1401 1063.5 - - 1402 1061
T, (L) 275 o257 215 (197)
T, (T) 188 175 160 147
e (o) 6.0: | 5.4

e () 2.7 2.9

The bracketted frequencies have been computed using the product rule:

A O
n-i W e (=)

Since there is a complete set of splittings for the ammonium chlorides

the ratios a(o)/e(m)can be calculated using the product rule. The results

are:
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NH,C1(IV) ND,C1(IV)
e(®)/e(=) (calc.) 2.25 2.25
e(®)/e(®) (expt.) 2.22 2.22

The agreement is seen to be excellent. Since the internal fundamentals
are at much higher frequencies than the components of Tl(Fz) their small
splittings have little effect on the calculated £(°)/e(®) ratios. This

is seen from calculations below where only the splitting of the trans-

latory mode has been considered. We note, however, that the agreement

between calculated and experimental ratios does improve when the fre-

quencies of the internal modes are included.

NH,C1(1y) ND,C1(IV) - NHBr(IV)  ND,Br(IV)
e(®)/e(®) (calc.) 2.14 2.16 1.81 1.80
(external modes only)
e(®) /e (w) (expt.) 2.22 2.22 1.86 1.86

In addition to the product rule there are sum rules which may be
derived from the eigenvalue problem of sectidn 3-4. When the polariza-
tion is along a crystallographic axis (o) of a crystal of orthorhombic
symmetry or higher the eigenvalue matrix for the longitudinal modes may

be written as:

2 t 41 t

= W (N + X Z)W
QL = (: €(t)o) = = = )=

00,

- whw + 2wtz x Ztw
o,

2 . 4l t t
= + ZXZ W
.E_)T (oo) = = = = = (1)

€aa
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which leads to

.2 2 410 t t

w - =

= = oo)
a

=
TN
H5<
HI N
n=

(2)

(
€a
We note that there may be no more than n-1 non-vanishing elements assoc-

iated with the diagonal 3n x 3n matrix {uw 2 - w %}. This is because we

=T

have taken the polarization to be along a crystallographic axis. If

we take thetrace of the matrices on both sides of equation 2 we have:

Trace {QLZ - gTz} = ’ﬂ%;T Tr‘ace'{l;Jt ZX ét W} (3)
, €aa
which gives the sum rule:
(=) 2
Eﬂﬁ_ = 5 Eﬁ_;____ (C))
41 2 2
n-1 o -uw

where Pais the polarization experienced by a transverse mode of fre-

quency w.. (If Wy and w »coincidé the polarization vanishes). Since

T
Pa2 is proportional to the (infrared) intensity of the transverse mode, the
sum rule tells us that the sum of the ratios, intensity/(wL2 - mTz)

is an isotopic invariant. We may note that Haas and Hornig (59) have
incorrectly used the equivalent of equation 4 with n-1 = 1 to compute
absolute intensities for a number of crystals having n > 2. 1In the case
of the ammonium halides it would be necessary to experimentally obtain a
complete set of relative intensities before the sum rule could be uéed
to compute absolute intensities.

Remembering that Et W =1 and that ZaB(k) = Qde(k)/tpk)% we can write

a second sum rule:
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2.
n Q(k)
41 1o} 2 2
N——— & —— = Z - 5
ERR =T S ®)

The qaa(k) are related to the charges on atoms of mass m, and N is the

k
number of unit cells in a unit volume. (When the polarization is along a
crystallographic axis the elements Qaﬁ(k) with o # B vanish), Because the
phase IV ammonium halides are isotropic there are only three uﬁknown
qaa(k)' These are éaa(H), qaa(N) and qaa(X), Isotopic data will give

us two equations in thrée unknowns. This can be reduced to two unknowns
by remembering that ZQaB(k) = 0. The results for ammonium chloride are:

= +1.92e qy = *+ 8.63e = -16.31le

U U1
These calculated charges appear to be unreasonably high - results of
similar calculations could notlbe found for purposes of comparison.
waever, it is to be remembered that the charges are those associated with
the atoms in the presence of a transverse wave. When the distortion of
the electronic chafge distribution due to such a perturbation is removeﬁ,
the new effective charges may be lower. This is found to be the case

for diatomic cubic crystals (6?). Szigeti (60) has calculated the effec-
tive charge for atoms in a diaFomic cubic latfice. When the external
field is removed, E is determined by the depolarization field. In the
case of atoms lylng on cubic sites in a spherical crystal the depolar-

ization fleld accord1ng to the Lorentz relation is -%— P. Substituting

this result into:

Py = (W, + Xk, | | (6)
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gives the polarization of a spherically shaped sample in the absence of
|
an external field as:

b= 3 {z'w),
e(w) + 2

(7)

This result can be interpreted as giving effective charges of 3/(e(m)+25 qaa(k)
The atoms, however, must be on cubic sites. This means that

this result cannot be applied in a rigorous sense to therphase IV ammonium
halides since-the hydrogen atoms occupy C3V sites. It can only be applied

if we associate mass ml'with the NH4+ ions and mass m, with the halide ions.
Since n is now effectively two the sum on the right hand side of equation

6 has only one term: This will correspond to the external lattice vibra-

tion. The calculated values of q and {?/(e(m) + 2)} q for the ions of

ammonium chloride and ammonium bromide are:

NH,C1 (1V) ND,CI(IV)  NH,Br(IV) ND B (IV)
qa 1.21e 1.21e ~ 1.06e 1.07ge
{3/(e(°)+2)} q 0.77e 0.77e 0.65¢ 0.66e

For a completely ionic salt it is expected that {}/(e(“)+2)} q/e
will be unity. De&iationsfrom unity have been attributed to overlap
of neighbouring ions (60). |

Tables 4-1 and—4—2 include assignments for fhe fundamental modes of
all the phase v aﬁmbnium halides. The corresponding phase IV spéctra
are found in Figures'4—l, 4-2, 4-3 and 4-4.

In regard to the phase IV spectra and also to the phase III and II

spec¢tra which are presented later it is to be emphasized that a large



TABLE 4-1. Assignments for NH4C1(IV) and ND4C1(IV); cm

1
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NH4C1(IV) - THIS WORK

See also refs.

ND4C1(IV) - THIS WORK

See also refs.

Assignment

29,30 22,24 22,24

R. I.R. R. I.R.

Vi 3049 2215
Va2 1719 1227
Vi (t) 3127 3126 2333.5 2332
vi(Q) 3164 2371
Vi (t) 1401 1400 1063.5 1061
vy (L) 1421 ' 1069.5
L1 (390)* (280)
T1 183 175
v, (k#0) (92) L
v, (K#0) (51) (62)
v, (K#0) (25) (33)
v1+T1 . 3223 .
\)1+\)A 3141
V1+v, 3100: 3098 2277 2275
vi+y, 3074 2248 2247
Va+Vy (F2) s 3050 2260 2259
2vy (F2) 2840 2828 2145 2139
2vy (A1) - 2119
v+l 2022 2025 1458 1460
Vi (2)+L) 1813 1813 1344 1348
vy (t)+L1 1791 1791
2L1 748 546

. o
the bracketed frequencies have been inferred from Raman active
combinations; the v, frequencies are inferred assuming relatively

flat Vl

phonon dispersion.



TABLE 4-2. Assignments for NH,Br(IV) and ND,Br(IV); cm’

1
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NH4Br(IV) - SCHUMAKER

ND4Br(IV) - THIS WORK

See Ref. 24 See also refs.

Assignment 23,24
R I.R R. I.R.

V1 3047 2211
V2 1699 1211
Vs (t) 3126 3124 2332 2330
v3(L) _ 2370
Vi (t) 1402 1398 1061 1060
vy (L) 1418 1065(sh)
Ly (349)* (251)
T, 160 146
v, (K£0) — —
v, (K#0) L (48)
v, (K#0) (28) (23)
v1+T] 3200 .
v1+vA i
VIV, . 2259 2258
VI+Y, _ 3075 2234 2232
Va+Vy (F,) 3040 2246 2246
2vy (F,) 2805 2131 2127
2vy (A1) 2110
va+L 1970 1415 1413
vy (2)+L1 1765 1312 1312
vy (t)+L 1747
2L, 672 488

*
the bracketed frequencies have been inferred from Raman active
combinations; the v, frequencies are inferred assuming relatively

flat vl

phonon dispersions.
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Figure 4—2 The Raman Spectrum of NH,CL (1v)
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Figure 4-3 The |.R.spectra of ND,Cl(v) and ND,Br(iv)
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Figure 4—4 The Raman Spectra of ND, Cl(iv) and ND,Brv)
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portionOf the work undertaken, particularly where the infrared work is
concerned, is not original and, indeed, fér the most part serves only to
verify the findings of earlier workers. When results are presented which
duplicate those of earlier workers this is indicated in the tables and
reference is made to the original work.

There are five combinations and overtones appearing in the vibrational
spectra of the phase IV ammonium halides which are readily assigned. These

are, in order of increasing frequency, 2L; (A + E + F,), v, + Ll(Az + E +

4
Fy + Fy), 2v4(A1 + E + Fy), vy * v4(F1 + F») and vy ¥ Tl(Fz)- Of these

five, 2L; and v, + Tl are not seen in the Raman effect; all the rest

1

appear in both the Raman and infrared spectra}

Perhaps the most important combination is vy ¥ Ll(or VgtV Its

R)'
importance arises from the fact that historically (22) it has been used

to place v

R and, indeed, the VR frequencies obtained from the Raman observed

Vg * Vg scatterings for all the ammonium halides are found to differ by
only *2 cm_1 from the corresponding frequencies obtained from neutron

inelastic scattering measurements (3) (see aléo Table 4-8). In both the
infrared and Raman spectra of NH4C1(IV) and NH4Br(IV) vyt L1 appears as

a doublet. In all cases the observed splitting is comparable to-the

splitting associated with the transverse and longitudinal components of

Vg This suggests that the previously anomalous component (22) of

_ component
vyt L1 be assigned as v4(z) + Ll' The low wave number will be v4(t) + Ll'
‘The deuterated analogs do not show a Vg t L1 splitting - this is not

1

unexpected, however, since in their case the splitting associated with

. . . . -1
the transverse and longitudinal components of v, 1is about 5 cm ~ compared
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to about 20 cm ! for NH,C1(IV) and NH,Br(IV).

4° 2v4(A1 + E + Fz)’is

split into two distinct components in the Raman spectra. This is most

For ND4C1(IV) and ND4Br(IV) the overtone of v

likely due to the appearance of a component of A; symmetry type and also

a component containing both E and F, symmetry types. The Vl(Al) funda-
mental lies near 2v4 at higher wave number (see Tables 4-1 and 4-2)

.and if yl(Al) undergoes Fermiresonance with 2v4kA1 + E + Fo) the 2v4(A1)
component is expected to appear on the low wave number side of 2v4(E + Fp).
On this basis, then, the sharp symmetric line appearing at 2119 cm_l inv
the Raman spectrum of ND4C1(IV) becomes 2v4(A1) and the broader asymmetric
line at 2144 cm_1 becomes 2v4(E + Fo) (see Figure 4-4). This later line
compares with the line 2v4(F2) which appears in the infrared spectrum at

2139 cm-l. Similar 2v4 lines are observed for ND,Br(IV). The Raman

4

spectra of the protonated phase IV salts do not show a splitting for 2v4 -

most likely because, in this case, 2v4 is about 200 wave numbers removed

from v, as compared to about 100 wave numbers for the deuterated salts.

There is one final point to be noted in relation to 2v4 for the phase

IV ammonium halides, and this is that the observed infrared frequencies,
2v4(F2),and the observed Raman frequencies, 2v4(E + Fz),arevconsistently
higher than those predicted from about 10 to 40 cm-l. Fermi resonance
cannot be invoked to explain tpis situation since there are no lines of
F, symmetry type lying nearby at lower wave number. - Since the predicted
frequencies are those predicted in the zero wavevector limit it would

appear that for the two phonon process giving rise to 2v4 that the phonons

involved must originate from points in K space where K # 0. Such a



73

situation would explain the discrepancy between the observed and predicted

2v4 frequencies.

1

For the phase IV ammonium halides v, + v4(F1 + Fy) lies some 75 cm_

2
below vS(F ) and can therefore be expected to undergo Fermi resonance with
V3(F2)~ The enhanced intensity observed for v, + u4(F2) especially in
the infrared indicatesthat Fermi resonance does, indeed, take place. A
further indication of Fermi resonance is that the.observed vy v,

frequencies are considerably lower than those predicted; for NH4C1(IV),

NH4Br(IV), ND4C1(IV) and ND4Br(IV) the vy * frequency discrepancies

V4
are 69,57,29 and 25 em L respectively.
Evidently vy * Tl(Fl) which appears onlf'iﬁ the infrared spectra of
the protonated salts where it lies some 75-100 cm_l above vs(Fz) does
nof undergo Fermi resonance sipce the observed frequencies are about
8‘,cm'1 lgﬂgz_than'those predicted. In the infrared spectra of the
deuterated salts the presence of v, + T, is very likely masked by the

1 1

intense Vg

The final line appearing in the second order spectra which is readily

absorptions.

assigned is 2L1(A1 + E + Fp). This line appears only in the infrared
spectra. For the series of salts; NH4C1(IV), NH4Br(IV), ND4C1(IV)

and ND,Br(IV) the respective anharmonicities are 16, 13, 7 and 7 cm’

4

In addition to the five combinations and overtones discussed above
there are four lines appearing in the vibrational spectrum of the phase

IV ammonium halides which are not obvious combinations or overtones of
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the fundamentals. With reference to NH4C1(IV) the first of these we
shall discuss is the line appearing at 2025 cm_1 in the infrared.

Historically (22) this line has been assigned to v, + Ll(Fl + Fy).

2
As the following discussion will show it turns out that this is the

most acceptable assignment but not fo¥ obvious reasons. Assuming

vy * Ll is the correct assignment it is found that the frequepcies pre-
dicted.for vy ¥ L1 in the NH4C1(IV) spectrum and its counferparts in the
spectra of NH4Br(IV), NH4Br(III) and NH4I(III) are respectively 84, 78,

55 and 37 cm-l higher than those observed. For the same series of deuter-
ated salts these values aré 47, 49, 31 and 20 cm_l. This situation can-
not arise from Fermi resonance since there ére no lines of F, symmetry
lying nearby at higher wave number. Also, recent studies (24) by Schumaker
involving thin single crystal slices have shown that the absorption

in question is structured for both NH4C1(IV) and NH4Br(IV) and possesses
four distinct maiima. These aPpear at 2015, 2040, 2085 and 2100 cm_1 for
NH,C1(IV) and at 1970, 1985, 2@20 and 2040 cn”! for NH,Br(IV). Since
tﬁe observations mentioned abo?e are not compatible with the observatiéns
for the vy t L1 (or Vgt vR) which indicate unstructured lines whose
frequencies coinéide (within experimental error) with  those predicted,

the assignments‘v2 + L1 (or v, + vR) may be supposed to be incorrect.‘
Héwever, there afe no other obvious combinations or overtones which will
place these iiné; in the desired spectral région. Also, the frequency‘-
ratios of the lines appearing in the spectfé of the deuterated and
protonated salté‘for the series NH4C1(IV), NH4Br(IV), NH4Br(III) and

NH4I(III) are compatible with the assignment v, + Vg3 i.e. the frequenéy

2

ratios are 0.719 * 0.002. (This value corresponds to corresponding
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and v, ratios of 0.715 * 0.002 and 0.717 * 0.002.) Furthermore,

V2 R
Schumaker found the temperature dependence of the v, + vp lines to be
very similar to that of the Vgt Vg lines. Therefore, we have frequency

ratio and temperature dependence results which are compatible with the
assignment v, * L1 and predicted frequency and band contour results which
séemingly are not. If the assignment v, + Ll(Fl + F,) is made only a

line of F, symmetry type can contribute to the observed intensity in

both the infrared and Raman spectra. This means that the anomalous
cgmponents (i.e. the four maxima observed for NH4C1(IV) and NH4Br(IV))
must involve phonons with K # 0. Such a situation could also account for
the discrepancies getween fhe observed and predicted frequencies. On this
basis the assignment vy * L) is not an'unreasongble choice.

The remaining three lines which are not ébvious overtones or com-
binations of the fundamentals will be discussed as a g?oup. In the case
of NH4C1(IV) these lines, as observed in the Raman spectrum, appear at
3141, 3100 and 3074 en” L (see Table 4-1). Of these three lines only the
3100 cm_l line appears in the infrared; the appearance of the 3141
and 3074 cm—l lines in the infrared is probably masked by the intense
v, and v

3 2

Schumaker (24) does not report the corresponding lines for the Raman.

* v, absorptions which appear at 3126 and 3050 c:m-1 respectively.

spectrum of NH4Br(IV). However, the NH4Br(IIi) Raman lines of similar
origin appear at 3123, 3098 and 3068 cm_1 (see Table 4-3). Of these three

lines only the 3068 cm—1 line is observed in the infrared. The remaining

two lines are very likely hidden by the intense v, absorption at 3115 em L.

3

In the spectrum of ND,C1(IV) there are anomalous Raman lines at 2277 and

4
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1

2248 cm . 1.

The corresponding infrared lines appear at 2275 and 2247 cm
For ND4Br(IV) the same set of lines appears at 2259 and 2234‘cm-1 in

the Raman and at 2258 and 2232 cm—1 in the infrared. The spectra pf the
fully deuterated salts do not give evidence for the third high wave
number ‘line which is observed for NH4C1(IV). However, its appearance could
3

The only fundamentals that these heretofore unassigned lines can

easily be masked by the very intense lines observed for v

be satisfactorily related to is vy in combination with acoustical modes.

This means that these lines like those for both vy + L1 and 2v4 must

involve phonons with §=% 0. 1If we assume a one dimensional type lattice

as discussed in séction 3-4, the calculated zone edge transverse acoustical
modes for NH4C1(IV), ND4C1(IV),VNH4Br(IV) aﬁ& ND4Br(IV)lie at 104, 102,

71 and 70 cm“1 respectiveiy;. Providing we assume relatively flat V1
+ acoustical modes (vl + vA) for the
1

phonon despersions, the assignment Vi

lines under discussion gives acoustical modes at 92, 51 and 25 cm

for NH4C1(IV); 62 and 33 cm‘1 for ND4C1(IV); 85, 60 and 30 cm’1 for

NH4Br(III) and 48 and 28 cm_1 for ND4Br(IV). The experimentally inferred
acoustical mode at 92 cm-1 for NH4C1(IV) compares with the calculated zone
l. In the case of NH

edge frequency of 104 cm” Br(III) we can compare the

4
inferred acoustical modes at 85 and 60 cm—1 with the predicted NH4Br(IV)
zone edge frequency of 71 cm_l. It is to be emphasized that the
calculated zone édge frequencies are only a‘fough estimate of the upper
frequency limits (i.e. at maximum wavevector) for the acoustical modes.

However, since the inferred frequencies do tend to fall within these

limits the most meaningful assignment for these previously unassigned
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lines is vy in combination with acoustical modes.
A complete set of assignments for the phase IV combinations and
overtones which have been discussed above are included in Tables 4-1

and 4-2.

4-2 The Phase III Ammonium Halides
For the phase III ammonium halides we have the space group, DZh(P4/nmm).
Under the factor group analysis the four fundamental modes associated with

the free ammonium ion become the precursors of 14 crystal modes; 1i.e.

Vibrational Free Ion Site Group Factor Group
Mode Symmetry - Symmetry - Symmetry -
‘ T4 D2d D4n
J! A > A | - Alg’ B1u
V2 E > Ars By > 1g’ Blu’ Blg’ Alu
\)3 F2 nd Bz, E d B2g’ A2u, Eg, Eu
.V4 Fy - By, E g Bzg: 'A2U’ Eg: Eu

From the above correlation diagram it is seen that the 14 crystal modes
arise from a splitting of the degenerate bending and stretching modes

by the static field (site group) and also from a further splitting by
the correlation field (factor group). This latter splitting arises from
the fact that there are two molecules per unit cell and hence they may
execute the same normal vibration either in phase or out of phase to
give rise to crystal modes of g and u symmetries.. Summarizing the

irreducible representation for the 14 internal fundamentals gives:
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I'(internal) = 2A + B, + 2B + 2E
) lg 1g 2g g

* Alu ¥ 2A2u * 2B1u * 2Eu
Under the D4h factor group all of the above gerade symmetry species
‘contain elements of the polarizability tensor and hence are associated with

Raman active vibrations, whereas only the A2u and Eu vibrations are

infrared active.

The irreducible representations for the three types of external

modes are:

r(oT) + Aig + B2g + ZEg + A2u + Eu
r(oL) = A2g + Eg + BZu + Eu
T(AT) = ou Eu

We may nofe fﬁat the 7 infraréd active médes can be expected to
possess longitudinal components which will bé Raman Aactive.

The only fréé ion fundamental mode for which site group cbmponents
have been assigned is v, (23,29). In the case of NH,Br(III) both the
infrared (v4(A2u);tv4(Eu)) and the Raman (v4(B2g), v4(Eg)) assignments
have been made. From the results obtained in this work the NH4Br(III)

vy frequencies are:

infrared Raman
1405 et 1402 em™ >
11433 : 1422

We see that the magnitude of the infrared splitting is 28 cm—1 and that
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of the Raman splitting only 20 cm—l. For ND4Br(III) the infrared spec;‘
trum gives a vy splitting of 23 cm-l. Unexpectedly no Raman splitting

is observed. There are two possibilities: (i) the high wave number
NH4Br(III) scattering is indeed due to v4(B2g) and in the case of ND4Br(III)
if just does not appear with observable intensity or (ii) the assign-
ment v4(B2g) of preyious worke?s is incorrect and the high wave number

vy scattering is an expected longitudinal component. If we assume this
latter situation there is a N lqngitudinal-transverse splitting of

1

17 en” b, This compares with the 16 cm NH,Br(IV) splitting of similar

origin. The corresponding ND4Br(IV) splitting is only 4 cm-l. Since

it is determined by assigning a shoulder it is not unexpected that a

V4

biiities for the aésignment of the N high wave number scattering Vy

ND4Br(III) Raman splitting would not be resolved. Of the two possi-

(longitudinal) is the most acceptable since it is compatible with the
observed NH4Br(IIf) v, splittings and also suggests that the ND4Br(III)

vy Raman splitting.will not be resolved. The vy results obtained for

the ammonium iodides are similar to those obtained for the ammonium

bromides (see Tablé 4—4).

With respect'to the phase III v assignménts previous workers (23,29)

3

have only been able to identify the more intense doubly degenerate com-

ponents. In this work it is found that there is one exception. The

Raman spectrum of NH4Br(III) allows us to pldée vs(Bzg) at 3079 cm'l;

vS(Eg) is placed ét 3117 cm_l. ‘(This latter‘frequency compares with the
vS(Eu) infrared frequency of 3115 cm_l.) The Raman Vg splitting and the

infrared v, splitting thus give effective v3/v4 site group splittings of

4
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i
38 and 28 cm_l. The corresponding splittings for NaBH4(II) which has a
comparable angular distortion are 31 and 26 cm_1 (see Table 5-3). None
of the Raman spectra of the phase III ammonium halides possessed scatter-
ings which could be identified with a 5 longitudinal component.

Unexpectedly no 2 site group splitting was found in the Raman

spectra of the phase III ammonium halides. This has also been the finding
of previous workers (29,30). Without exception the 7 Raman lines are
very sharp. They are found to have a half-height width of about 5 cm—1
and give no evidence of the preSence of a second component. It is inter-
esting to note here that the Raman spectra of phase II sodium borohydride
(see Table 5-3) shows a distihct doublet for 2 and only one component for.

v This is just the reverse of the situation observed for phase III

%
ammonium bromide.

One of the iﬁteresting features of phase III spectra is that the
partial 1ifting of the degeneracy associated with the Ll(Fl) librational
mode of the phase IV ammonium halides allows for the appearénce of an
Eg-librational moae in the Ramén and an Eu librational mode in the infrared.
Altogether thefe are four possible librationél modes which may be distinguished
according to the écheme: Ll(Azg)’ LZ(Eg)? LStBZu) and L4(Eu). The Ll(A2g)
and LS(BZu) modesjére neither Raman nor infrared active. It is found that the
_Lz(Eg) modes do ébpear, albeit weakly, in th§>Ramén'spectra of NH4Br(III)
and NH4I(IiI). The infrared active mode, L4(Eu),does not appear with
observable intensity in phase III spectra.

The remaining external fundamentals to be discussed are those of

translatory origin. There are six such fundamental modes and they may
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be distinguished according to the following scheme: Tl(Bzg), T2(Eg),

TS(Azu)’ T4(Eu), Ts(Alg) and T6(Eg). The vibrations T T, and T

1’ TZ’ 3 4
arise from translational motions in which the motions 6f the halide and
ammonium ions are out of phase. The T5 and.T6 vibrations involve halide
and ammonium ion motions which are in phase.

Of the four translatory modes predicted to be Raman active only
Tl(Bzg) and T2(Eg) were observed in the phase III spectra. In the Raman
spectrum of NH4Br(III) these lines which arise from the two non-equivalent
N-Br distances of 2.41 and 2.55 X are found at 183 and 137 cm_l. The
early single crystal studies of Couture-Mathieu and Mathieu (29) suggest
the respective assignments TﬂBZé)and T2(Eg).for the low and high wave.
number scatterings. The infréred spectrum of-NH4Br(III) shows only
a single intense absorption at 172‘cm_l which almost certainly derives
its maximum inteﬁsity from T4(Eu). In the cése of NH4I(III) where the‘
two nbn—equivalenf N-I distances are 2.69 and 2.74 R the Tl(BZg) and
TZ(Eg) modes ére observed at 124 and 158 cm_l. The T4(Eu) mode appears
in the infrared at 151 cm 1.

At this poiﬁt it is to be noted that vefy recently two papers (58,61)
appeared simultaneously which report the results of independent studies of
tﬁe external vibrations of the ammonium halides. In general, the results
of these studies are in good agreement with the results of this work
(see Table 4—5).‘A0ne very interesting feature of both studies is the

assignment of the-Raman active TS(Alg) and Té(Eg) vibrations associated



TABLE 4-3. Assignments for NH,Br(IIT) and ND,Br(III); em” !

NH4Br(III) - THIS WORK ND4Br(III) - THIS WORK

See also refs. See also refs.

Assignment - 29,32 23 23
R. I.R. ~ R. I.R.

vl(Alg) 3037.5 2209
vz(Alg/Blg) 1694 ' 1209.5
Vi (B2g,Azy) 3079 .
vg(Eg,Eu) 3117 3115 2339 2336
Vi (B2g,A2y) L 1433 . 1089
vu(Eg,Eu) 1402 1405 1063 1066
vy (Ey) 2 1422 s
Lz(Eg),Lu(Eu) 336 (241)
T1(Big),T3(Azy) 137 124.5
Tz(Eg),Tq(Eu) 187 172 164
Vp (K#£0) (85)* .
vy (K20) (60) —
vp (K#0) (30) —
V1+Vp 3195
V1+Vp 3123
V1+Vp 3098
V1+Vp 3068 3068
v2+vu(Eg,Eu) o 3037 . 2243
2vs (Eg, Ey) 2817 2805 2127 2122
2vy (A1g) o . 2105
V2+VR 1975 1959 1420 L
Viy+VR 1737 1302 1296
2VR 648 470

*
the bracketed frequencies have been inferred from Raman active

combinations; the vp frequencies are inferred assuming Vi phonon
dispersions which are relatively flat.



TABLE 4-4. Assignments for NH4I(III) and ND4I(III); em- 1

NH,I(III) - THIS WORK ND,I(III) - THIS WORK
See also refs.

Assignment 25

R. I.R. R. I.R.
vi(A1g) . 3035 2202
va(A1g/B1g) 1667 1194.5
V3 (B2g,Azu)
vs(Eg;Eg) 3105 3105 2320 2316
Vi (B2g, Azu) - 1421 . 1077
vy (Eg, Ey) 1398 1401 1059 1062
Vi (Eu) & 1409 .
L2(Eg),Lu(Ey) 291 208
T1(B1g),Ts(Azy) 124 113
T2(Eg),Tu(E,) 158 151 146
V1tV 3166 .
v2+Vy (Eg,By)  3025.5 3023 2233 2229.5
24 (Eg, By) 2798 2791 2121.5 2118
2vy (Arg) 2101.5
Va+VR 1921 1912 1385 1383
ViU 1686 1681 1268 1265

2vg | 568 410
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Figure 4—5 The |.R. spectrq of NH, Br iy and NH,T (i)
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Figure 4—6 The Raman Spectra of NH, Br i and NH, L)

ﬂ “ —

NH, Br (Il1)- 80°K

K

NH4I (111)-80°K

//
/7/

—

T ] T T L ] T T T I T
2000 1800 1600

WAVENUMBER CM-1

T T T T T T
3100 2900



86

Figure 4-7 The |.R.spectra of ND,Br i) and ND,I (i)
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Figure 4 —8 The Raman Spectra of ND,Bram and ND, I (nn
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TABLE 4-5 The External Vibrations of the Ammonium Halides; cm—l

PHASE IV ‘ PHASE 11
THIS WORK REF. 58 REF, 58 THIS WORK REF. 58
R 0 R "~ I.R.’ I.R. © I.R.
NH,C1(T;) 183 185 188 177 172
ND,C1(T,) 175 177 177 170 166
NH,Br(T;) 159 157 154 147
ND,, Br (T, ) 146 147 149 139 138
THIS WORK  REF.58 REF. 61
NH,Br (I11)
Lz(Eg) 336 300 331
Tl(Blg) 137 133 132
T2(Eg) 183 179 179
T, (Eu) 172 153 -
Ts(Alg) 62 63
T6(Eg) 75 76.5
ND ,Br (I11)
Lz(Eg) - - -
. 119
Tl(Blg) 124.5 122
~ 163
Tz(Eg) 164 165
T4(Eu) - 145 -
63 62
T5(Alg)

72
Tg(Ey) 75




TABLE_4-5: continued

THIS WORK  REF. 58 REF. 61
NH,I(I11)
Ly (Ey) 291 285 287
Ty (B),) 124 123 123
T,(E,) 158  1ss 155
T, (Eu) 151 151 147
To(A) ) 45 45
T4 (Ey) 57 56
ND,I(III)
Ly (Ey) 208 -
Ty (B),) 113 115
T,(E) 146 145
T, (Eu) - ‘ -
T (A),) 43

Tg (E,) 55
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with the phase III ammonium halides. In the Raman spectrum of NH4Br(III)
Durig and Antion (61) placed TS(Alg) at 63 cm 1 and T6(Eg) at 76.5 cm L.
The corresponding frequencies as observed by Perry and Lowndes (58) are
62 and 75 em L. The reason these Raman active lines were not observed
in this work is apparently due to failure to scan sufficiently close to
the exciting line.

The combinations and overtones observed in the spectra of the phase
ITII ammonium halides are similar in origin to those observea for‘the
phase IV salts. Thus, we have the following '"combinations" and "over—l
tones'': ZvR, V4 t Vps Yy * ovps 2v4, vy * §4, vyt QT and Vit Vo where

the subscripts associated with v and v, refer to rotatory (librational),

R* VT

translatory and acoustical modes respectively. Clearly each of the above

A

"overtones' and '"combinations' may have a number of components contri-
buting to its intensity. However, it is convenient to initially make only
fhe gross distinctioﬁs between the various combinations and overtones
which have been indicated. As the discussion progresses more explicit
assignments can be made as fhey are needed.

The only phase III ammonium halide for which acoustical modes in
combination with v, appear is NH4Br(III). These lines which lie at
3074, 3100 and 3141 cm_l have previously been discussed. For the remaining
phase III salts it is likely that band overlapping and/or insufficient
intensity obscures appearance of the lines'v1 vy In both the infrared
and Raman spectra of the phase III salts bands with single maxima are
observed for both v, + v, and v, + VR (see Tables 4-3 and 4-4). These

4 R 2

bands may however contain contributions from several nearly accidentally



91

degenerate components. It is to be noted that there is a significant

infrared -Raman frequency discrepancy for both Vgt v and vy v

R R’
For example for'NH4Br(III) vy * Vg appears at 1737 en™! in the Raman

and at 1728 em ! in the infrared. For vy * vp

quencies are 1975 and 1959 cm-l. The most likely explanation for this

the corresponding fre-

type of behaviour is a significant g-u type splitting.

The lines associated with both 2v, and vy *+ vy appear only in the

R

infrared. The phase III assignments for the ZvR infrared lines are:

n

Ly(B) + Ly(B) = 2vp (A, )

Li(A) + L (B = 2VR(EU)”

Ly(Eg) + Lg(By) = 2vp(E))

Since ZvR shows only one maximum it is likely that the three allowed

components are all contained in the one band envelope. A similar situation

occurs for v, + v, where the four infrared active components;

1 T
.Vl(Alg) * Ta(Ay) = vy *+ vp(A )
vl(Alg) * T,(B)) = vy + vp(E)
v By F TE(Byg) = vy + vp(Ay)
Vl(Blu) * TZ(Eg) =Vt VT(Eu)

give only a single maximum. If it is assumed that the maximum intensity

lg) + T4(Eu) then the observed frequencies

for both NH,Br(III) and NH,I(III) are about 30 en! lower than those

is due to the combination vl(A
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predicted.

The overtone 2v4 for the phase III salts appears in the infrared as
an absorption with a single maximum. The predicted components of this
absorption are:

v4(Eg) + v4(A2u)= 2v4(Eu)

vg(Byo) + vy (B = 2v, (E )

vg(Bp) + vy (B) = 2v, (A, )
In the zero wavevector limit the 2v4(A2u) components for all the phase III
spectra have predicted frequencies which are higher than those observed.
Therefore the maximum intensity of 2v4 in the infrared is most likely
derived from the two combinations of Eu symmetry type. In the Raman
spectra only components of gerade symmetry type may appear - there are
six such 2v4 components. For the protonated salts only one Raman peak

for 2v4 appears and on the basis of frequencies predicted in the zero

wavevector limit the most reasonable assignments are:

v4(82g)'+ v4(Eg) 2v4(Eg)
v4(A2u) + v4(Eu) = 2v4(Eg)
The deuterated phase III salts show two distinct 2v4 Raman peaks.
The principal components of the high frequency peak are very likely
the two Eg components and the principal components of the low
frequency peak will then be the overtones of the E, and Eg modes

which are both of symmetry 2\)4(A1g + B+ Bzg)' Since these components

g
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contain the symmetry type Alg it may well be that they undergo Fermi
resonance with vl(Alg).
The final combination to be discussed is vyt vy

spectra v, + v, appears at essentially the same frequency and without any

In phase III

observable splitting in both the infrared and Raman. Also, vy vy

shows enhanced intensity. This may be attributed to Fermi resonance with
vs(Eu) and vS(Eg) in the infrared and Raman‘respectiVeiy. Thus, it is
very likely that the lines observed for vy * vy arise from a combination

of one particular component of v, with v4(Eg) and v4(Eu). If the v

2
component involved is the one observed in the Raman spectra the observed
v, + vy(E) frequencies for NHBr(III) and NH,I(III) are 62 and 42 en”t

lower than those predicted. These values for the corresponding deuterated
salts are 33 and 34 cm~1. The large differences between the observed
and predicted frequencies are a further indication of the effects of
Fermi resonance. '

A complete éet'of assignments for the fundamental, combination and
overtone modes observed for the phase III ammonium halides is found in
Tables 4-3 and 4-4. The corresponding spectra are reproduced in Figures

4-5, 4-6, 4-7 and 4-8,

4-3 The Phase II Ammonium Halides

The vibrational analysis for the phase II ammonium halides is com-
plicated by the disorder introducedAinto the lattice via the randomness
associated with the hydrogen atoms. Both Lifshitz (26,62) and more recently

Whalley and Bertie (27) have shown that when translational periodicity
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in a lattice is destroyed the wavevector selection rules breakdown.
Lifshitz considers the optical behaviour in the infrared of a cubic crystal
containing a random mixture of two isotopes. For this simple model three
important results are obtained; (i) for a particular polarization

whether longitudinal or transverse transitions with K # 0 will become

allowed, (ii) the absorption band due to the transitions having §_¥ 0
will be shifted in frequency relative to the £_='O absorption and |
(iii) the intensity of the K # O band is proportional to c(l-c) where
c is the mole fraction of the impurity isotope.

The treatment by Whalley and Bertie considers a crystal having
molecules arranged on a regular lattice. Disorder is introduced into
the lattice by allowing the molecules (or dipoles) to take up random
orientations. The result is that all external translational lattice
vibrations whether optical, acoustical, transverse or longitudinal
will become active in both the infrared and Raman spectra. In each case
there will be densities of states having 5_% 0.

Whalley and Bertie preface their treatment of a three dimensional
crystal by considering the simple case of a monatomic chain which has

masses, M. The equation of motion for the s~ member of the chain

may be written as:

d%xg

M?EZE'= T fp(XS+P - Xg) (1)
: p
In the summation p runs over all positive and negative integers such
that all interactions of the sth atom with its neighbours are considered;

. . th . th .
fp is the force constant connecting the s~ atom to its p  neighbour.
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If we associate the integers s and p with planes in a monatomic lattice
The fp will,

we may have longitudinal or transverse polarizations (55).

in general, be different in each case.
We look for solutions of equation 1 in the form of travelling waves.

Convenient trial solutions are:

X, = A exp i{ska - wt}
s+p = A exp i{(s+p)ka - wt} (2)

X
where a 1s the lattice constant. When the trial solutions are substituted

(3)

into equation 1 we have the new equation of motion:

2

_ 2 :
w " = M-g>0 fp(l—cos pka)

The displacement Xs K of the s~ plane during the vibration k will be:

A exp {i ska} - exp {-i Wt}

Xs k
4

H

= Lsx %
where Qk is the normal co-ordinate for the kt vibration.

s 2

: The displacements XS K and Xo4p k 2TC related to the dipole moment
derivative for the lattice; i.e. we may write the dipole moment deriv-

ative as: )
u du a(xs+p - Xs)
an 5,p B(Xs+p - xs) an

(5)
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This sum is identically zero unless K = O and for our monatomic lattice
it is always zero since the K = 0 vibration is a pure tfanslation.
Disorder may be introduced into’the lattice by randomly placing positive
or negative charges on the atoms. Thus, the ag/a(xs+p - Xs) = q_ will
be randomly positive or negative for all pairs of atoms. Whalley
and Bertie show that under these conditions the most probable value of
(Bg/an)z is non-vanishing and we havef
Guoag? = = afl, - Lo 6)
s,p >TP >

The infrared absorption intensity is proportional to (ag/an)2 and the
implicafion is that for the acoustical modes, whether transverse or
longitudinal, absorption bands may appear with densities of states having
K to present. The intensity of Raman scattering is given by a similaf
treatment except that the derivatives of the polarizability with respect
to the normal coxordinate replace the derivative of the dipole moment.
If a diatomic chain is considered the results may be extended to include
optical modes.

The two different treatments of disorder; i.e. by Lifshitz and
by Whalley apd Bertie are really complementary. In the Lifshitz model
the force constantsbetween the atoms are assuﬁed to remain fixed and
only the masses of the atoms are allowed to change; whereas in Whalley
and Bertie's model the masses of the atoms remain the same and only ther
orientations of neighbouring dipoles change - this orientational di-

order may be associated with a change in force constants. Lifshitz has
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shown (27) that when these two complementary treatments are considered
in a quantum mechanical context they will lead to perturbations which
are completely analogous.
Since the phase II ammonium halides possess orientational disorder
(i.e. the NH4+ ions m;y randomly take up iwo alternate orientations) the
'results we have discussed will apply. If one assumes that only inter-
actions between nearest neighbour NH4+ ions change the prediction of

the Lifshitz theory for NH,Cl is that the intensities of E_# O bands will

4
be proportional to p(1-p) where p is the probability that a given nearest
. ,
4
the case of NH4Br p will be the probability that a given nearest neigh-

neighbour NH NH4+ pair are oriented ''parallel" to each other. In

+

4

qualifications of '"parallel" or "antiparallel" correspond to the arrangement

bour NH, - NH4+ pair are oriented "antiparallel" to each other. The

of the NH4+ ions in the ordered phase IV and phase III structures. For
the completely disordered state P = % and for the ordered state p = 1.
Among the translational vibrations of the ammonium halides the only
evidence for ban&s appearing as a result of disorder is in the Raman
spectra of NH4C1(II) and NH4Br(II). The low wavenumber s;atterings of
interest have been observed by Couture-Mathieu and Mathieu (1952) and
by Perry and Lowndes (1969). 1In the earlier work assignments were not,
made and in the more recent work of Perry and Lowndes attempts to assign
the scatterings to two phonon sum or difference bands were inconclusive.
Evidenfly the effects of disorder were not considered. If disorder

is considered the observed scatterings may all be accounted for. Be-

low are the frequencies of the low wave number phase II scatterings
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observed by previous workers. The assignments belong to this work.

NH,C1(II) NH,Br (I1)

REF. 58 REF. 29 REF. 58 REF. 29
TA(K # 0) 95 88 55 56
LA(K £0) 140 143 135 136
TO(K = 0) 170 (172) 170 - (147) 147
TO(K + 0) 195 197 ' 185 ~190

The bracketted frequencies are observed in the infrared and are associated

with the K = O phonons. In the case of NH,CI(II) the 170 cm™ k=0

scattering shifts on cooling to the phase IV 183 cm_1 K = 0 scattering.
The highest wave number scatterings may be associated with TO(K % 0)
phonons since the Lifshitz theory predicts that they may be shifted in_
frequency relative to the allowed K = O mode. In the case of the TA(E.% 0)
and LA(K $ 0) scatterings the frequency separation is about 50 cm_1 for
NH,C1(II) and about 80 en” ! for NH,Br(II). This compares with a zone

edgé frequency separation of about 75 cm_l-fot ND,C1(IV). The ND,C1 (IV)
zone edge TA phonon lies at 100'cm_1 and compares with the NH4C1(II)
scattering at 95 em L.

Recently Garland and Schumaker (28) have applied the predictions of
the Lifshitz theory to the anomalous high wave number component of vy
This anomalous component is present in all infrared phase II spectra
(see for example Figure 4-9). Garland and Scﬁumaker have considered

ammonium chloride in particular. By using an Ising model to approximate

the disorder-order transition they were able to relate the heat capacity
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data for ammonium chloride to the configurational energy of an Ising
model and so calculate p(l-p) as a function of temperature. By referring
to Figure 4-10 which reproduces Garland and Schumaker's results it is
seen that the predicted and observed intensities of Ijyyy, for the dis-
order-order process are in excellent agreement. At the transition
temperature of 242.2°K there is seen to be a pronounced discontinuity in
the intensity curve for I i, and the progress of the ensuing ordering
process is evidenced by a progressive loss in intensity for Ij,yy. When
the ordering process is complete there is zero intensity. The behaviour

of Ijyyy for the disorder-order process may be summarized as:

Iiuyy {v4(§ % 0)} -+ zero intensity

The fact that the intensity behaviour of Ijyyy so closely paralleis
that predicted by the Lifshitz theory suggests that similar considerations
may apply to internal modes such as v, as well as external modes of
translatory origin.

Figure 4-12 shows the temperatufe dependence of V4 for ammonium
bromide as observed in this work. The components appearing in phase II
are Ij3gg {v4(5 = 0)} and 11427’{v4(§'+ 0)}. At the transition tempera-
ture of 234.57°K there is a discontinuity in the intensity curves for
both I;399 and Ij407. As the ordering process progresses, Ij3gg over a

temperature interval of about 25° gradually loses intensity and also

gradually shiffé to I14p5. This behaviour may be summarized as:

I1399{v, (K=0)} ~ Iyygsiv, (E)).
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For I,457 there is an apparent gradual increase in intensity and also a
gradual shift to I;,33 associated with the disorder-order process.

This behaviour is summarized as follows:

11427{v4(K%O)} -+ zero intensity

A I139§{V4(K=0)} > 11433{v4(A2u)}

Thus, the appearance of 11“33{V4(A2u} obscures the temperature dependence
of Ilu27{v4(K#0)}. The intensity curves for ammonium bromide do not

show experimental results for the order-order transition, III -» IV.

This is because this transition occurs at about 78°K on cooling (7)
which is just below the low temperature limit of the liquid nitrogen cell
used for these experiments. Refereﬁce to Figﬁre 4-13, however, will
.show the results for the III » IV transition for the fully deuterated
salt. It is seen that both 11055{v4(Eu)} and'Ilogg{V4(A2u)} show marked
discontinuities at the transition temperature of 166.7°K. At this temper-
aturevthe infensity of Ijpgg begins to abruptly decrease to zero, while
the intensity Of.Ilose ;hows an abrupt increase which is accompanied

1

by an abrupt frequency shift to 1060 cm’ Thus we have:

1108§{V4(A2u)} -+ zero intensity
11065{V4(Eu)} > 11060{V4(F2)}

The discontinuous intensity changes and discontinuous frequency shifts
associated with the III > IV order-order transition contrast sharply

with the results for the II - iII disorder-order transition which is
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accompanied by gradual intensity changes and a gradual frequency shift.
These results, then, provide striking spectroscopic evidence for the
two different types of phase transitions which occur in ammcnium bromide.

Figures 4-9 and 4-11 show the infrared spectra of vy for the various
phases of both ammonium chloride and ammonium bromide. It may be noted that
the anomalous components of N did not appear wi;p observable intensity in
the Raman spectra.

The triply degenerate vibration, Vg, as observed in phase II spectra
shows no evidence of distinct components either in the infrared or Raman
which may be assigned to states with 5_# 0. However, vz as observed in
both the infrared‘and Raman is a very intense broad band. 1In the infra-
red the half-height band width is some 140 cm~1 for the protonated
salts and some 120 cm-l for the deuterated salts. These values compare
with corresponding half-height band widths of some 60 and 75 c:m_1 for
the ordered phases of the protonated and deuterated salts respectively.

It is found that there is pronounced v, band sharpening as the disorder-

3
order transition progresses and thus it is very likely that some of the
intensity of Y in phase II spectra is due to the presence of a density

of states with K # 0. Also, Vg exhibits anomalous behaviour in that it
shifts significantly to lower frequency as a result of the disorder-
order transformation. For the ammonium chlorides and ammonium bromides
this shift is 12t2‘cm_1. Such behaviour is consistent with the presence

of a density of states with E_% 0 on the high wave number side of a

band due to an allowed K = O transition. However, it is to be remembered



TABLE 4-6. Assignments for NH4C1(II) and ND4C1(II); cm
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-1

NH4C1(II) - THIS WORK

See also refs.

ND4C1(II)~— THIS WORK

See also refs.

Assignment 29,31 22 22
R. I.R. R. I.R.
vy 3050 2218
Vo 1709.5 1220
V3 3138 2348 2346
Vi 1403 1401 1064 1061
vy (K40) 1444 1087 (sh)
L (359) (263)
T 177 170
Vo+uy L 3044 . 2248
2vy 2818 2810 2140 2128
2vy 2116

*

a neutron inelastic scattering result - Ref. 3.




TABLE 4-7. Assignments for NH4Br(II) and ND4Br(II); cm

1
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NH4Br(II) - THIS WORK

See also refs.

ND,Br (II) - THIS WORK

See also refs.

Assignment 29,31 23 23

R. I.R. R. I.R.
Vi 3039 2215
V2 1685.5 1205
V3 3128 3128 2347 2345
\VIR 1401 1399 1063 1060
vy (K£0) 1427 1083 (sh)
L (311) (233)*
T 154 139
Va+Vy 3028 2240
2vy 2803 2797 2125 2119
2V 2104

*

a neutron inelastic scattering result - Ref.
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that such behaviour could also be related to an increase in hydrogen
bonding as a result of the phase change.

A summary of the assignments for the fundameptal modes associated
with the phase II ammonium halides is given in Tables 4-6 and 4-7. It
will be noted that included in these two tables are assignments for
2v4 and Vo t vy the only lines which appear in the second ordér spectra

of the phase II salts.

4-4 Ammonium Fluoride

Ammonium fluoride has a crystal structure compatible with the
space group Cgv(p63mc). The vibrational analysis is carried out under

the C_ factor group - results for the various types of vibrations are

6v

summarized below.

I'(internal) = 3A; + 3B; + 3E; + 3E,

F(OT) = Al + 2B1 + El + 2E2
r (OL) = Az + B2 + El Ez
T (AT) = Al + El

The four fundamental modes associated with the free ammonium ion become
the precursors of the 12 internal crystal modes which arise from both
static field (site group) and correlation field (factor group) splitting.

This is illustrated by the correlation diagram which follows.
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Fundamental Free Ion -~ Site Group A Factor Group
Mode Symmetry-Td Symmetry-C3V Symmetry-C6V
vy Ay . Ay > A1, By
v, E > E > E;, E2
Vs Fp -> Ay, E > Ay, By, Ej, E2
vy : Fo - Ay, E - Ay, By, Ey, Ep

The symmetry speciés Ay, E; and E, contain elements ofvthe polariza-
bility tensor and hence will be associated with Raman active vibrations.
Only vibrations of Ay and E; symmetry species are infrared active.

In section 1-1 the point was made that although the NH4+ ions in
ammonium fluoride lie on sites of C3V symmetry, the crystal geometry is
such that it is compatible with a tetrahedral configuration for the
NH;4+ ions. It was further noted that a tetrahedral configuration is
also supported by the fact that Plumb and Hornig (21) found no observ-
able ;plitting for 7 in the infrared spectrum of crystalline ammonium
fluoride. From the infrared spectra Plumb and Hornig were able to
assign Vz(Al, Elj‘and v4(A1, E;) for'both NH,F and ND,F. The Raman

4 4
4F and ND4F show only three lines

spectra recorded in this work of both NH
with observable inténsity and these have been assigned to vl(Al), vS(Al, E,,
E,) and vT(Al, E;, E;). It was fdund that there was no significant
frequency discrepancy between vS(Al, E;) as observed in the infrared

and v, (A, Ej, Ez).as observed in the Raman.v Unfortunately

VZ(El’ E>) was not ébsérved in the Raman 5pectfum of either NH4F

or ND,F. If the frequency of v, is inferred from v

4 2 + v, as observed

2
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in the infrared the frequencies of the internal fundamentals for NH4F are

2874, 1728, 2815 and 1494 cm © for Vi» Vps Vz and v, respectively. For

ND4F the corresponding frequencies are 2117, 1240, 2148 and 1120 cm-1

(see also Table 4-8). As no;ed by Plumb and Hornig the most striking
feature associated with these ammonium fluoride frequencies is the
relatively low frequencies of the stretching modes as compared to the
corresponding frequencies of, say, the phase IV ammonium chlorides.

Comparing NH4F and NH4C1(IV) it is found that v, suffers a shift of

1

175 cm_1 and the corresponding shift for Vg is 311 cm—l. For the

deuterated analogs the corresponding v, and Vg shifts are 98 and 184 cm_1

1
respectively. This behaviour is indicative of greatly enhanced hydrogen
bonding in ammonium fluoride.

The obvious combinations and overtones appearing in the infrared
spectra of the ammonium fluorides which were observed and assigned by
Plumb and Hornig are Vg * Vps VY, + Vp> 2v4 and v, + vg- In addition
to the above absorptions the infrared spectrum of both NH4F and ND,F
possessestwo absorptions of moderate to strong intensity which are not
readily assigned. For NH4F the absorptions in question appear at 3082
and 3010 cm-l. Plumb and Hornig have assigned these two lines to
§4 + SvR and a second component of 2v4 respectiveiy. The corresponding

anomalous lines for ND,F appear at 2323 and 2251 cm_l. They have been

4
assigned respectively to Vi * Vg and 7 SvR. These assignments are
not altogether satisfactory and, indeed, Plumb and Hornig (21) make the

following comment on the assignments vy t SvR. "The biggest problem
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(in making assignments) is the strong band at 3082 cm"1 in NH4F and

2251 cm ! in ND,F. It has been assigned to vyt 3v6(v4 + SvR), but it

is startling that such a high combination shﬁuld appear with such inten-
sity. Furthermore, the observed frequency is some 40 c:m—l higher than
predicted, and this can only be correct if the frequency is raised by
Fermi resonance with some of the lower frequencies. At present the
situation on this peak cannot be considered satisfactory." Also, the .
assignment of the 3010 line in the épectrum of NH,F is not realistic for
the following reasons: no such second component is observed for ND4F
and the frequency is some 20 «.:m-1 higher than that predicted by the
frequency of v, as observed in the infrared. It would appear that the
assignment of the 2323 en™t line in the spectrum of ND,F to v, + vy is

correct. Such an assignment gives a frequency 31 cm—1 below that

predicted providiﬁg v is taken as the Raman observed frequency of 237 cm_l.

T
Now, if the original assignment of the 3082 cm—1 NH4F absorption to

Vg t SvR is changed to Vi * Vp

is -41 cm_l providing Vp has a frequency equal to the Raman frequency of
1

the predicted-observed frequency discrepancy

NH,F line and the 2251 em™ 1

ND4F line. A possible assignment is vy in combination with acoustical

-modes. Such a situation would compare with that already inferred for .

247 cm-l. We are now left with the 3010 cm”

the phase IV and phase III ammonium halides. Assuming the assignment
Vi * Va gives acouétical modes at 136 and 134:c:m_1 respectively for NH4F

and ND4F. Using the approximation of a linear lattice zone edge acoustical

modes for NH,F and ND,F are calculated to lie at 179 and 176 cm—l. Thus,

4 4

the inferred modes are within the frequency limits predicted for the



TABLE 4-8.

Assignments for NH

F and ND,F; cm”

1
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4 4
NH,F ND,,F
Assignment THIS WORK Ref. 11  THIS WORK  Ref. 11
R. I.R. R. I.R.
V1 2874 2117
V2 (1728)* (1240)
V3 2818 2815 2145 2148
Vi 1494 1120
Vi (523) (376)
Vg 247 237
vp (K#0) (136) (134)
V1+VL 3082 2323
V1+V, 3010 2251
VoV 3222 2360
2V, 2974 2233
Va+UR 2277 1633
Vi+vg 2017 1496

%
the bracketed . frequencies have been inferred from infrared active

combinations;.the vy frequencies are inferred assuming relatively

flat v, phonon dispersions.



114

acoustical modes.

4-5 The Barrier to Rotation
The barrier to rotation for NH4+ ions in a CsCl type lattice has
been treated by Nagamiya (63). He assumed a particular charge distribu-

tion for the tetrahedral NH4+ ion by placing a charge of +8e on each

hydrogen atom. The potential energy of one of the hydrogen atoms at
an arbitrary point, (Xi, Yi’ Zi) in the unit cell with respect to all

charges outside its own can then be written as:

4 4 4

1 r.4fx. +y. + z, 3
¢ =2 [Co + Cu(x) {4 4y1 io-g ]

T

(1)

where a is the lattice parameter and N is the N-H distance in the NH4+

ion. The second term of this expression represents the angular dependence
of the potential energy. Hence the potentiél appropriate for rotation

of the ammonium ion in a CsCl type lattice is:

SN
i i i 3
—Z -5 (2)

n b

i=1 r
In this expression ¢o is directly related to the barrier to rotation.
For rotation about a four fold axis the barrier height is(9/4)¢e (28).
Gutowsky, Pake and Bersohn (64) use equation 2 to consider the
librational modes of the ammonium ion. Restricting their treatment to
the simple case,in which the ammonium ioneiecutesonly small vibrations

about the cubic‘(x, y, z) axis of the unit cell, they developed an

approximate potential which may be written:
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2 2 2 2 2 2 2
{5— 8(§ +n +'c)-—53—2-(£ *no+)

2 2 -2 2 2 2
-8(tn +tr +‘ng)+.........} (3)

h1<

and where &, n and ¢ are the angles of rotation about the cubic (X, Y, Z)
axes. Cleafly, the assumption of small oscillations implicit in the
model yielding the above four-fold cosine typé potential is appropriaté
for the ofdered cubic phases cof the ammonium halides.

With the useiof first order perturbation theory Gutowsky, Pake and
Bersohn were able to arrive at an expression for the energy levels of
the anharmonic oscillator described by their model. The result they
obtained is: : “
V°+{n1+n2+n3+i

2 2 2
{an + 2np + 2n3 + niny + nin3 + nong

E =
nl,n2,n3

o—- = uvilon
[,

+3n; + 3np + 3nz + —-} (hw) /Vo (4)

L
where (hd) = (16Vq'ﬁ2/21)2 and I is the moment of inertia of the NH4+

ion. Using equation 4 it is possible to calculate Vo when the value of
(E100 - Eppo) is known from the librational frequency; i.e.
Vo =1 thu + s1%/21)°
12/21

—

(5)

The expression for Vo defined by equation 5 although derived for the
ordered cubic phase can reasonably be applied to the ordered tetragonal
phase since the digtortion from cubic symmetry is slight.

The computed values for Vo(G.P.B.) using equation 5 afe included |

in Table 4-9. Also included are the barrier heights, Vo(N.M.R.), which
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TABLE 4-9. Librational Frequencies and Barrier Heights; (cm;l)*

NH,C1(IV)  NH,Br(IV)  NH,Br(III) NH,I(III)

vp (N.S.) 389 . 335 293

Ve (R) 336 291

Vg (Vu+vp) 390 349 337 290

Vo(G.P.B.) 1861 1515 1420 . 1080

Vo (N.M.R.) 1650 . 1400 1110
ND,C1(IV)  ND,Br(IV) ~ ND,Br(III) ND,I(III)

vp (N.S.) 280 254 . .

vp (R) _ 208

Vg (Vu+vp) 280 251 241 208

Vo (G.P.B.) 1836 1492 1382 1049

the frequencies v

(N.S.), v (R) and v, (v4+v,) have been respectively

obtained from neu%ron scatterlng (3), Raman and vu+vp Raman results.

The underlined frequencies have been used to calculate the Vo(G.P.B.).

The Vo (N.M.R.) are found 'in references 65,66 and 67.
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FIGURE 4—|4 _ X
BARRIER HEIGHTS AS A FUNCTION OF THE
LATTICE PARAMETER

NH_Clv)
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have been obtained from N.M.R. measurements (65,66,67). It is seen that
.the Vo(G.P.B.) and the Vo(N.M.R.) compare favorably.

Gutgwsky, Pake and Bersohn (64) have shown that if the NH4+ ion is
assumed_eleétrically to be a system of point charges of + e/4 at the
vertices of a rigid regular tetrahedron then the relation Vo o r4/a5
holds. Figure 4-14 shows that a plot of Vo(G.P.B.) versus a's({a/JE_}_S

for the'tetragonal salts) givesa linear relation as predicted by the

point charge model.

+

4

Since the frequencies of the fundamental modes of vibration of

4-6 The Force Field of Crystalline NH

crystalline NH4+ are well known we may use these frequencies to compute
the force field for the crystalline ammonium ion. The computations
may be performed using the simple mixing program of Green and Harvey (47).
The equation which is bésic to this prograﬁ-is equation 29 of section
3-1; i.e.

-5, 0 pt

-L t
E=UL RART ™Y

In the case of tetrahedral NH, there is one redundant symmetry co-ordin-

4
ate and so the dimension of all the matrices appearing in the above
equation will be:10 x 10. Once the vibrational frequencies and the
molecular geometry of the basis molecule are made available to the

program, the G matrix and also the orthogonal matrix U diagonalizing

G are constructed. This yields the three matrices defined in equation 27

of section 3-1; i.e.
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The vibrational frequencies directly yield the matrix Q. The one re-

maining matrix required is the orthogonal matrix, P. It was noted in
section 3-1 that this matrix has the important property that the elements
Pij of P equal zero unless Ai and Aj belong to the same symmetry class.
For our calculations a suitable orthogonal matrix P is:

Ao A1 Az Xy A3 Ay A3 Ay A3 Ay

e 1
A ]
Ao 1
Ao 1
A3
P
Ay F2
A3 .
2
Ay
A3
P
Fy
Ay
1//1+x2 -x/J1+X2
where: PF2 =1 , , }
x/,/1+X2 1/41+X2
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Only the one parameter, X, appears and the force field problem is one
dimensional. X has the effect of mixing the computed F3 (stretching),
F4 (bending) and F34 (stretch-bend) symmetry force constants and may be
referred to as the mixing parameter. There will be a family of acceptable
force constants; ‘each set in the family corresponding to a particular
value of the mixing parameter. Inspection of the orthogonal matrix P
shows that the F1 (stretching) and F2 (bending) force constants do not
depend on X.

Calculationshave been carried out with the NH,"

4

chosen as the basis molecule. Reference to Figures 4-15 and 4-16 shows

ion of NH4Br(IV)

the variation of FS’ 4 and F34 with the mixing parameter on the interval

-1.2 < X < 1.2, Calculated ND4+ Vs and vy frequencies using the NH4+

force constants are shown in Figure 4-17. 1t is found that the two values

of X which respectively réproduce the observed ND4+ Vg and V4 frequencies

do not coincide; so it is convenient to choose their mean as the value
of X which gives the "best" computed spectrum. In Table 4-10 which shows
calculated and observed spectra this mean value of X is denoted as X3.

When NH4+ is chosen as the basis molecule the average absolute deviation

-1

.of computed ND * frequencies from observed frequencies is 23 cm The

4

NH4+ force constants used to compute the ND4'+ spectrum are as follows:
Force Constant

- (105 Dynes/cm.)

Fl 5.51026
F2 = 0.60485
F3 = 5.28516
F4 = 0.52378
F,, = 0.07670

34
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FIGURE 4—1I5

THE SYMMETRY FORCE CONSTANTS
F AND F, AS A FUNCTION OF THE

MIXING PARAMETER — NH, Br av)
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FIGURE 4—16

THE SYMMETRY FORCE CONSTANT,
'K, AS A FUNCTION OF THE MIXING
PARAMETER — NH,Br (1v)
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FIGURE 4—I7
CALCULATED FREQUENCIES FOR
Ly AND A AS A FUNCTION OF THE
MIXING PARAMETER — NH4Br (1v)——
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TABLE 4-10. Calculated and Observed Spectra - NH4+(Td).

(1) NH4Br(IV) ND4Br(IV)
X1 = ~0.36, Vg = 2330
X, = -0.11, Vg = 1060
X3 = -0.235
Vi v, Vy Vy
Calculated Spectrum
X = X, 2155.4  1201.8 2305.7 1048.3
Observed Spectrum 2211 1211 2330 1060
Deviation -45.6 -9.2 - -24.3 -11.7
(ii) ND4Br(IV) > NH4Br(IV)
Xl = 0.54, Vg = 3124
X2 = -0.28, v4 = 1398
X3 = -0.36 -
2 v, Vg v Vy
Calculated Spectrum
X = X3 3125.6 1712.0 3169.9 1407.9
Observed Spectrum 3047 1699 3124 1398
+78.6 +13.0 +25.9 +9.9

Deviation
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No other NH4+ force constants could be found for purposes of comparison.

4-7 The Effects of a D,, Distoftion

‘As an XY4 molecule suffers a distorfion from a Td to a D2d configur-
ation both the kinetic and_potential energies and thus G and F will change.
The spectrum,'{xi}, of the XY, (D,,) molecule may be computed providing both
G and F are known. When the geometry of -an XY4(Déd) molecule is kndﬁh"
g(Dzd) is readily obtained. If we do not have a prior knowledge of thé
D2d spectrum we cannét compute E(DZd). A first approximation would be to
use the E(Td) matrix of the XY4(Td) molecule which'undergoes a slight

angular distortion to give the XY, (D,,) molecule.
g 4 24

The computed D, spectrum,‘{ki}, is then the solution of:
6004) * E(Ty) - 21| =0 (1)

where E(Td) may be calculated according to:

otk
E(Ty) = UL R 4L | . @

no

4’
Here U is the orthogonal matrix diagonalizing g(Td) to give.g. P is the
orthogonal matrix of the previous section. The matrix Q(Dzd) appearing

in the secular equations is computed from the D2d molecular geometry.

When we use the above approximation to predict the kinetic energy
céﬁtribution to the spectrum of the crystalline NH4+(D2d) ion, the NH4+(Td5
ion is a hypothetical ion and there is necessarily an element of arbitrari-
ness introduced when selecting its unperturbed frequencies. We may choose

the vl(Dzd), vZ(DZd), vS(Eu)‘and v4(Eu) frequencies (recall that only the one
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component of vy is observed). When performing the actual calculations

it was found that frequency shifts of up td about 50 cm ! for the unper-
turbed frequencies, whether singly or in combination, had little quantita-
tive effect on the predicted splitting pattern. The computed v3/v4.splitting
will be a function of the mixing parameter, X, which appears in P (see
Figures 4-18 and 4-19). At X = O the ammonium bromide splitting pattern
predicted for small angular distortions involving two angles greater than

109.47° and four angles less than 109.47° is the following:

v (B;) | v, (B)

-_— e o e e wm m wae - o

v, (B} V4 (E)
[}

- e wm o W e wm o e -

This result agrees with the observed spectral results and thus supports a

structure for NH4Br(III) where the NH,® ions have two angles greater than

4
109.47° and four angles less than 109.47°. We may note that when the situ-
ation for the distortions is reversed the order of the predicted By, E

splittings at X = O reverses (see Figure 4-20).
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Table 4-11 reports the maximum vs/v4 splittings predicted on the
interval -1.2 < X < 1.2 when the angular distortion is +3.09° and -1.52°.
In the case of NH4Br X =-0.35 maximizes the predicted splittings. They

-are 15.8 and 7.2 ent for Vg and 7 respectively. These values compare with
the observed splittings of 38 and 28 c:m_1 which arise from the probable“A
angular distortion of +3.09° and -1.52°. Figures 4-18 and 4-19 show that
at X = +0.47 which corresponds to the unperturbed vs/v4 frequencies zero
splitting is predicted. The splitting pattern reverses as we go from
X < 0.47 to X > 0.47. We have favourgd a predicted splitting pattern with
X < 0.47 since the results of numerous force constant calculations for
many small molecuiés have shown that when the force constant solutions
are of the form F=Ur'%PAptr'%U the most acceptable values of the mixing
parameters are invariably less than zero (68), e.g. for NH4Br(Td) -+
ND4Br(Td) the value of X giving optimum force constant transferabilify is
-0.235 (see Table 4-10)

"If we fix the mixing parameter at say X = -0.235 and Qary the NH4+(D2d)
geometry we may use:

| G0, )E(Ty) - AyL] =0

to compute the D2d spectrum as a function of angular distortion (see Figures
4-20 and 4-21). .We see that, the obsgrved Ve splitting requires an angular

distortion of -3.7° and +7.8°. For v, the required angular distortion is

4

-6.0° and+12.8°. These values compare with the probable distortion of

-1.5° and +3.1°.
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FIGURE 4—18

PREDICTED SPLITTING OF 14 AS A
FUNCTION OF THE MIXING PARAMETER—
NH, Br (Ty) —= NH, Br (D, )
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TABLE 4-11. Calculated and Observed Spectra - NH4+(Dzd)
(i) NH,Br(T,) > NHBr(D,); X, = -0.35
vi(A1)  va2(A;) v2(B1)  Vvs(Bz2) v3(E) vy (B2) V4 (E)
0BS. 3037.5 1694 3079 3117 1433 1405
A 38 28
CALC.  3037.5 1710.2  1677.5 3104.2 3120.2 1409.8 1402.6
A 32.7 15.8 7.2
(ii) ND,Br(T,) > NDBr(D,); X, = -0.45
vi(A)  va(Ar) va(B1) v3(Bz) Vvi(E) vy (B2) vy (E)
0BS. 2209 1209.5 2339 1089 1066
A 23
CALC. 2209 1221.1  1197.7 2321.6 2343.1 1072.6 1062.7
A 23.4 , 21.5 9.9
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FIGURE 4-20 | ,
SPLITTING OF 245 AND Zz AS A FUNCTION OF
ANGULAR DISTORTION (X=-0.235) 7 (B.)
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FIGURE 4—21
SPLITTING OF 1, AS A FUNCTION OF
ANGULAR DISTORTION
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CHAPTER V

THE VIBRATIONS OF THE ALKALI METAL BOROHYDRIDES

5-1 The Phase III Alkali Metal Borohydrides
The crystal structure of the phase III alkali metal borohydrides is
compatible with the space group TdZ(FZSm). When the factor group analysis

is carried out the following vibrations are obtained:

I (internal) = A} + E + 2F,

r(oT) = F,
r(oL) = F
T(AT) = F,

In the Raman spectrum the modes of F, symmetry can be expected to split
into transverse and longitudinal components.

From the infrared spectra recorded at 10°K (see Figure 5-1) V3(F2)
and v4(F2) are readily assigned for both KBH4(III) and KBD4(III). The
Raman spectra were recorded at 80°K (see Figure 5-2) and since the phase
transformation II - III is thought to undergo completion at 77.2°K the
Raman spectra do not show the true vy and vé phase III frequencies. How-
ever, for Vg and \N there is a negligible frequency shift in the observed
frequencies as the temperature is lowered from 80°K to 10°K. Therefore
in Table 5-1 we have included the Vl(Al) and vz(E) frequencies as observed
at 80°K in the phase III results. On this basis the observed frequencies
for the internal fundamental modes for KBH4(III) become 2314.5, 1251.5,
2281 and 1121 cm”? respectively for vl(Al), vZCE), V3(F2) and v, (Fy).

The corresponding frequencies for KBD4(III) are 1599.2, 892, 1724 and 855 cm—1
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As expected,lines for Vg and v, are observed in the Raman as well as the

infrared spectra. This, however, is not the case for Tl(Fz) which is

observed only in the infrared. The Tl(Fz) frequencies are 178 cm—1 for

KBH4(III) and 172 cm-1 for KBD4(III). The Raman spectra gave no evidence

for the appearance of the longitudinal components of v

3
10 11 :
Since the B - B isotopes occur with a natural abundance of about

. 10 11 39 4o
1:4 we may expect to see; (i) the effects of B - B (and K - K)

10 11
disorder after the treatment of Lifshitz (62) and (ii) a B - B iso-

and Vg

topic splitting for Vzs Yy and Hf Evidently any frequency shifts due to

3 and v4

are, however, observed. The infrared spectrum of KBD4(III),“where the line

disorder are too small to be observed. The isotopic shifts for v

widths at half-height are about 5 cmnl, gives a striking example of isotopic
10 11

B- B splitting.which is fully resolved (see Figure 5-5). In the spectrum
10 : 10 -
of KBD4(III), vS(Fz) and v4(F2) are observed at 1739 and 864 cm 1. ‘These

frequencies give reépective isotopic shifts of 15 and 9 cm_l. The correspond-

iﬁg shifts for KBH,(III) are 16 and 10 em L.

In the second érder spectrum of the phése ITI potassium borohydrides
only three principal'lines are observed; these are 2v4(A1 + E + Fy),
v, * v4(F1 + F2) andvivz(Al + E)}. The overtone 2v2 is observed only in:the
Raman effect but Zv;.and v, * v, are common to Both the infrared and Raman
spectra. 2v4(F2) is:strongly affected by Fermi resonance with vs(Fz); i.e.
in the infrared 2v4tf2) has considerably enhanced intensity and the observed

KBH4(III) and KBD4(III) frequencies are 25 and 28 cm—1 lower than thosev

predicted. In the Raman spectrum of KBH4(III) 2v4 appears as a doublet with
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frequencies of 2185.5 and 2224 cm—l. Since both Vl(Al) and v3(F2) lie
nearby at 2314.5 and 2291 cm—1 it is likely that 2v4(A1 + E + Fo) undergoes
Fermi resonance with both these fundamentals. On this basis the low wave
numbér component of 2u4 can be assigned as 2v4(A1) and the high wave
number component to 2v4(F2). Both of these components are observed as
sharp lines and it is unlikely that either component could contain any
appreciable intensity contribution from 2v4(E). The Raman line appearing
at 2238 <:m_1 can be assigned as 210v4(F ). This compares with an infrared
frequency of 2235 cm-l which gives an observed-predicted frequehcy discrep-
ancy of 27 cm_l. In the spectrum of KBD4(III) 210v4(F ) appears in the
infrared at 1697 cm-l; the resulting frequencybdiscrepancy is 30 cm-l.
The predicted v, * v4(F2) frequencies are 2374 cm_1 for KBH4(III) and
1747 cm-1 for KBD4(iII). The corfesponding infrared frequencies are 2386
and 1757 cm-l. Sincé these observed‘frequencies are about 10 cm_l higher
than those predicted.\)2 + v4(F2) must undergo Fermi resonance with V3(F2)-

10 10 .
In the infrared spectrum of KBD4(III) v, + v4(F2) is also observed.

2
It appears at 1767 en L.
Finally ve come:to 2v2(A1 + E). This line appears with frequencies
of 2497 and 1782 respectively in the spectra of'KBH4(III) and KBD4(III).
The respective anhafmoﬁicities are 7 and 2 cm—l. |
The assignments for the phase III salts are found in Tables 5-1 and
5-2. The corresponding spectra are included in Figures 5-1, 5-2, 5-3,

5-4, 5-6 and 5-8. The Raman results obtained for rubidium and cesium

borohydride at 80°K are included in the phase III results. Since the



TABLE 5-1. Assignments for KBH, (I1I) and KBD, (I1I); cm
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1

ASSIGNMENT KBH#(III) - THIS WORK ~ KBD,(III) - THIS WORK
R. I.R. R. I.

V1 2314.5 1599.5

Vo 1251.5 892

10y, 2297(sh) 1737 1739

Vi 2291 2281 1723.5 1724

100, 1131 864

vy 1122 1121 856 855

T, 178 172

2V, 2497 1782

v+ 004 (F,) 1770 1767

Va+vy (F,) 2386 2384 1757 1757

210, (F,) 2238 2235 1698 1697

2vy (F,) 2224 2217 1682 1682

2%, (A1)

2Vu(A1) 2185.5
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TABLE 5-2. Assigmments for RbBH4(III) and CsBH4(III); cm'"1

ASSIGNMENT RbBH, (III) - THIS WORK CsBH,(III) - THIS WORK
R. I.R. R. I.R.

Vi 2301 2281.5

V2 1239 1222

10, 2268 (sh)

V3 2278 2277 2255 2252

10y, E 1113

vy 1119 1116 1104.5 1103

2vy 2477 2443

Vo 10Vy(F,) - 2345

V2+Vu(F,) 2365 2361 2338 2336

2104(F,) 2224 2218(sh) 2202 2201

2v4(F,) 2209 2207 2187.5 2185

219, (A)) 2183 2156

210, (A)) . 2174(sh) - 2166
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Figure 5—1 The | .R. spectra of NGBH4(I), KBH4_(,|)
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Figure 5—2 The Raman Spectra of NaBH, (1), KBH, (1)

NCIBH4( Iy and KBH4 (80°K)

NOBH4(I)—295°K KBH4(I)—295°K

F
\
I~

NaBH, (11) - 80°K KBH,- 80°K '

e

I

L T /?/ T T T T T
2300 1350 1150

/L
au T T T T T T 7 T T T T T T T
2400 2200 a 1300 1100 2500

WAVENUMBER CM-T



140

Figure 5—3 The I.R. spectra of NaBD, (1), KBD, (1)
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Figure 5—4 The Raman Spectra of NaBD, ), KBD, (1)
NaBD, (i) and KBD,(80° k)
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Figure 5—5 The |.R.spectra of NaBD an, NaBH, i)
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Figure 5— 6 The |.R. spectra of RbBH4(1), CsBH4(|),
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Figure 5—~7 The Raman Spectra of RbBH, (1), CsBH, (1),
RbBH,(80°k) and CsBH, (so°k)
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frequencies in the infrared spectra of these salts showed a negligible
shift as the temperature was lowered from 80° to 10°K, it can be assumed
that the Raman spectra as observed at 80°K will closely approximate the

true phase III spectra.

5-2 The Phase II Alkali Metal Borohydrides

Phase II sodium borohydride has a tetragonal structure uﬁder the space
gfoup ng(IZmZ). The results of the factor group analysis under the D2d
factor group can be summarized as follows:

I(internal) = 2A; + B, + 2B, + 2E

r(T) = B, + E

i}
>

” + E

B2 + E

r(oL)

i I (AT)

For the internal vibrations associated with the BH4_ ion the site group
and factor group coincide; hence, there are no correlation field effects
and the four vibrations associated with the free BH4— ion become the pre-

cursors of 7 crystal modes which arise from a splitting of the degenerate

modes by the static field as shown by the following correlation diagram.

Vibrational Free Ion Site/Factor Group
Mode Symmetry—Td Symmetry-DZd
Yy A > A
v, E -> Ay, Bj
) vs , o FZ -+ B2) E
\Y F2 -+ ) BZ; E
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For the phase III alkali metal borohydrides it is relatively easy

10 11
to sort out the modes arising from B - B isotopic splitting. However,

for the phase II sodium salts where the site gfoup splitting is of the same
order of magnitude as the 10B - 11B isotopic splitting the situation is
much more complicated. Nevertheless it has been possible to make a complete
set of vibrational assignments for both NaBH4(II) and NaBD4(II). Since the
vibrational spectrum of NaBD4(II) is characterizedAby sharp well resolved
lines assignments for this salt will be made first.

The Raman spectrum of NaBD4(II)(see Figure 5f4) allows us to place

1

vl(Al) at 1622 cm ~. The two expected components of v, also appear; the

2
line appearing at 916 cm_1 is arbitrarily assigned to Vz(Al) and the line
appearing at 904 <:m._1 is then assigned to vZ(Bl). (It wili be seen shortly
that these assignménts can be confirmed when the possible combinations

' 2d }1nes associated with vsiand
2 only one, vS(E) appears in the Raman spectrum of NaBD4(II), (the same

for v, + v, are considered). Of the four D
situation occurs for NaBH4(II)) therefore it is convenient to consider the
infrared spectrum (see Figures 5-3 and 5-5). The infrared bending region
shows four lines. These appear at 854.5, 865, 870 and 877 cm—l. Clearly,
the most intense liﬁe appearing at 854.5 cm—liéan be assigned to v4(E).

Now, for KBD4(III) the v, isotopic splitting is 9 cm’l; therefore it is

4

reasonable to assién the 865 cm—1 line as v4(E). This leaves two lines
either one of which could be assigned as v4(B2). The most reasonable choice
is the 870 cm-1 line since as will be seen shortly, it predicts 2v4 and

v, + v, overtones and combinations which are compatible with the experi-

2 4
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mental results. The anomalous line at 877 cm—l has been assigned to the
second overtone of a mode of rotatory origin. A further comment on this
assignment is made later.

The stretching region of the infrared spectrum is very rich in spectral
information. A convenient line to start with is the 1735.5 c:m-1 line;
because of its intensity it is readily assigned as VS(E)' A second line

1

possessing striking intensity is found at 1692 cm ~ and it must be assigned

to a component of 2v Since it is observed with such enhanced intensity

4
it can be assumed to be undergoing Fermi resonance with vS(E). This immed-
iately selects E type symmetry for this line and hence it must originate
from the combinatioh v4(E) + v4(82) = 2v4(E) which has a predicted frequency
of 1725 cm L. TheAdiscrepancy‘of 33 cn”! between the predicted and observed
frequencies.is further evidence of Fermi resonance. The line appearing at
1715 cm_1 on the high frequency side of 2v4(E)’cgn be assigned to 210v4(E);
10“4(32) has a predicted frequency of 880 cm_l and therefore the predicted
frequency of 210v4(E) is 1745 cm_1 which giveé a predicted-observed fre-

1

quency discrepancylof 30 cm™ . Besides 2v4(Ej there are two other possible

2v, components. These are v4(B2) + v4(Bz) = 2v4(A1) and v4(E) +'v4(E) =

4
2v4(A1 + By + Bs). ' This latter component is iﬁfrared active and therefore
expected to appear in the infrared with a pre&icted frequency of 1709 cm-l.
However, no evideﬁée was found for the appearéhce of this line. Having
assigned the lines ét 1692 and 1715 cm_1 respectively to 2v4(E) and 210v4(E)

the remaining line on the low frequency side of vS(E) at 1724 cm_1 can be

assigned to vs(Bz). On the high wave number side of vs(E) a line appears at
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_ 10 10 11
1755 cm 1 which must be assigned to vS(E). The resulting B - B iso-

topic splitting of 20 cm_1 compares with the Vg isotopic splitting of 15 cm_1
observed for KBD4(III). The remaining lines appearing at 1764, 1773, 1789

and 1798 cm—1 must be assigned to the combinations v, + v There are 8

2 4°

possible predicted combinations. These are:

v,(B1) + v, (E) = 1759(E)

10

v, (B,) + 10v4(E) = 1769 (E)
v, (A1) + v, (E) = 1771(E)

! lovz(Al) + 10\)4(E) = 1781 (E)
\)2(1'31) + \)4(32) = 1774(A2)
1

ovz(Bl) + 10v4(B2) = 1784(A2) .

vz(A;) + v4(Bz) = 1786(82)

10 10
vZ(Al) f v4(B2) = 1796(B2)A

The combinations of E and B, symmetry types will be both infrared and Raman
active, while the combinations of A, symmetry type will be>inactive. Since
combinations of E-£ype symmetry can undergo Fermi resonance with vS(E) and
those of B2 symmefry can interact with vS(Bz), it can be expected that the
observed combinations may have enhanced intensities and may also lie at
frequencies slightly higher than those predicted. On this basis the observed
lines at 1764, 17%3, 1789 and 1798 cm-1 may respectively be assigned to:

v, (B1) + v, (E), yé(Al) + v, (B), vy(A]) + v, (Bp) and lovz(Al) + 10v4(82).

This choice of asgignments is the only reasonable one and allows us to

remove fhe arbitrariness associated with the assignmentsvz(Al), v2(B1)

and v, (B2).
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For the Raman observed lines 2v4 and v, + Vg the second order spectrum

2
closely parallels the infrared spectrum. The Raman spectrum shows a band
for 2v2 which is absent in the infrared. It is observed at 1821 cm_1 and

very likely the three predicted components for 2v, all contribute‘to its

2
intensity. The foregoing assignments for-NaBD4(II) are summarized in Table
5-3.

We turn next to the spectrum of NaBH4(II). The Raman spectrum (see Fig-
ure 5-2) allows us to place Vl(Al) at 2341 cm—1 and v, appears as a relatively
broad band at 1280 cm—1 which undoubtedly contains the two expected vy
components. Thereforethe only assignment which can be made is vZ(Al, B =
1280 cm” .

Just as for NaBD (I1) four lines appear in the infrared bending region
of the spectrum (see Figures 5-1 and 5-5). These lines appear at 1122, 1134,
1148 and 1153 cm I. The most intense line is the 1122 cm -1 line and hence

. : . 10 11
can be assigned as v4(E). For KBH4(III).the v B - B isotopic splitting

4

is 10 cm—;. This indicates the assignment 10v4(E) for the 1134 cm_1 line.
Either of the the iines appearing at 1148 and 1153 cm"1 could reasonably
be assigned to v (Bz) and, while a choice of either one will involve some
degree of arbltrarlness, it is found that on the basis of expected pre-
dicted-observed frequency discrepancies for the overtones and combinations
the 1148 cm_1 11ne appears to be the best choice. The 1153 cm.1 line has
been assigned to the second overtone of a mode of rotatory origin. This

assignment is commented on later.

The infrared.stretching region of the NaBH4(II) spectrum is not neérly
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as well resolved as the corresponding NaBD4(II) 5pectra1 region. However,

much valuable information is present. The intense line appearing at 2303

cm-1 can be assigned to vS(E) and the intense line appearing at 2236 cm_1

which may be assigned to a component of 2v, must certainly undergo Fermi

4
resonance with vs(E). This fixes E type symmetry for the 2236 cm‘1 line

and in analogy with the situation for NaBD4(II) we have the assignment

v4(Bz) + v4(E) = 2v4(E). The predicted-observed frequency discrepancy

is 34 cm—l'which compares with a corresponding value of 33 cm_1 for NaBD4(II).
Jﬁst as for NaBD4(II) the expected absorption, v4(E) + v4(E) = 2v4(A1 + By +
B,) does nqt'appear in the infrared spectrum. The line appearing at 2256

10

cm_1 can be assigned to 2 v4(E), and the shoulder which appears at 2272

cm-1 on the low ffequency side of vS(E) must be assigned as VS(BZ)- The

shoulder appearing on the high frequency side of vS(B) at 2334 cm—1 can be

10 : . 10 11 -~ -
assigned to vS(E). This gives a B - B isotopic splitting of 31 cm 1

and compares with a corresponding Vs isotopicbsplitting of 30 cm_1 for
KBH4(III). The rémaining line appearing in the infrared stretching region
appears at 2404 cm._l and can be assigned as vé(Al, By) + v4(E) which has

a predicted frequency of 2402 em L.

The lines appearing in the second order Raman spectrum of NaBH4(II)
4 V2 + V4 and 2v2. For‘-\)2 + vy and 2v4 weak bands,

which most likely;contain more than one component, are observed at 2408

may be assigned to. 2v

and 2560 ;ﬁ_l respéctively. A doublet is observed for 2v the components

4’

appear at 2210 and 2244 cm—l. The low wave number component likely origin-

ates from the oveifone v4(E) + v4(E) = 2v4(A1 + By + By) and:.since it_very
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likely undergoes Fermi resonance with vl(A1) the correct assignment is
probably 2v4(A1). For the highest wave number component the most likely
assignment is v4(B2) + v4(E) = 2v4(E). A complete summary of the assignments
for NaBH4(II) and NaBD4(II) are found in Table 5-3.

Unfortunately the Raman spectra of the phase II sodium Borohydrides
give a dearth of information for the modes of translatory and rotatory
origin and in the infrared only one absorption appears which may be
associated with the external fundamentals. In the spectrum of NaBH4(II)
it appears at 172 cm_l and in the spectrum of NaBD4(II) at 167 cm_l. The
assignment is VT(BZ’ E). As has previously been indicated, an anomalous
line apéears in the spectra of the phase II sodium borohydrides which has
tentatively been assigned to SvR. In the spectrum of NaBH4(II) it appears at
1153 cm_l and in'fhe spectrum of NaBD4(II) it appears at 877 cm—l. Assum-
assignment, modes of rotatory origin, without correction for

anharmonicity, are placed at 384 em ! for NaBH, (II) and at 292 cm—l‘for

ing the BvR
NaBD4(II). The frequency ratio is 0.76 which compares with an expected
ratio of 0.71. There is only one piece of experimental information with
which to check thé 3VR assignment. Stockmayer and Stephenson (35) using
heat capacity daté have estimated that VR for NaBH4(II) should lie at about
350 cm—l. While fhis result does not exclude the 3VR assignment, it does ‘
not give exceptioﬁélly strong support for it either and hence the SvR
assignment must be?regarded as only tentative.

Finally it is appropriate to compare the earlier infrared results of

Schutte (32) for NaBH4 with those obtained in this work. 'The two sets of
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ASSIGNMENT NaBH, (II) - THIS WORK  NaBD,(II) - THIS WORK
R. I.R. R. I.R.

vi(A1) 2341 1622

Va (A1) 916

V2 (B1) 1280 904

v3(B2) 2272(sh) 1740. 1724.5

v3 (E) 2322 2303 1735.5

10y, (E) 2334 (sh) 1757 1755

vy (B2) 1148(sh) 870

vy (E) 1122 854.5

10y, (B) 1134 865

Vr(B2,E) 172 167

v (A2 E) (384)* (292)

2V, 2560 1821

va+ 1%, (B2) 1800 1798

Va+Vy (B2) 1791 1789

Va+Vy (E) ' 1775 1773

V2+Vs (E) 2408 2404 1766 1764

2%, (B) 2257 2256 1720 1715

2vy (E) 2244 2236 1701 1692

2v4 (A1) 2210 |

3vg 1153 877

*

bracketed frequencies for

R

V. are inferred from 3V

R
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results are summarized below.

Assignment. This Work Schutte - REF. 32
v4(E) 1122 ‘ 1123
0y, 1134 1135 v.w.
SvR 1148 (sh)
v, (B2) 1153 1152 w.
2197 (sh) w.
2223 s.
2v4(E) 2236 2238 s.
Y2, ) 2256 © 2256 m.
vy (B2) 2272
| 2287 v.s.
vS(E) 2303 2303 v.s.

YO (B)  2334(sh)

+V

Y2 4 249% ?404 Ww.

From the aboVe'gomparison it is seen that échutte reports two lines for

2Y4 which are not compatible Qith the results of this work. It is possible
that the 2223 cm'—1 absorption could be assigned to v4(E) + v4(E) = 2v4(82)
which has a predicted frequency of 2244 cmil. However, if this is the case
such a line shogld certainly also be obseryéd in the spectrum of NaBD4(II)
where the lines.are exceptionally well resolved. The shoulder at 2197 em?

appears to be completely spurious. Also, the 2287 <:m_1 line reported by
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Schutte does not appear in the spectrum recorded in this work and since it
is reported as a stroné distinct absorption it is difficult to associate

if with the shoulder we observed at 2272 cm-l. The remaining discrepancies
involve the absorptions we observe as shoulders at 1148 and 2334vcm—1.

Thesé may have been missed in.thaearlier work because of their low intensity.
There is a possiﬁle explanatioﬁ fér the discrepancies between thé results.
Schutte's samples may have been prepared while exposed to the atmosphere.
Earlier work (39) done in thisvlaborator} has shown that such exposure to
the.atmosphere can allow for the occurrence of slight decomposition and
perhapg more important the formation of NaBH4 . H20 (69). Such introduction
of impurities info the sample could easilyjexplain the discrepancies. The
ppiht to be embhasized though is that Schhtte‘s results, like those of this

work, show an dnambiguous splitting of v4vwhich may be associated with the

disorder-order phase transformation.

5;3 The Phase'. I Alkali Metal Borohydrides

Thg interpretation of the phase I spectra of the alkali metal boro-
hydrides must . take into account the disorder introduced into the lattice
via fﬁe randomness associated with the hydrogen atoms. However, since the
héaf capacity. data (36, 37) give evidence of different situations for the
ordéring processes, NaBH4(I) > NaBH4(II).énd KBH4(I) - KBH4(III),it is
apprOpriate tb review this data before attempting to interpret the experi-
mental results.

It will be recalled from Chapter I that the heat capacity data (36)

for sodium bofohydride indicate a well defined disorder-order phase trans-'
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formation, with the anomaly at 189.9°K in the heéat capacity curve accounting
for the excess entropy of transition expected for a disorder-order process.
For potassium borohydride fhe situation is sbmewhat different (37). 1In

this case the heat capacity anomaly at 77.2°K accounts for only 0.70 of

the expected 1.36 e.u. with the heat ca?acity measurements éiving eviéence
for the ériginal onset of thé?disorder—;rder transformation at a m@ch higher
temperature; It is possible that a simple steric argument can be used to
explain the diffgrence between the situations for sodium borohydride-and
pdfassium borohydride. The effective ionic radius of the BH4_ ion has been
given (38) as 2.03 X and the ionié radii of the Na® and l_(+ ions may be taken
as 0.98 and 1.33 ; respectively (55). Using these radii the predictéd

B-Na and B-K diéténces are 3.01 and 3.36 Z respectively. These predicted.
distaﬁ;es cqmp;fe with the respective cry;tal distances of 3.08 and 3.3§ ;
at 298;K. If'£hese predicted and obsérved‘inter-ionic distances are at all
reliébie for purposes of comparison it is immediately evident that at

ot

298°K relativeiy tighter crystal packing occurs in KBH4 than in NaBH4.

Pursuing this idea further we can extend the comparison of predicted.and

b~
T

observed inter-ionic distances to include the remaining alkali metal boro-
hydrides as well as the phase 11 ammonium.ﬁalides. Using an effective

4

- - -3 B i
NH, ionic radius of 1.48 A (55) and alkali metal ion and halide ion radii
found in Kittel:(SS) the results may be summarized as follows:
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r(B-X) r(B-X) r(N-X) r(N-X)
Predicted Observed Difference Predicted Observed Difference
NaBH4 3.01 3.08 Q.07 NH4C1 3.29 3.36 0.07
-KBH4 3.36 3.36 0.00 NH4Br 3.44 3.52 0.08
RbBH4 3.51 3.51 0.00 NH4I 3.67 3.75 0.08
CsBH4 3.70 . 3.71 0.01

Ié is clearly seen that two groups of salts emerge; those with a diffgrence
of about 0.07 ; between the predicted and observed inter-ionic distan;és

_ ‘which essentially
and those with predicted and observed inter-ionic distances  coincide. The first
gfoup of salts are known to undergo well defined disorder-order phase
transformations and with respect to the second group it is known that the
disorder-order transformation fér KBH4 is poorly defined. ;t is possibleA
that these two different situations are indeed related to differences in
the relative looseness of the crystal packing. It is to be noted also that

over the temperature interval 293-90°K (40) NaBH, suffers an axial contrac-

4

tion of 4.02% whereas KBH4 suffers an axial contraction of only 1.32%. .
Turning ndQ to the spectra of the alkali metal borohydrides we can

see that they too are indicative of the two different situations being

considered. Fofvthe series of salts, NaBHV, KBH4, RbBH4 and CsBH4 the .

frequencies of fhe translatory modes at 295°K are respectively 160, 173,
164 and 155 cm—lv(see also Tables 5-4, 5-5 and 5-6). The anomalously low

translatory frequency observed for NaBH may be attributed to a relatively

4

looser crystai packing for this salt. Furthermore, a comparison of the
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half-height band width ratios, v3(10°K)/v3(295°K) for the same series of
salts shows that the ratio for NaBH4 is anomalously low. The results which
show this to be so are presented below. The half-height band widths shown

.are for band heights of 9.5 * 0.5 cm.
Half-height  band widths Ratios

v3(295°K) v3(10°K) v3(10°K)/v3(295°K)
(em-1) (em~1) |
NaBH, 80 38 0.47
KBH, 45 28 } 0.62
RbBH, 45 36 0.80
CsBH, 45 25 0.56
NaBD, 47.5 14 0.26
KBD, 15 6 0.47

If we assume that the contribution to band width at 295°K due to the
population of vibrational levels lying above the ground state is constant for
the series of salts, then the discrepancies in the ratios are largely due

to contributions to the high temperature intensities from densities of states
with K $ 0. Therefore, if we assume complete disorder for NaBH4 at 295°K
the observed half-height band width ratios indicate that at 295°K complete
disorder is perhaps not associated with KBH4, RbBH4 and CsBH4 and that if
this is so the relative disorder for these three salts as indicated by the
observed ratios is CsBH4 > KBH4 > RbBH4. Although the neutron diffraction
results obtained by Peterson (34) were interpreted as being compatible;

with a completely disordered KBH4 structure at 298°K, the heat capacity data
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Assigmments for

NaBH4(1) and NaBD4(l); emL
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ASSIGNMENT

NaBH4(l) -"THIS WORK

NaBD4(1) - THIS WORK

R. I.R. R. I.
V1 2335 1618
Va2 1278 907.5
Vi 2297 1728 1729
Vy 1119 853
VT 160 155
2V
Vao+Vy 2403 (sh) 2393 1772.5 1767
2Vy 2229 2222 1695 1690
2Vy 2197.5




TABLE 5-5. Assignments for KBH4(I) and KBD4(I)*; cm

-1
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ASSIGNMENT

KBH, (I) - THIS WORK KBD, (I) - THIS WORK
R. I.R. R. I.R.

vy 2310 1599
V2 1248. 890.5
10y, 1733(sh) 1732
V3 2279 1717 1717
10y, 858 (sh)
vy 1118 1117 851 850
T) 173 168
2V 2495 1782
va+ iy, 1762 (sh)
Vat+Vy 2380 2377 i}sz.s 1752
210, 1694 1693
2V 2217 2213 1679 1677
2V, 2181

*

The assignments are probably for a pseudo Phase I structure.

point is amplified in the text.

This
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TABLE 5-6. Assignments for RbBH,(I) and CsBH,(I)*; cm

ASSIGNMENT RbBH, (I) - THIS WORK CsBH, (I) - THIS WORK
R. I. R. I.

V1 2297 2281

V2 1237.5 1222

V3 2276 (sh) 2273 2256(sh) 2251

Vy 1113 1112 1102.5 1100

Vo 164 155

2V; 2472 2440

Va+Vy 2360 2361 2335(sh) 2330

2vy 2202 2202 2182 2181

2Vy 2167 2151

*
* The assignments are probably for a pseudo Phase I structure. This
point is amplified in the text.
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(37) which show a broad transition from about 200 to 450°K were inter-

preted as giving evidence that the original onset of the disorder-order
transformation was at about 450°K. This latter situation is clearly
compatible with the spectroscopic results and also with steric considerations.

Therefore, it is very likely that the structures of KBH RbBH4 and CsBH

4°

at 295°K possess considerable disorder but not complete disorder.

4’

The infrared and Raman spectra together of NaBH4, KBH4, RbBH4 and CsBH4

at 295°K (see Figures 5-1 - 5-8) possess bands which may be assigned as

Vis Vas Vg Vg, Tl’ 2v4, vyt Vv, and 2v2. A complete summary of assignments

is contained in Tables 5-4, 5-5 and 5-6.

5-4 Lithium Borohydride
‘ The crystal structure of lithium borohydride is compatible with the
space group DéS(Pcmn) and hence the factor group analysis is carried out

under the D,, factor group. The results for the various types of vibrations

2h

may be summarized as follows:

I'(internal)= 6Ag + 3B, + 6B_ + 3B g + 3Au + 6Blu + 3B2u + 6B3u

T (0T)= 4Ag + 2B g + 4B+ 2B g + 2Au + SBlu + BZu + SBau

r({oL)= Ag + 2Blg + B2g + 2B3g + 2Au + Blu + 2B2u + B3u

T(AT)= By + B, + B

It is found that the four fundamental vibrations associated with the free
BH4— ion become the precursors of 36 crystal modes. The correlation

diagram for site group splitting follows.
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Vibrational Free Ion Site Group
Mode Symmetry - Td Symmetry - CS
vy | Ay > Al
2 E > A', A"
Vs Fy > A', A', A"
v, E F, > A', A", A"

i Under the D2h factor group each A! mode will give four crystal modes of

, B, and B3u and each A" mode will give four crystal

symmetries Ag, B 1u

2g

modes of symmetries Blg’ B, Au and B2u' Modes of gerade symmetry all

3g

possess elements of the polarizability tensor and therefore will be Raman

active. Only modes of Blu’ B, and B3u symmetries are infrared active.

2u

Since it is found that splitting for the internal fundamentals arising
from correlation field effects is not experimentally observable, it is
convenient to make the infrared assignments for the internal fundamentals

according to the following scheme:

vl(Blu + Bau)

]
vZ(Blu * B3u)’ v2 (BZu)

1] "
Vv B1u + B3u), Vg (Blu + Bau), Vg (BZu)

3
1 .y M
V4(B1u * Bau)’ Vy4 (Blu * B3u)’ V4 (BZu)

For the Raman assignments the corresponding scheme is:

vl(Ag + Bzg)
1]
\)Z(Ag + BZg)’ v, (B1g + BBg)
1 "
vS(Ag + Bzg), Vo (Ag + BZg)’ Vs (B2g + Bag)

] "
v4(A + Bzg), V4 (Ag + Bzg)’ vy (B1g + B3g)
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TABLE 5-7. Assignments for LiBH4 and LiBD4; cm

ASSIGNMENT LiBH, - THIS WORK LiBD, - THIS WORK
R. I.R. I.R. R.

vy 2300 1605.5 1606
Va 1287 1284 923 919
Vo 1325 1323 937 933
V3 2274 2277 1721 1722
Vi 2309 (sh) 2307 1739 1736
v 2350 1757
vy 1089 828
10y, 1099 (sh) 837
Vo (418) (319)
T, 391 340
T, 324 276
Ts 274 248
Ty 232 215
Ts 175.5
Ts 162.5 1149.5
NI 2423 1785 (sh)
Vo+Vy 2387(sh)
210y, 2197 1679
2V 2176 1654
3V, 1253 1254 959 957

*
bracketed frequencies for Vr have been inferred from 3v

R
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Figure 5—9 T‘hé Raman Spectra of LiBH, and LiBD,
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It should be noted that for neéligible factor group splittings that the
frequencies of corresponding assignments for the two schemes will es-
sentially coincide.

The Raman spectra (see Figure 5-9) of the lithium borohydrides allow
at 1605.5

us to place \i(Alg + Bzg) for LiBH, at 2300 cm ® and v, for LiBD

4 4
cm-l. Turning now to the infrared spectra (see Figure 5-8) we find that
for both LiBH4 and LiBD4 four lines appear in the bending region of the
spectra. In both cases the absorption lying at lowest wave number must
bg assigned to a component of V43 Very unexpectedly no other nearby lines
are found which may be assigned to the two remaining predicted compohents.
In the spectrum of LiBD4 the absorption associated with v, appears at
828 em L. It is very sharp and has a half-height band width of 6 em L.
Tperefore, it is unlikely that more than one éomponent of V4 contributes
to its intensity and thus it is likely that the remaining components just

do not appear. Since none of the componénts of v, appear in the Raman

spectrum only the one vy line can be assigned. In the spectrum of LiBH
1 : .

4
it appears at 1089 cm_

Of the three remaining lines appearing in the bending region of
the spectrum of each of the lithium borohydrides, two must be assigned
- to the two predicted v, components. In the spectrum of LiBH4 we may
associate the two sharpest lines of the triplet with v, and if we

)

further choose the most intense line of theb\)2 doublet as \)2(B1u + B3u

' -1
then the following assignments can be made: vz(Blu + Bsu) = 1284 cm

and vz'(BZu) = 1323 en l. The corresponding assignments for LiBD,
' _ -1 ' _ -1
are \)Z(Blu + B3u) = 919 cm ~ and 2 (B2u) = 933 cm . The mean

Vo fréquencies for LiBH, and LiBD, are 1304 and 926 cm™ and the
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frequency ratio is 0.711 which compares with a predicted frequency ratio
of 0.707 for the free ion.

After assigning the components of v, there remains an anomalous line

1

at 1254 c:m-1 in the spectrum of LiBH, and an anomalous line at 957 cm

4

in the spectrum of LiBD4. It is very likely that these lines have the same
origin as the anomalous lines observed in the bending regions of the spectra
of the phase II sodium borohydrides. It will be recalled that for the sodium

borohydrides these lines were tentatively assigned as 3v If the same

R’
assignment is made for the lithium borohydrides, modes of rotatory origin,
1

without correction for anharmonicity, are placed at 418 and 319 cm = for
LiBH, and LiBD4 respectively. The frequency ratio is 0.76 which compares
with an identical frequency ratio for the corresponding lines as observed
in the sodium bofohydrides. - The predicted frequency ratio is 0.71.

Turning now to the stretching region of the infrared spectrum of LiBH4
we find that thé ﬁost prominent feature is a triplet of intense lines
which appear at 2277, 2307 and 2350 em L. These lines may be associatéd

with v The two most intense lowest lying lines may be assigned as \)S(Blu +

3
_ -1 . _ -1 . :

Bau) = 2277 cm ~ and Vg (B1u + Bsu) = 2307 Fm . The highest wave number

absorption is then assigned as vs"(BZu) = 2350 cm—l. It is found that the

two low wave number components also appear in the Raman spectrum where the

respective frequencies are 2274 and 2309 cm-l. The two absorptions appear-

ing on the high frequency side of v3” at 2387(sh) and 2423 cm_1 can be

+ v, and v,' + v,. If vy is taken as 1089 em™ ! then the

assigned as v 4 2 4

2

predicted frequencies for Vot vy, and v2' + v, are respectively 14 and 11

cm_l lower than those observed. This situation can be attributed to Fermi
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resonance with a component of V- The two remaining lines appearing in

the stretching region of the spectrum of LiBH4 can be assigned as 2v4 and

10 10

2 vy They appear at 2176 and 2188 cm—1 respectively and if vy and v

4

are taken to be the observed infrared frequencies then the respective
anharmoﬁicities are two wave numbers and one wave. number. The only lines
appearing in the second order Raman spectrum of LiBH4 are associated with
v, A[doublet appears with frequencies of 2169 and_2173 cm-l. The high
wave nﬁmbef component can be associated with the 2176 cm_1 absorption
observed in the infrared. The low wave number component, no doubt, involves
different components of V4 and may have an intensity which is enhanced

bx Fermi resonance with vl(Ag +‘Bzg) whichtappears at 2300 em™ 2.

The infrared stretching region of the‘gpectrum of LiBD4 has features

which closely péfallel those observed for LiBH One important difference

4
is that in the infrared spectrum of LiBD4 i)l(B1u + B3u) is observed. In

the infrared spectrum of LiBH4 its appearanée is obscured by the lines

. . -1
The vl(B1u + Bau) frequency for L1BD4 is 1606 cm .

This compares with the corresponding Raman line at 1605.5 em™ L, The lines

associated with v,.

associated with Vg in the LiBD4 infrared sﬁectrum may be assigned as \)3(Blu +
= -1 ' = -1 " = -1
Bau) = 1722 cm ~, vy (Blu + Bau) = 1736 cm = and Vg (B2u) = 1757 c¢cm ~. The

two low wave number absorptions compare wiih lines observed in the Raman
spectrum at 1721 and 1739 cm_l. On the high wave number side of v3" an

absorption appears at 1785(sh) cm—l. It can be assigned as vz' * vy .If
V4 is taken as-828 cm_1 the predicted freqﬁency is 24 cm_1 lower than that

observed. This situation can be attributed to Fermi resonance with a
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component of Vg The two remaining lines appearing in the infrared stretch-
ing region of the LiBD4 spectrum have frequencies of 1654 and 1672 cm—l.

10
These lines can be assigned as 2v4 and 2 v, respectively.

4

In the vibrational Raman spectra of the lithium borohydrides none of
the predicted modes of either rotatory or translatory origin appear. How-
ever, the long wave length infrared spectra are very rich in spectral.in-
formation. No modes were observed which could be assigned to rotatory
oscillations but 6 LiBH4 modes and 5 LiBD4 modes of translatory origin were
observed. We may note that the 6Li-7Li and 10B—“B natural abundances of
about 1:12 and 1:4 will introduce disorder into the lattice which will
destroy true translational periodicity. Therefore some of the obserﬁéd
modes may originate from states with 5_# 6. In the zero wavevector limit
7 infrared active translatory modes are predicted.

Meaningful assignments for the translatory modes with respect to
symmetry type are impossible without undertaking a study involving single
crystals and polarized radiation and theréfore no attempt at making such

assignments will be made. The assignments.for the lithium borohydrides

are summarized in Table 5-7.

5-5 The Barrier to Rotation

In Chapter. IV it was seen that barrier height, Vo(N.M.R.) as obtained
from N.M.R. experiments provided good estimates of the barrier to rotation
for the ordered phases of the ammonium halides. It is very likely that a
similar situation holds for the ordered phases of the alkali metal boro-

hydrides. However, the four fold cosine potential used to calculate the
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barrier heights, Vo(G.P.B,), for the ammonium halides will not be reliable
for the alkali metal borohydrides. For the phaseIII and IV ammonium halides
rotation of the NH4+ ion about the 4 axis gives four essentially equivalent
positions of minimum potential energy. A similar situation holds for the
‘phase II and III alkali metal borohydrides but with the important difference
that intermediate between the four equivalent positioﬁs of minimum potential
energy there are four additional equivalent positions which will probably
lie closg in energy to the positions of minimum potential energy. This

will have the effect of lowering the barrier height from that predicted by
the four fold cosine potential. That this is so is indicated by considering
the N.M.R. results (70) for the barrier heights of the alkali metal Boro—
hydrides. For NaBH, (II) Vo(N.M.R.) is 123041 70 em™l. ‘The results fér the
torsional frequency of NaBH4(II) as inferred from heat capacity data (35)

and the second overtone, 3v,, are 350 and 384 cmf1 ‘respectively. For

R
these torsional frequencies the four-fold cosine potential predicts respec-

tive barrier héights, Vo(G.P.B.), of 2160 énd 2850 cm-l. These results
for the barrier height are not within the 1limits. predicted by Vo(N.M.R.)
and indicate that a four fold cosine potential cannot be meaningfully
related to the oscillations of the BH4_ ions in the ordered phases of the
alkali metal borohydrides. The barrier height Vo(N.M.R.) for potassium
bérohydride as determined by Tsang and Farrar (70) is 1240 % 40 cm-}.

These same authors interpret their N.M.R. results for lithium borohydride as
giving evidence for two crystallographiéally non-equivalent BH4_ ions in

the unit cell which have barriers to rotation of 1650 * 100 and 1330 *

100 cm_l. This interpretation is probably subject to review since both the
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previous X-ray results (42) and the infrared results of this work unambig-
uously indicate that each of the four BH4— ions in the unit cell has
identical Cg site symmetry; i.e. once a single BH4— ion of.specific Cq
symmetry is appropriately placed in the unit cell the symmetry operations
of the space group generate three more BH4_ ions of identical symmetry

at positions in the unit cell which satisfy the symmetry requirementé of

the space group.

4

The fundamental frequencies of the tetrahedral borohydride ion as

5-6 The Force Field for Crystalline BH

observed in the vibrational spectrum of KBH4(III) have been used to coﬁpute

the force field of the crystalline BH4 ion. The force constants calculated

at X3 = -0.48 are as follows

Force Constant .
(105 Dynes/cm)

F1 3.17937
: F2 -0.49194
F3 2.76021
F4 0.48640
F34 0.06611

When these force conétants are used to compute the spectrum of the cryﬁtal—
line'BD4— ion in KBD4(III) the average absolute deviation is 18 et (see
Table 5-8). Figures 5-10 and 5;11 show the dependence of FS,vF4 and F34

on the mixing parameter in the interval <1.2 < X £ 1.2. The dependence of

V3
5-12.

and v, on the mixing parameter in this same interval is shown in Figure
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TABLE 5-8. Calculated and Observed Spectra - BH;(Td)

(1) KBH4(III) > KBD4(III)
Xl = -0.60 vs = 1724
X2 = -0.36 v4 = 855
X3 = -0.48
\)1 \)2 \)3 \)4
Calculated Spectrum
X = X3 1637.2 885.3 1704.6 845.1
Observed
Spectrum 1599.5 892 1724 855
Deviation +37.7 -6.7 -19.4 -9.9
(ii) KBD,(III) > KBH,(III)
X1 = -0.89 Vg = 2281
X2 = -0.59 Vy = 1121
X3 = -0.74
Vi v, Vg vy
Calculated Spectrum
X = X3 2261.2 1261.0 2306.0 1134.6
Observed
Spectrum 2314.5 1251.5 2281 1121
Deviation -53.3 +9.5 +13.6

+25.0
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5-7 The Effects of a D,4 Distortion on BH4—

The "unperturbed" vibrational frequencies of the hypothetical BH4—(Td)

ion used to calculate the contribution of the kinetic energy to the spectrum

of the BH4-(D2d) ion were chosen according to the following scheme:

\)1 = \)l(Al)

Vz = [Vz(Al) + \)2(81)]/2
vy = vS(E) - 1/3A

vy = v4(E) + 1/3A

Here A is the magnitude of the splitting associated with the appropriate
triply degenerate Td vibration. It is easily seen that the above scheme |
is based on the splitting pattern predicted in section 4-7. We recall that‘
this splitting pattern was for small D2d angular distortions involving

two angles greater than the tetrahedral angle and four angles less than the

tetrahedral angle. This situation is compatible with the geometry of the

4

distortion of +2.22° and four angles with a distortion of -1.10°.

phase II BH, ion given in Table 1-8; i.e. there are two angles with a
Figures 5-13 and 5-14 show the NaBH4(II) vS/v4 splittings as a func-

tion of the mixing parameter for an angular distortion of +2.22° and -1.10°.

When the mixiﬂé parametef is chosen so as to maximize the v3/v4 spliffing

on the intervél -1.2 < X £ 1.2 the predicted splittings are those ofATable

5-9. In the éase of NaBD4 there is a complete set of eXpérimentally‘ob—

served splittings which can be compared wifh the predicted splittings.. For

1

Vos Vg and v the observed splittings are.12.0, 11.0 and 15.5 cm ~. These
. _ )

compare with fespective ﬁredicted splittiﬁgs of 12.6, 13.9 and 8.9 cm”
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Figures 5-15 and 5-16 show the results when E(Td)(x =-0.48) is
fixed and g(Dzd) is varied (X = -0.48 gives optimum transferability of
force constants for KBH4(Td) > KBD4(Td) - see Table 5-8). We see that
the observed Vg splitting of 31 cm-1 requires an angular distortion
of -3.3° and +6.9°. The 26 cm” ) v, splitting requires a distortion
of -5.6° and+11.90° These values compare with the probable distortion

of -1.1°and+2.20°
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FIGURE 5—13
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"TABLE 5-9. Calculated and Observed Spectra - BH;(DZd)
(i) _ NaBH4(Td) - NaBH4(D2d); X4 = -0.60
vi(A1)  va(A1) V2 (B1)  v3(B2)  vs(E) vy (B2) Vi (E)
OBS. 2341 1280 2272 2303 1148 1122
A 31.0 26.0
CALC. 2341 1288.8 1271.1 2285.7 2296.2 1134.1 1129.0
A 17.7 10.5 5.1
(i) NaBD,(Ty) > NaBD,(D,;); X, = -0.70
vi(Ay)  va2(Ar) v2(B1) vs (Bz) v3 (E) vy (B2) vy (E)
OBS. 1622 916 904 1724.5 1735.5 870 854.5
A 12.0 11.0 15.5
CALC. 1622 916.3 903.7 1722.5 1736.4 864.3 857.4
A 12.6 13.9 8.9
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FIGURE 5-16
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CHAPTER VI
CONCLUSION
It is apparent from the results of this work that for crystalline

tetrahedral ions an average angular distortion of about two degrees
from atetrahedral configuration can result in splittings of ﬁhe degenerate
bending and stretching vibrations of up to some 30 cm—l. This:sensitivity
of the‘spectrum to angular distortions associated with the absorbing or
scattering molecule has importaﬁt implications. For example, both N.M.R.
(71) and X-ray (42) results for lithium borohydride have been reported_as
being compatible with a BH4" ion in the lattice which has an effective
tetrahedral symmetry but the site group splitting observed in this work

is clearly indicative of a distprted BH4 ion; 1i.e. the'v2 splitting of
14 .cm_1 observed in the spectrum of LiBD4 compares with a v, splitting of
12 c:m_1 for N§§D4(II) and thus indicates an average angular distortion

of at least one or two degrees for the crystalline borohydride ion iﬁlthe
lithium borthdride lattice. Attempts to calculate the spectrum of fhe
XY4(D2d)(XY4 = NH4+, BH4—) ion ﬁsing thebf>matrix associated with an

XY, (Ty) ion'aﬁ& the G matrix associated with the same ion which has under-
gone a slight angular distortion to give the XY4(D2d) ion were_successful

in that the order of appearance in the spectrum of the B, and E components

2

associated wifh the two F, vibrations of the XY4(Td) ion were correctly

2
predicted. This result indicates that similar calculations could be used
in analysing the vibrational spectra of other systems providing the

spectrum of an appropriate basis molecule is known.
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Further interesting features of this work are the assignments associ-
ated with the second order spectrum of the ammounium halides which involve
phonons with E;+ 0. Of particular interest are the assignments involving
vy in combination with aéoustical modes. These/combinations indicate
a valuable source of information about the phonon dispersions and also the
densities of states associated with the acoustical phonons.

A most important area of interest with respect to this work is the
effect of the phase transitions on the vibrational spectra of the various
crystals studied. For the vibrational spectra of the ammonium halides it
is found that the intensity versus temperature curves for the absorptions

associated with the triply degenerate free NH,” ion bending vibration

4
give evidence of the two types of transitions which occur; i.e. the dis-
ofder-order transitions are characterized{by gradual intensity changes

apd the ordér;érder transitions are characterized by abrupt intensity
cﬁanges. It ig further found that the fifst order spectra of the ordered
phases can be:satisfactorily interpreted‘Sn the basis of fundamental

modes predicté& in the zero wavevector limit, but that for the lowest
temperature disordered cubic phase this i; no longer the case, sincé-there
is distinct eﬁidence of densities of states with E_# O appearing in the
first order spectrum. This situation is most pronounced for the triply
degenerate bending mode. In this case tﬁé intensity dependence of the
density of states with E_# O on the ordering process has satisfactorily

been explained.by Garland and Schumaker (28). Since Garland and Schumaker's

work shows that the disorder associated with the phase II ammonium halide
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lattice can appreciably contribute to the intensity of the fundamental
‘vibrations via densities of stétes with 5}% 0, it is very likely that this
same situation also occurs in other disordered systems: An example would

be the icesIh and IC which possess disorder (72) involving half-hydrogens.
Whalley and Bertie (73) and Whalley and Labbe (74) have interpreted the
spectrum of the ice Ih and Ic franslatory modes by allowing for the presence
of E_# O absorptions. The results for the ammonium halides which indicate
the presence of K # O absorptions in the spectrum of the internal funda-
mentals suggest that the band shape of the Very broad vl/\)3 ice absorptions
may also be influenced by the presence of 5'%-0 absorptions.

Turning néw to the alkali metal boroh;drides it is found that the .

spectroscopic results for sodium borchydride at 295°K and 10°K aré com-
"patible with a disorder—order phase trans%érmation which involves a tfans-
ition from a'disordered cubic phase to aﬁnbrdered tetragonal phase. B

In the case of }otassium borohydride the iéw temperature spectrum isul
interpreted aélindicating a low temperatufé ordered cubic phase which has a
structure cdmﬁéfible with the space group Tg and the spectrum recorded

at 295°K is interpreted as indicating a cﬁbic strucutre intermediate
between the ofﬂered Ti structure and the disordered Oi cubic Structufe of
sodium borohydride. A neﬁtron diffractioﬁ study oprotassium borohydride
should be able“to determine if the Ti structure is, indeed, correct.

An X-ray determination of the lattice parameters of KBH, over the temper-

4

ature interval 0-500°K would also be usef@l, since any phase transitions

are very likely to be characterized by a discontinuous percent volume
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change for the unit cell just as in the case of the ammonium halides.
Such a study would be an important adjunct to the heat capacity data (37)
and perhaps could more accurately fix the temperature at which the onset
Qf the disorder-order transition begins.

There is one final item that will be commentéd on and this is the

assignment 3v, associated with the spectra of both sodium and lithium

R
borohydride. In the spectrum of sodium borohydride this absorption appears
with observable intensity only in the ordered tetragonal phase. This :
situation is comparable with that observed for the ammonium halides

where lines associated with VR appearing in the second order spectra

suffer a striking loss in intensity as a result of a transition from én
ordered phase to a disordered phase. Also, with respect to the members of

the series KBH4(III), NaBH4(II) and LiBH4, where the BH4 ion suffers

a progressive distortion from Td to D,, to Cs site symmetry, it is found

2d
that the intensity of SvR starting with zero observable intensity for
KBH4(II), is progressively enhanced. This is evidently a result of the
fact that for thélmembers of the series KBH4(III), NaBH4(II) and LiBH4
there is a progréssively greater number of possible components which can’
contribute to the.intensity of SvR. A recent communication (75) from
T.C. Farrar indicates that neutron inelastic studies of the alkali metal
borohydrides will be undertaken at the National Bureau of Standards.
Laboratories in the near future. These studies will, no doubt, place the

modes of rotatory origin and in so doing will indicate if the assignments

SvR are indeed correct.
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