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SUMMARY

The alkali metal borohydride salts were studied through their
inelastic neutron scatterins, and infrared, spectra, The main
librational transition was observed in all of these salts and
reorientational barriers have been calculated, The two librational
transitions predicted for lithium borohydride, and the low temperature

phase of sodium borohydride, were also observed,

The molecular borohydrides of aluminium and zirconium were studied,
by a comparison of their inelastic neutron scattering spectra and
their published Raman and infrared spectra, The low energy molecular
vibrations were observed and assigned, Intermediate energy vibrations,

about 800cm-1, were difficult to observe in Al(BH but suggest that

4)3!
previous infrared assignments may be suspect, The octohydrotriborate
ion was also studied, The barriers to internal reorientation have been
calculated and the nature of reorientatic.. in these fluxional compounds
is discussed.

Solid solutions of ammonium ions incorporated into the .alkali halide
salts vwer-s prepared, and studied by their inelastic neutron scattering
spectra, The gross outlines of these neutron spectra were in
agreement with predictions, and the main librational transitions have
been observed, A low temperature spectrum of potassium (ammonium)
bromide is interpreted in terms of the "single approach" model used by
previous authors, °~ Barriers to reorientation of the defect iomns within
these crystals have been calculated,

The electros:tatic and repulsive interactions occuring in the solid

solutions were calculated, to determine which was the more important in

fixing molecular orientation in these systems, Absolute values of the
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CHAPTER 1 1,

INTRODUCTORY THEORY

In this chapter it is intended to introduce the theory whiéh
forms the basis of the interpretation of the measurements presented
later, These measurements were taken by inelastic scattering of
thermal neutrons and absorption of infrared radiation, Whilst the
former requires a detailed qathemng}cal treagpené, the latter has been
extengivel; covered, Some consideration must be given to the
infra red.absotbtion spectrﬁm since it is measured indirectly, through
its Fourier transform, The theory of Fourier transform spectroscopy,
as applied to infrared absorption, will pe presented first; and the
theory of neutron scattering later, The comments which are made
about Fourier spectroscopy in the first section, especially in regard
to limitations, apply equally well to all transform techniques, The
limitations imposed on an I(y) as obtained from F(x) (discussed in the
first section) are exactly those imposed on a G(x,t) obtained from

8(Q,w) (discussed in the second section),

1. The theory of infrared absorbsion spectra obtained by Fourier
transform techniques,

1.1 The spectrometer actually used is fully described in
section II, However as can be seen it essentially consists of three
parts, firstly two coherent light beams, a method of measuring the
displacement of the two beams with respect to each other, and finally
a total incident enmergy detector. 1In the simple case of both light
beams being of equal_intenaity and composed of only one frequency,

the intensity at the detector is given by equation (1). (27).
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E(x) = I(1 + Cos 2rpx) (1)
I, intensity of light beam,
w, frequency of light,
x, relative displacement of the beams,

E(x), detected intensity as a function of x,

In a more realistic case the source has a frequency spectrum I(w),

and the two coherent beams are not necessarily of équal.intensity

but of Il(qg and Iz(ao. Then the detected intensity becomes, (27)

E(x) = f In(w)dw + fI(m) (1 + Cos 2nwx) dw (i1)
where

Il(uﬂ = I(w

L(w = I(w + I(w (1i1)

ID( (I)) s C, 1(0))
Il(w), 1htenaity of beam 1

Iz(u’)’ ”n " 2

c, constant,
Substituting (iii) at x = 0 into (ii)

E(0) =2 +c¢ fI(m)dm (1v)

Using (iii) and (iv)

Bx) = (52 )20 + [1(a) Cos 2xux du v)



The integral in eq., (v) represents a variation in intensity, which
superimposes on a steady intensity given by E(0)., At large values
of x this variation is negligible, unless the beams are monochromatic,

and the integral can be set equal to zero,

E(x) o ('§$§ JE(0) (vi)

for x 9 =

Therefore eq.(v) may be written,

E(x) - E(D) = fI(m) Cos 2xwx dw . (vil)

=00

where D is a large value of x,

let

F(x) = E(x) - E(D) (viif)

thus the function F(x) has been transformed into a function in the
variable o, I(w).

F(x) = Jr I(w) Cos 2rwx duw (ix)

This is equivalent to a Fourier transformation and by the inversion

theorem for Fourier transforms. (4)

- ]
(w) = fF(x) Cos 2nywx dx (x)



In this, I(w) represents the spectrum of the source, if there
are any absorptions due to the instrument or any samples introduced

then the total intensity spectrum IT( w) 1s obtained,

IT(w) =2 I(w) - Is(w) (x:l.) |

Is<“’)’ frequency spectrum of sample.

Then by a property of Fourier transforms

Hw - I (w) = Jr ?F(x) - F (x)) Cos 2rwx dx (xi1)
-

It is not necessary to know the function F(x) continuously, it
is possible to measure F(x) only at specific intervals of x and
still retain a complete description of F(x), (23). (This applies
only if I(w) has a value w, above which I(w) is zero, and the
measurements F(x) are taken over x =+, gee later), By this
sampling theorem x is now a discrete variable., Unfortunately it
cannot be guaranteed that a sample of F(x) will be taken when x = O,
The function F(x) thus becomes in general non symmetric about x = O,
and the simple transform of eq. (x) no longer applies, If the
function F(x) is auto correlated, self convolved, then a new fut;lc:tion

A(h) is produced,

A(h) = Jf‘ F(x) . F(x-h) dh (xiii)

)
or

A(h) = F(x) * F(x) (xiv)



The function A(h) is completely symmetric about h = O and
contains all the information from F(x) which is needed to obtain I(y).

From the well known property of Fourier transforms

fF(x) * F(x) Cos 2nwx dx = I(w

=00

2 (xv) -

The Fourier transform conducted in eq. (x) is the transform of the

- real part of F(x), The function F(x) actually carries more
information than just the power spectrum I(yp). This extra information,
the phase spectrum, can be obtained by conducting the total Fourier

. transform of F(x), which involves the imaginary and real parts, : When
the function F(x) is auto correlated this extra information is lost,
Enough information is retained, however, to construct the power
spectrum I(w) as in eq. (xv); there is a slight loss of resolution

in I(w) caused by the loss of the imaginary part of F(x),

As was indicated earlier, in the sampling theorem, certain
things are assumed about the extent of the spectrum I(y) and the
measurements F(x), In practice there is no frequency above which
I(w) is zero, and the measurement of F(x) cannot be continued over
infinity in x,

These two experimental difficulties impose restrictions upqn

the frequency distribution obtained,

(a) There is a minimum wavelength below which the techniques used can
yield no information on I(yw). This is because wavelengths shorter

than the sampling interval, Ax, are undefined,




A. = 2Ax (3vi)

Ax, sampling intermal, cm,

min’ minimum wavelength, cm,

maximum frequency, cm,

<]
L]

max

(b) There is a limit to the resolution which can be achieved by
the techniques, Perfect matching between the real I(w) and that
obtained by the transform is only possible for an infinite number
of readings of F(x). 1f readings are not taken over x =+® _thg
matching becomes less perfect, this can be considered as a resolution effect.
Since this is a diffraction function, F(x), the Rayleigh criterion is
used to give the resolution limit, (27)
The Rayleigh criterion is an arbitary convention which has beeﬂ
adopted for simplicity, Two equally intense lines are regarded as
being just resolved when the intensity at the midpoint between them

is 8/1|:2 their maximum intensity,
- 1 .
Av, =~ == (xvii)

resolution limit,

NAxX, maximum path difference between the
two beams,

N, number of points used to define F(x).



Just as light interacts with a sample, to produce an absorption
spectrum, other forms of radiation may also interact. Specifically
neutrons; by scattering off the nuclii neutrons provide similar, but

complimentary, information about a sample.

2, The Scattering of Neutrons by a target,

2,1 Particles may be regarded as having wave like properties,
and they become describable by wavefunctions. These are the soiutions
to the dynamical differential equations which represent the particle
and the system it 1is interacting with, Most commonly these equétions

are of the Schrodinger type, e.g. eq. (1)

2.2

("'—2:— + v(_x;)) v = Ey (1)
where
2 2 2
I R
Ox Oy Oz

i, Plancks constant divided by 2x,
m, neutron mass,

¢ solutions of equatiom,

'wave functions'

V(x), potential function describing the -
potential in which the neutron moves,

I, position vector of the neutron ;
E, a constant, the eigen value of the equation,

The Schrodinger equation for the motion of a neutron through free

space is,

2
Sy - i1
m W = EY (11)



Introducing a weak potential field, V(r), can be regarded as a

perturbation of the solutions to the free space equation

42
2m ¥

(111)

g + ¥(r) vg- BE'y

8
¢8 =%t ¥
¥, wave function solutions to eq, (ii).

v . 1] n eq. (111)

wf, " representing a scattered wave

The form of the wave function which represents the effects of
the perturbation, shows how the target scatters the incident neutrons,

Simplification of eq. (iii) can be achieved by approximation,

2 .2
=" v
7 v + v(zx) b = E ¥ (iv)
since
E ~ EB!
forr 4+ = (v)
and
'8 ~ '1
forr 4 =

This is the Born approximation, and has been used with success to
describe the scattering of neutrons from atoms, Strictly speaking
the application of this approximation to neutron-nucleon interaction
is not valid. The interaction of the neutron and nucleus is a

'strong' interaction, this type of interaction is extremely intense



9.
but of very short range, The Born approximation is usually applied
tov cases of weaker interactions, such as Coulombic fields. However
sufficiently good predictions have been obtained by the use of this
approximation to merit its application. (1), On introducing the

neutron momentum eq. (iv) rearranges,

(v2+xd g, = B woy (vi)
S x2 =¥
1
where
5
A -
Vv, neutron velocity
k, wave vector of the neutron,
and its momentum
k = 1
- A

A, De Broglie wavelength associated
with the neutron of energy E.

The wave functions assume the form of the simplest description of a
plane wave. Except for the very weak scattered wave which must be

a spherical wave, thus

t = exp {~1i .k}
(viii)

v, = £(0). exp{-i r.k}

14

£(@), scattering amplitude

6 scattering angle,
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The spherical wave, §., is weighted by the factor f(e). This
factor relates the extent of the perturbation to the amount of
scattering it produces, The intensity of the scattering is
proportioned to the spatial Fourier transform of the perturbation,
Where the initial state of the neutron is known and its final state
is described by the element of solid angle into which it is
scattered; then the-scattering amplitude plays the role of a

transition probability between the two states,

5O «T,p = [4gV(D) ¢, do (1x)

*, indicates the complex conjugate,
Ti’f; transition probability,

Jha; integral over all space,

subscript i, indicates initial state property
w f, 1indicates final state property.

and -

£ = —“'T)'r,f (x) (19)

In Dirac notation (ix) is simply
Tog = <f | V(@D]1> (x1)

Here
|a >, represents v,

and *
<a|, represents v,

Where a is a quantum number which defines the wave
function, Integration over all space is implicit in the use of these

symbols,



11.

For experimental reasons it is usual to express the interaction

of the neutron and target by a differential scattering cross section,

ds N2 of neutrons scattered into solid angle () per unit time
N2

of neutrons incident upon target per unit time

(xii).

8, scattering cross section experimentally
determined

1 , solid angle.

which is the flux of neutrons through () in unit time

from (viii) (%%) " l£C o |2 (x111) (19)
1

then from (xiii) and (x)

(&)

m 2 2
= (2,) | <l vt > | (xiv)
i,f 2xh

However not all scattering events are elastic, the scattering cross
sectibn thus becomes energy dependent, Since energy must be

conserved the final energy of the neutron must be simply related to
the energy states of the target system., Total energy conservation

is provided for in the delta relationship due to Dirac (33).

G(Bf - B s tw) (xv)
E, an energy state of the target system

fiw, energy change of the neutron,



12,

(Integration of this symbol is implied)
Jaa sca) =1 for 8a) 0

and 6(A)+ O where A= 0

Thus equations of the type (xv) can be expressed in a different form

through the delta integral

6(A) = -5%- exp {iAt} dt

where in eq, (xv)

Ef > Ei defines down scattering, and neutron energy loss,
Ef ‘:Ei defines up scattering, and neutron energy gain,

The scattering equation must be weighted over the initial states of
the system and summed over all the initial and final states, This

provides the total double differential scattering cross-section,

2 | 2 2
d £ -
&Edo ~ = z) 231 | <€) 1 >] 6(B;E F i)
|k, | * 2mn £
(xvi)
where

gsi =

By» weighting factor over initial states

(Considerations concerning the spin states of the neutron are

omitted in (xvi)).
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Fermi (1936) has suggested a suitable pseudo-potential to

represent V(r) in eq. (xvi),

2702

V() = =0

.b. 8(z-R) (xvii)

R, position vector of target,

This is the only form for V(xr) which will provide for isotropic
scattering from independent bound nuclii, in the Born approximation (29).
This is a reflection of the difficulty of applying the Born
;pproximtion to strong interactions, Several scattering centers

are represented by the summation,

2 |«
V(r) = (3—“:—- )L b, 6(z -'R;) (xviii)
1

b1, scattering length of 1';h nucleous

51, position vector of 1th nucleous

Using equations (xviii), (ix), (viii), (xvi) and the delta integral

yields in the original, integral, notation

2 k \ @© irt -iR. t ik
d0dE K 8 | b1f° A T .
i,f 1 =
2 -
.do} G(Ef-E1+ Ay (xix)

and in Dirac notation
a%s _ kv 2 -
&Eaa " f; Zgik £ Zhl.exp{ig c R ML > | S(ESE ) (xx)

i, f 1l
where

k = |k
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Q, the momentum change of the neutron,

This equation is important and forms the basis of subsequent tr;atment,
here and in many other‘texts. However the connection between the
experimentally observed spectrum, measured as~%;%uf and the properties
of the target system is not immediately obvious, It is usual to
express the diffe;ential scattering crose-s;;;io; a; a 's;;tt;ring law',
and to develop the dynamics of the target system in correlatian functions,

A very simple connection exists between the two concepts,

2,2 The scattering law and the correlation fuhctiona,

In order to develop the ideas of a scattering law and correlation
functions it is necessary to expand egq, 2.1(xx) and transform it

into the Heisenberg representation, Using the delta integral, 2.1(xx)

becomes

2 k ® _

s X 1 ] T 6" expi-

anee "%, & J 4 expl-ier] ). 8;<i| ) b} exp{-1Q.8,]
- i,f 1

itE - -it E '
.lf > <f|exp{-—i-f- . Lbl.exp(ig.gl.).exp( ; 1) | is>
1! ‘

(1)
t, time
b* th
1° spin scattering length of 1™ atom
h

bl" isotope scattering length of 1't atom,
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Where (1) is restricted to the case of neutron energy gain,
a similar expression applies for neutron energy loss, and

~n
substituting the Hamitonian operator for the target system, H, into (1)

ds _ £ 1 I3 V¥
A0dE N S J!' dt exp[-:l.mt]z g,< i| >_‘b1 exp{-ig.51]|f> .
- i,f 1

"~ L)
o “iHt =iHt)i ’ )
< £| Zbl,exp{ £l exp(1Q.R,, J.exp{f His>  an
1|
The Heisenberg representation of the dynamical system is in terms

of the equation,

:|.d£1,(t) A A aa :
—dic - RI,(t)H - Hkl,(t) (‘iii)

= [Rl.(t).ul

{ , ], the comulator relationship,

A
Rl.(t), time dependent operator which is
the solution to (iii).
* indicates an operator, which is in
a matrix form,

Now
exp(iQ.Ry,(0)) = exp( 2BE). exp(ig R ).emp(HE)  (av)

and at t = 0,

exp(:l.g.il(O)) = exp(%g)-e"l’“g-!‘.l)exp(-igoo ) )
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Substituting (iv) and (v) into (ii) yields

2 k @ -
d”s £ 1 < %* A
a@Edg "k 7 [a °""['“‘]‘11. 1"1 byr< exp(-ig. R, (0).
.exp(1Q.R ,(£))> (vi)

Where the termal average is written in a simplified manner

A

L8<i| [f> = < > (vii)

£

In this thesis only incoherent scattering from independent
bound hydrogen atoms will be considered., The large incoherent
scattering cross section of hydrogen, 79,7 barns (32), allows the
simplification of (vi) to include only these effects (all subsequent
formulae will pertain primarily to the incoherent scattering process),

and equation (vi) becomes,

dzs k
TE?Q"N_;‘B'S(Q'“’) (viii)
where
2

B= |b-b5|, using the notation of Allen (1973).

B, is the incoherent scattering cross
section for the target system,

also

5(Q,w = 5op NJ dt expl-1at] ; < exp(-1Q.K;(0)).exp(iQ.R;(£))>

1
(1x)
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5(Q,w) is the scattering law and is a summary of the dynamics
of the target in terms of the measurable parameters of the experiment,
These parameters are the energy and momentum change of the neut;an.
This scattering law can be transformed from the momentum, energy space

into the position, time realm,

$(Q,w = ﬁ N fj exp(-i(at - Q.1)).G (z,t)dr dt (x)

Gs(£¢), the self correlation function,

This scattering law, derived specifically for neutron energy
gain, is related to the corresponding scattering law for neutron
energy loss. All things being equal, the chance of an up scattering
event is the same as for a down scattering event, If this were not
so the target would be systematically drained of, or loaded with,
energy. However the population of target atates capable of .
undergoing neutron up scattering events is greater; this is the

condition of detailed balance,

K, Boltzmans Constant
T, Absolute temperature

5(2,w) = 8(-Q, -o). exp( ¥

Alternatively this can be seen as a property of the correlation
functions, These are complex time functi#ns, their Fourier
transforms (S(Q,w))would be expected to be unsymmetrical functions
of u

The self correlation function is the double Fourier transform

of S(Q,w) and is a representation of the variation with time of the
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position of the independent hydrogen atoms, Classically Gs(s;t) can
be regarded as a probability function; the probability that.a
proton at r.= O, when t = 0, will be at r when time = ¢t, This
formalisation shews clearly the connection between the observed

spectrum and the target dynamics, and is due to Van Hove (1954),

2.3 Scattering Law applied to molecules and crystals,

[y
H

The scattering law has been derived for independent atoms,
specifically hydrogen atoms., 1In the case of neutron scattering from
molecules the description of atoms in terms of the simple position
vectors loses significance, A description involving a molecular
concept of the atomic positions would be more useful, After this
the scattering can be separated into contributions arrising from the
molecular motions, These are translational, rotational and
vibrational in nature,

The position vector of an atom can be expanded as

51=£1+21+21 (1)
51, general position vector of the 1th nucleus
€y» centre of mass position vector of the
molecule of the 1th atom,
bl’ position vector of the mean position of
the 1th atom,
U displacement vector of the 1th atom,

It is obvious that £y» by, and u, will be time dependent and also b,

and u, will be orientationally dependent, The thermal average part

of eq. 2,2(ix) becomes,
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< exp{=10.(¢,(0) + b,(0) + u (0)) J.exp{iQ. (e, (E)+ b (E)+ w, ()] >

(i1)
L] ) A
cl’bl’ul’ are Heisenberg operators which
express the time dependence of the
relevant vectors,

1f the Heisenberg operators commute with each other then they

are essentially independent. The scattering law can be separated

immedi;tely into the relevant confributing parts,

"

The operator ; is only time dependent and describes the

A

translational movements of the molecule, The operator b,, because

1.
of its dependence on the molecular orientation, can be used for the

rotational description,

by = b,.1,(0)

(iii)
b, = '21'
ll' a unit vector

W, the set of Euler angles fixing
orientation of the molecule,

L]
The operator u,

of vibration of the molecule where

can be expressed as a function of the normal mode s

DR RC) (1v)
e

h a unit vector

1’
jl’ an amplitude
q(t), a normal coordinate

e, index signifying a normal mode,



20,
Unfortunately‘g1 is also dependant upon W (through the unit vector
.El(")-) . This demands that the vibrational and rotational contributions
to the scattering are coupled, This coupling is usually ignored (1),
which facilitates interpretation and calculation, Only small errors
are assumed to result from this approximation., The scattering law
of eq. 2,2(ix) becomes,
A . o
—= :Ldt expl~Lut] %<exp(-ig.—cl(o)-)rexp(i_o_.cl(t))>;

S(Q, w =

. < exp(-10.b, (0)). exp(iQ.b, (£))> .

. < exp(~1Q. . (0)). exp(1Q.u, (£))>

(v)
which can be written
5(2,w) = 7o - Sp@w) * 55(Q.w) * 8(Q,w) (vi)

Subscript T, a tranllationgl property
" R, a rotational property

" V, a vibrational property

(The symbol * stands for convolution, c.f, 1,1(xiii) and 1.1(xiv))
with the separation of the scattering law into its component

parts it becomes possible to discuss these independently,
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2.3.1 Molecular vibrational contribution

This topic has been thoroughly discussed by Zemach (1956), and
the calculations presented here follow this early paper, It is -
necessary to calculate the thermal average of the contributions made
to the total scattering law eq. 2.3(v) by the displacement vectors,

this is,

< exp(-10,u,(0)). exp(1Q.u, (£)) >
where (i)

e
8 €; q,(v)
e

g:. amplitude vector of the 1th atom

in the eth pode.

thus

exp(:l.g.t:(t)) = exp(ig.;?gi.qe(t))
e

for e= 1,2,3.,....

= exp{1(Q.Cfa (t) + ...... )]

j- Sexp[ig.ge.qe(t)] (11)
e

The normal modes of a molecule are by definition dynamically

independent and eq. (i) becomes

Z . §<exp(-ig.g:.qe(O)).exp(ig.g;'_.qe(t)) > (1i1)




A ~n ) ~ A A
and exp A, exp B = exp{fA+ B + % [A,B]]

Equation (iii) can be expanded for a particular mode; the index,

e, 1s temporarily dropped,
<exp{1.9.€, (a(t)-q(0))-+ 3-(2.C)*[a(0),q()1} > (iv)
A modified form of a theorem after Block (1932) is used
<exp.A >= exp($ <A2>)

A, a coordinate

thus (iv) is

exp(~(9.¢)% <q(0) > + (@.¢)% <q()q(®) > (W)

22,

It is assumed that q(t) behaves as the coordinate of a one dimensional

oscillator thus

% ~ . ~
a(®) = ( z==).{ a.exp(-tat) + a*. exp(iat)

where [:,: el (vi) |
[a,al =[atat)= o

~

a*}a; are the creation, anihilation,
operators which operate on the

oscillator eigen functions to give

the eigen function of the next

highest, lowest, oscillator state,

m, mass of scattering atom; index 1

temporarily omitted.



From there it can be seen that

<q(t).q(0)>= ?IITD {< aat> exp(-igp t) + <a+a > exp(igt)}
(vii)
since
<aa +> = <n >+ |
l\+ ~ _ (3)

<a' a>= <n>

wvhere

<n >=Zal. <ifn|]f > = zgi.n

i i
and
= (L)
2“’81 (z-l/
i
n, quantum state of the oscillator
- LIt 1
mg 1 ( = +1 ! exp(-igt) + ( ;-_L, exp(iwt)j
where z = exp-{ :—:;’ (viii)

K, Boltzmans constant

T, absolute temperature

The function (2 - l)-' represents the occupency number of the

energy level considered, thus.

<q(t).q(0) >= T O {z.exp(-iwt) + exp(iwt)} (ix)

23,
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and

<q2(0) >= <q(0).q(0)>= m‘_z:-l') {z + 1} (x)

Substituting equations (ix) and (x) into (v) gives the

thermal average required,

2

- -(g'gl) (gog ) / '
eXPL  Zmg ) (:—t"%) + mwl \ vy ) (z.exp(-iwt) +
+ exp(iut)}} (x1)

However the second part of this exponent may be expressed in
the form of modified Bessel function since (3)
-]

ew{§JY+%n -2 o1 () (xii)

n®e -

I n(x), the nth order modified

Bessel function of the first
kind; argument, x.

The Bessel function of the first kind is given by

' m , X.n+2m
I (x) = L 2) (12)
n L m! (ntm)!
mn=0

substituting y = exp(iuﬁ).z-%

Equation (xi) becomes; expanding z from eq.(viii)

2 ® 2
- -(2.6) fip L - -ohg) ,  (@G)
eXP| " my Coth ( qu("r) x Lexp(i.nwt).exp(zm- I { 2my ainh('ﬁg) )J
o 2KT

(xiii)
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This is for one specific mode, when the product is taken over all the
modes, e, these each contribute a delta function to the cross-section,
This delta function is an energy delta function and appears at their
characteristic normal frequency. The double differential scatéering
cross-section for vibration is easily found from (xiii) by substituting
into 2,3 (v) and performing the Fourier trﬁ&sform.
2 =-nfiy

k
d”s £ 1 ¢ 2 e
& " kW Z B,” exp(-2D;) exp( 3.
1

@.cH? .
"I 8ot fiy) (xiv)
1 2my, sinh (ﬁme)
2KT
wherel
D = 2 ¥ oG Coth(% (xv)
L8 Lo mt 2T

w , the normal frequency of

€"  yvibration of the normal
mode e,
Dl’ the Debye-waller factor

In practice the terms in the argument of the Bessel function are small
and it is realistic to approximate this function by the first term in

its power series expansion,

1 ~ @oll gl ) (xvi)



The use of the first order only is valid where the scattering
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cross-section reflects the one phonon process, Here the vibrationary

oscillator undergoes the exchange of one quantum with the neutrén.

In the cases of higher quantum exchanges, the two or three phonon
processes, the appropriate order of the Bessel function must be used,
It is for this reason that the scattering cross-section of a two
phonon event is lower than the one phonon event, The argument of
the Bessel fuﬁction controlls_khe intensity of the scattering frém

a mode, When reasonable values of the parameters are substituted
for the terms of the argument, eq. (xiv) and eq. (xvi), the ratio

of the first phonon cross-section to the second phonon cross-section
can be obtained. Such a calculation indicates that.for a fundamenta

-1, vhose intensity is defined as 100%, the first

frequency of 200cm
overtone should have an intensity of about 20% and the third
overtone of about 9%. Using this and developing the differential

cross-section for up scattering equation (xiv) becomes, for the

one phonon process,

2
V' 1 2 2 le 'C:I
_KﬁE Z - & B exp(-2D,)-( 7 ) - 8(ho + fw)

@

n.

(xvii)

(where a similar cross-section results for down scattering)
Equation (xvii) shows several aspects of molecular spectroscopy which
are peculiar to neutron inelastic studies. The intensity of the

scattering event is dependent on the magnitude of the displacement

1
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of the scattering atom from its mean position, g:.

is also governed by the size of the momentum transfer Q, There is

This intensity

thus an intensity variation for various scattering angles, predicted,
Overall there would be expected to be a decrease of intensity with
angle, which is shown by the Debye-Waller factor, eq. (xv). Since
the argument of the hyperbolic contangent, eq. (xv), decreases with
any increase in temperature, then the Debye~Waller factor increases,
Thus, for ﬁny one vibrational mode, the intensity 6& the_scattetiné
will decrease as temperature increases, The combined effects of the
displacement term and the Debye-Waller factor is to produce spectral
shifts with scattering angle; in low resolution spectra, (31).

A further consequence of the intensity being governed by the Bessel
function, eq. (xiv) and eq. (xvi), is that the intensity is a function
of gz for a one phonon event and gﬁ for the two phonon (first
overtone) event, Although sharp delta features are ekpec;ed in
the energy transfer, associated with the pormnl modes of the molecule,
this may not be observed, The scattering from the vibrations must
be convolved with the rotational and translational motion and this
will broaden the bands significantly (see equation 2.2 (vi)), apart

from experimental resolution effects,

2.3.2 Molecular translational contribution,

In a gas or a liquid molecules are translated through space by
colliding off neighbours, diffusion. However in solids the molecules
are constrained to remain on a lattice point., The molecule still

moves, by small displacements from the mean position, These
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displacements can be regarded as the frustrated translational motions
of the centre of mass of the molecule, they become larger as the
temperature increases, As with a molecule the total dynamical
state of a crystal can be described in terms of a series of
independent coordinates, the normal coordinates, which is the
description of each atom as an independent oscillator, performing a

normal mode vibration, If the crystal as a whole were treated

found would be very large, 3N-6. (Where N is the number of
molecules in the crystal), The symmetry of the lattice allows
considerable simplification (6). This simplification is obtaiﬁed
by the inclusion of an extra index to mark the dynamical equations
of the system and their solutions, This index g is the reciprocal
lattice vector defined by eq. (i) and reflects the translational

symmetry of the lattice.

n s n 8 n 8
8=r._'+iz._2+1.—3.-3 (1)
2 3
where n, = 0, %], £2,.........

Ed' the basis vectors of a unit
cell of the crystal,
Lj' number of unit cells in the crystal,

along direction }J.
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In a molecular lattice the motions of the individual atoms can be
separated into low frequency and high frequency displacements, The
high frequency motiéns are the vibrations resulting from the-large
force constants associated with molecular bonds. The low frequency
motions are the vibrations resulting from the weak intermolecular
forces. These low frequency modes can be described in terms of

I . the displacements of the centre of mass of--the molecule, -or -the

’ molecular ion, Thus although the centre of mass of a molecule may

not scatter neutrons strongly, the low frequency motions of the

tightly bound atoms show its motions, A similar vector deacribtion

to equation 2.3 (i) is given for the low frequency vibrations

B o= g +h + wE) (11)

v(g) , displacement vector of the
centre of mass of the molecule y,
to which atom 1 is attached,

!(g)y is a function of the direction which the displacement takes
in the crystal (g). The contribution to the scattering law made

by these vibrations will be given by the thermal average

< exp(-iQ. ;y(g)). exp(iQ. \;y(g)) > (ii1)

[
v_(g), the Heisenberg operator which
y reflects the time dependence
of the displacement gy(g)i
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where

" e
@ = )0 . g0 (1v)

Ue(g), polarisation vector of the
R4 centre of mass y, in the mode, e,

(Compare with equation 2.3,1 (1)),

Similar methods to those used in the molecular vibrational case,
2;3.1, may be appliéd here, This is because botﬁ systems are
describing the motions of the atoms as independent harmonic
oscillators, A double differential scattering crosa-sect}on is
obtained, The single phonon process for the incoherent up scattering

is then given by (v)

2
)

g€,y

K'IN‘
"

| 2 4
. I B . exp(-ZDy) (ﬁ) .

e 2
L (g)
—‘L-—|9 | L6(tiy + R (gv) (v)

| 2, ( Q:T('ﬂ)

uf(g), the frequency of the eth normal
lattice mode, with the lattice

vector g.
my, mass of the yth ion,
Dy, Debye-Waller factor of the yth ion,

where the summation now runs over y instead of 1.

(compare to equation 2,3.1 (xvii)),

Because the scattering indicated by (v) is incoherent the scattering

will occur over all values of g for which solutions ( u?(s) ) to
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the dynamical equations exist, The scattering is likely therefore
to be broad in nature, There is no restriction concerning
conservation of momentum, which is present for the double differential
cross-section for coherent scattering, Under these circumstances
alignment of the crystal with respect to the neutron vectors loses
significance, and it is usual to employ poly crystalline samples, (33).

Equation (v) may be taken further, lQ-E;(S)Iz can be replaced

by an average taken over a constant fréqueﬂéy surface repfesented by

IQ.U;(g)Iz. When this is done the summation over all values of g
can be replaced by an integration over the density of phonon states,

thus (v) becomes. (17).

dzs

- k. |Q.ute) |2
Faa" N B2 fd.., ) = —————

k
i 2|||y (%’)

+ (gl diexp(-2D) 6000 + fi)  (vD)

In the case of a monatomic cubic crystal the value of |Q,g;(g)|2

can be evaluated analytically, and gives, (14),

lew@|* = 1

for cubic crystal only

where

Q= [q]

and therefor eq.(vi) becomes,

2 k 2

d’s 2 £ _2
qEdq - N EI B",exp(-2D) ( ;{T). ig;r . Z(w (vii)

I
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where

Z(w), frequency distribution spectrum
of the crystal phonons; the
phonon density of states.

fz(m) dw (viii)
o

2.3.3 Molecular Rotational Contribution

The rotational aspects of neutron scattering cover two
important areas which are closely related, These are the scattering
in an unhindered system, free rotation, and the scattering in a
strongly hindered system, librationm, Between these two extremes
are systems whose rotational motions cannot be described by these
approximations, Amongst these compounds are many molecular crystals
(25), the plastic crystals (28), and, significantly, the ionic
ammonium salts (18,13), It is only possible to work from the
thermal average toward a scattering law (as was previously done)
in the case of libration or free rotation, The intermediate cases
are usually treated by modelling. A mathematical model is
constructed for the correlation function and this is transformed
into the scattering law., The models used to describe this
intermediate stage are usually combinations of the two extreme cases,
Two models will be discussed here, the first applies to situatiomns
involving fixed geometry and rapid reorientation, The second is
more general and can treat cases where libration and reorientation
are equally important, Further, the latter model can be transformed |

into the description of the two extreme cases, above,
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The jump diffusion model was originally used by Chudley (1961) to

explain diffusion in a liquid. This was applied to solids by
Skold (1968). The centre of mass of the molecule is fixed, and
about this the molecule is considered to execute instantaneous jumps,
After any such jump the molecule remains fixed in orientation, apart
from libration motions, for a given length of time, This period
of librational motion is followed by another instantaneous jump,
From the geometry of the molecule and its lattice it is possible to
define the starting and finishing positions of the scatteriﬁg atom,

These can be used to obtain the necessary scattering law, thus,

8p(Qw) = 2—“ fGR(E,t).exp(i(g.g-w. t))drdt (1)

(compare equations 2,3(vi) and 2,2(x)).

When the rotational motion is treated classically in terms of the

above model only the starting and finishing positions of the scattering

atom are required, The self-correlation function can be written as
(9).
Cplx,t) = ) P (t), &(x -r,) (11)
i

i, available number of sites
for scattering atom to be in,

Pi(t), probability that the proton is at
r , when time = t, given it was at
r at time = O,
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The Pi(t) are the solutions to a simultaneous differential rate
equation (5), eq (iii), this is the case because the jumps are

completely uncorrelated,

dP, (t) 2
S L PLCEXC) (110)
3=

js summation index over all the n/
sites from which the jump can be
made to the ith gjte,

! the jump probability for all such
equivalent sites,

Becauée of the known geometry of the system the boundary conditions
relating to eq,(iii) are known and it can be solved to obtain Pi(t).
(5, 24, 25), Substitution into eq. (ii) and its Fourier transform
yields the scattering law S.(Q,w). In the case of polycrystalline
samples the results must be averaged over all Q, (24). The model
predicts an elastic peak (which reflects the fact that even over large
periods of time the scattering atom is localised close to the lattice
point)., Further it predicts scattering at very low energy transfer,
in the quasi elastic region,

If instrumental resolution is not good the separation of these
two effects id difficult, The relative contributions to the total
scattering in this region in dependent upon the neutron momentum
transfer Q. - In this model the Q dependence of each component Lends

to be simple. Calculations can lead to an estimate of the full width

at half height of the elastic and Quasi elastic peaks combined; at a



35.
given Q, Thus although the full width at half height of the quasi
elastic peak 18 constant the value for the combination should show
variation in Q (25), This variation is oscillatory in nature and
appears to be in accord with observation (13). It is obvious that the
model is non physical, since it allows instantaneous reorientation,
without regard to a finite molecular inertia, A slightly more !
sophisticated model was used by Lassier (1969) to calculate optical
properties for some systems, In his model the finite nature of
molecular inertia is taken into account,

The rotor, with a given inertia, is in a state of libration or
rotation dependent upon its energy and the depth of the potential well
in which it moves, When the rotational energy is greater than the
well depth the rotor rotates, The rotor is kept in equilibrium
with the surrounding lattice by randomly receiving different rotational
energies, The new rotational energies are chosen according to a
Boltzman distribution, The random periods of time after which the
rotor is given a new energy are generated by the poisson distribution,
(The Poisson distribution is the distribution usually found for
uncorrelated events, The chance of an event happening, P(t), at
that time, t, is governed by a characteristic time, 1 . Such that

P(t) = (t/r ) .exp(-t/7T) m is the mean number of events.,)

m/

From these calculations the time correlation functions can be
obtained and used to give the scattering law, This model would be
expected to be more realistic than that proposed by Chudley (1961), but
it still retains the non physical feature of instantaneous rotational

energy changes,
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A similar model was used by Larsson (1973) specifically for
neutron scattering, and is based upon orientational correlation functions.
A simple physical model proposed. On the average a molecule in a
crystal will be surrounded by a mean density of neighbours, During
short periods of time to the neighbours will be more densly packed
about it, the molecule may librate but may not reorientate. Again
for short periods of time t the neighbours will be less‘densly ggcked,
and reorientation is free: fhe extent of the reorientation will be
governed by the molecular inertia and its energy, as well as the length
of t, .(the direction and extent of reorientation may also be governed
by local geometry of the lattice), The steps used by Larsson to
expand the scattering law in terms of functions representing libration
and rotation will be outlined, The double differential scattering

cross-section may be written (21),

d-zs kf i a

T = k—i = iwexp(-iu;t) 1(Q.t) dt (iv)
where E

1(Q,t) = ; <exp(~iQ.R(0)).exp(iQ.R(t))> G(W ,W,t) (V)

1=t ;

G(W_,W,t), angular correlation
° function, the probability
that the molecular reorientation
is in dW, centred at W for
time = t if the orientation
was Wo at time = 0,

The angular correlation function can be expanded as a series of steps,

described by the functions £ (W ,W,t). (14), Each step describés the
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smearing out of the scattering atom in time and space, so,

G(Wo,w,t) =/ fn(wo,w,t) (vi)
n=o0

The fn(wo,w,t) are composed of partial correlation functions. These
partial correlation functions describe how the scattering atom spreads
during libration, g(wo,w,t), and during rotation h(Wb,Wrt). These
new functions are active during the time periods to and t, respectively,
In order that each fn(wo,w,t) should be composed of the correct amount
of these partial correlation functions they must be weighted.according
to the probability of finding a molecule in that particular state.

Thus the fn(wo,w,t) become,

£,(W ,W,t) = p(t).g(W ,W,t)

ft
£(W,W,t) = "y dt fdw q(t-t Dh(W_,W,t-t,).p'(t )g(W ,W,t )
£,(W,,W,t) =

ete, (vii)

p(t), probability of finding a molecule
in a librational state,

q(t), probability of finding a molecule
in a rotational state,

Larsson has limited his study to the isotropic case where, in thetlimit
of long times, the scattering atom must describe the surface of ;
sphere, (The radius of the sphere is the magnitude of the position
vector of the scattering atom, with respect to the molecular'cent;e-

of mass, This is b, compare with equation 2,3(i)), This is the

only case when g(wo,w,:) and h(w;,w,t) can be expanded in terms of
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spherical harmonics since then they are dependent on W and W only
[+

through the difference w-wo. (11)

g(Wo,W,t) = E‘gl(t) Yl’m(W) Y:’m(wo)
1,m

h(W_,W,¢t) = Z By(£) ¥, (W) Y:,m(wo) (viit)

1,m
Y1 m(x), are the spherical harmonics
]

of argument x,

(see Section III appendix I)

By substitution from (viii), (vii) and (vi) into (v) it can be shewn

that
sp(@w = ; (21 +1) 52 5,(w (1x)
1=0
jl(x), spherical Bessel function of
order 1, and argument x.
where
t a4+t b (w)+2a (w)b ((D)~,
S = i—. L. opea{l —1 L1
o | l-al(w)bl(m) / t.5
8@ = [ exp(-tat).p(t).g(t).dt
o
b,(w) = exp(-iet).q(t).h,(t).dt

The chance that the molecule is found in a librational state is
given by t_ / (t, + t ). (For the rotational case this is

t) /(ty, +t)).). After time, t, the probability that the molecule is



still in this state is given by the functions p(t) and q(t), Thus,

p(t) = exp(-t/to)

q(t) = exp(-t/tl) (x)

The functions p(t) and q(t) describe the decrease in the population
of librators, and rotators, with time, Thé motions of the

individual members of the population are damped out in time by the

relaxation functions, Given by

sl(t) = Fiib(t)

hy(t) = r§°t(:) (xi)

Fiib(t), the librational relaxation
function,

Fiot(t), the rotational relaxation
function,

These relaxation functions can be stated in terms of two parts,

which reflect their short time and long time behaviour, thus (15)

F}ib(t) = plib o plibe,

11 21
!
b, \ _ olib
By (t) F'l
for t 4= (xii)

The relaxation functions are decomposed in this manner to facilitate

computation later,

39.



40,

(and similarly for F§°t(t)) Thus (xi) becomes,

1ib 1lib

sl(t) = Fll + Fy) (t) .
h (t) = F::t + ngt(t) (xiii)

Larsson has indicated four limiting cases about which some general

comments can be made; these four cases occur upon the substitution

of (xiii) back into the relevent equations,

Case (a)

An elastic peak 18 generated wh;ch is caused by special inelastic
scattering with hy = 0, Its intensity is governed by a factor
ji(Q.b), for values of Q.b < | this is similar to a Debye-Weller
factor, Under other circumstances the intensity of the elastic peak

should show complicated variation (shown in Fig. Ii ). .

case (b)

to >> t. H to short

A sharp elastic peak is obtained whose intensity varies as
jg(Q.b). The quasi elastic peak width is controlled by the
librational time, the full width at half height being 2/t°.

(Shewn in Fig. Ii).
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Case (c)

to <t, ; t, short

Again an elastic peak whose intensity goes as jg(Qb). The
quasielastic peak is now controlled by the rotational period, the

full width at half height being 2/t . (Shown in Fig. T{ )

Case (d)

The scattering law reduces to the well known form for free rotation

(15,10).. Thus for Sl(uD in eq, (ix)

1 3
. d /2 2
rot - 1 4 N ) 2 =Iw
§1 (= 337 S+ 72—, (ZmKT) '“"e""(hzx.r)]

(Shown in Fig, Ii ).

In order to proceed further with the model it is necessary to
assume specific forms for the librational and rotational relaxation
functions, The choice of functions used to represent these relaxations
should depend on the system under consideration. Calculations have
been conducted for the methane molecule (15), Whilst the results are
not quantitatively applicable to the compounds studied here, they
should be qualitatively useful, The rotational relaxation function
for a spherical top molecule has been previously derived (22) and may

be substituted immediately,
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Fig. I.1i
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(l-uzt*z)exp(-uzt*z) \
/

rot - | 4 '
u={
where i
/2

t* e t(%l-‘

I, inertial value of spherical top,

The functions which might be used to represent the librational
relaxation function have not beén studied, However, a function
which is consistent with expected properties, and gives the correct

form to the final scattering law can be constructed, Allow

2,2
1ib = plib 1ib s "t L(1+)) N
P = B+ (- 1) exp(- | S EGUHDT
.Cos(W _t(1(1+1)) %) (xv)
Wo, characteristic librational
frequency,
s, relaxation constant controlling

the decay of the libration amplitude

The scattering law S.(Q,w) obtained from these librational and
rotational relaxation functions must show the correct form for its
second moment in w, This can be approached through the functions

fl(t) defined by equations (vi), (vii) and (viii) l
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/ dfl(t)> i}
\ 9¢- o
t= o
2 2 2
and N d fl(t)\ - o ( 0 81\ + & ( 0hy
dt:2 /t=o tott btz tmo SIt & btz /t=o

If the specific forms used for the relaxation functions are expanded

for small times then (xiv) and (xv) become,

i) = gy(0) = ) - 11+ 016% + g D] () -F1ID)E?

5 S (xvi)

FIo%e) = by(e) = | = [ gaa+m) Ehe?+ L

for t = o (xvii)

The second time derivative is

2
d“f_(t) -t
1 ) 2, 2 1ib
—_— = o =2 D) -FD) 4+
dtz L to+t, (- il
e aaen. 557 (xviii)
t°+t, ' 1]

The second frequency moment of the scattering law can be produced from

eq.(ix) and is (for F,. = F,_ assumed),

11 W
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i:w 8p(Q, wdw = % Qz.bz. g (xix)
therefore,(1 = | )

2

d°f (t) 2T -

dtz I

If equations (xviii) and (xx) are to be consistant then

14b , _ KT

2 2
(s +wo) ('-F" 1

or
pib o | . (_XI )

(xxi)
I 82+w°2)

'l‘he_ spectrum predicted from (ix) with the specific substitutions
of (xiv) and (xv), and the conditions of (xxi) can be described, It
is dominated by an elastic peak, and shows inelastic features, The
features are gaussian, centred at neutron energy change of wo,/Z, with
a full width at half height of sv2, Equation (xxi) shows that w,

will move into the elastic region as Fﬁ'b decreases, The limits of

Flﬁb are o and | , these extremes may be associated with the height

of the barrier to rotation, Vo. Such that

11b -~

F" o
for Vo < KT
11b

i ~ |

for V,>> KT (xxii)
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There are other important aspects of this model, in particular its
reference to the quasi elastic region, It is predicted that there
will be contributions to the quasi elastic width from both the
rotational and the librational components of motion, It is also
obvious that the intensity of the elastic peak, which sits upon the

quasi elastic peak, will not necessarily show a simple Q variation,

"It was suggested (14) that most of the experiments conducted on the

quasi elastic region, to date, were probably of too poor a
resolution, Such that they were unable to study the detailed
structure of the relaxation functions which might be used to predict

SR(g,uD through eq. (ix).

2.4 Comparison of optical and neutron scattering spectra

In order to make useful comparisons of the results from two
different techniques it is essential to make the measurements under
similar conditions, Optical spectra represent the zero momentum
transfer condition (this is because the wavelength, frequency
relationship for photons is linear and is de£ermined by a large
constant, the speed of light), Whereas neutron scattering spectra
are collected at many different momentum transfers, but never zero,

(This is because of the experimental difficulties with the transmitted

neutrons which fepresent 90% of the incident flux). However

Egelstaff (1961) has shown that a function of the incoherent scattering
law can be extrapolated back to provide a frequency distribution

function at zero momentum transfer, Thus,

. s_(ié_‘”_). _; . 2mhw sinh : 12"-&) = z(w
limit
Q » o0 (1)
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S(Qa CD)

Q2

It was shoun that L

] is linear in Q?, analytically for
small values of Qz. In this case Z(y) is the frequency distribution
function of all the contributing parts, at zero momentum transfer,

In the case of neutron down scattering the abilify to
extrapolate back is lost, The neutrons are collected over a large
region of momentum transfer. However this machine collects data
over the molecular vibrational region (see Section II), Molecular
vibrations produce equivalent energy traﬁ;fer over large sections of
momentum transfer (i,e. these modes are non dispersive), Down

scattered neutron spectra are thus directly comparable with

infrared absorption spectra.
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CHAPTER II1

THE SPECTROMETERS

The spectrometers used in this study are of two types. The
spectrophotometer which covers the far infra-red region, and the
neutron spectrometers, The neutron machines cover the same region,
and a little above, as does the infrared machine but are entirely
different in construction and operation,

The infrared spectrometer will be discussed first and then the
neutron up scattering and down scattering spectrometers, The
limitations of each machine will be indicated. The neutron machines
will be compared and contrasted., -~ Finally the factors which govern

the resolution of the neutron spectrometers will also be discussed,

1, Spectrophotometer for the Far-Infrared region,

The instrument used for the far-infrared absorption studies was
a Beckman-RIIC, FS720, spectrophotometer, This consists of a heavy,
evacuable, metal shell containing the elements of a Michelson
interfqrometer. These are a high pressure mercury source, a beam
splitter, a fixed and a moving mirror, and a detector (see Fig, IIi).

The light source is a high pressure mercury arc lamp, which is water
cooled, The infra-red radiation is obtained from the heating effect
of the arc on the silica sleeve of the lamp. It is important that
the arc remain stable in the centre of the lamp. The beam splitter,
of which there are several types, is made of mylar. (Mylar is a

transparent plastic with a high dielectric constant), The thinnest



51.

beam splitter is 0,0006cm, and was the one used to obtain the
spectra presented in this thesis, Other thicknesses of beam splitter
can be used to improve transmission in specific regions of the spectrum,

Although the spectrometer is an all reflectance instrument using
front silvered mirrors the two most import;nt mirrors are those used
in the interferometry. The mirrors are 8cm, in aperture, one is fixed
to the metal casing, and the other is translated along a path at right
angles to it, The moving mirror is moved toward or away from the
beam splitter at a slow speed, This is achieved by a gear reduction
train and a screw drive, from a synchronous motor, The alignment
of the moving mirror is constant, When the two mirrors are equidistant
from the beam splitter (this is the condition of ';éro path difference'),
the fixed mirror may be aligned to optimise transmission, The moving
mirror traverses a maximum of 1Ocm; 5cm, each side of zero path difference,
At any one time the position of the moving mirror is determined by
a Moire fringe system, to within 8 microns, After passing through the
sample the light is condensed, by a plastic lens, into a light guide
and falls upon a detector, A Golay cell detector is used, it has a
3mm diamond window, and responds to changes in the total incident
energy.

The radiation is chopped, at the source, this results in a
rough alternating signal from the detector, The electronics of the
spectrophotometer take the raw signal amplify and smoothe it into a
good sine wave, This sine wave is converted into a D.C., level, which

is then digitised and punched out onto eight track paper tape.
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During the period when a spectrum is being recorded the spectrometer
is under vacuum, At a pressure of about 0,2torr. the absorptions
due to water in the atmosphere are removed, The sample compartment
is not under vacuum but is flushed out continuously with dry nitrogen,
This arrangement enables spectra of samples at low temperatures to be
obtained easily. The sample is maintained at the low temperature,
usual}y'77°K of liquid nitrogen, in a simple dewar (see Fig. II£1).
The sample is in good thermal contact with the coolant, through a
copper bar, The dewar is fitted with polythene windows and is
continuously evacuated, by a mercury diffusion pump backed by a rotary
oil pump, The whole of the base of the dewar fits into the s;mple
compartment and is surrounded by dry nitrogen gas. Unfortunately this
type of cryostat is limited in the temperatures which it can reach,

All of the interferograms recorded for this thesis took about
40 minutes to run and contained over a thousand points. Usually the
spectrum is obtained by transforming 1024 data sets, each one
representing an 8 micron advance of the moving mirror, Using equations
given in I, estimates of the resolution and maximum frequeﬁcy can

4

be obtained. Since data are collected at 8 x 10 'cm. intervals the

maximum frequency, about which information can be obtained, is 62_5(:1::"1
(eq.(I.xvi )), The resolution, given by eq.(Ixvii is about O.61cm:1.

(This is a highly optimistic value, The results are normally transformed
L

with a frequency increment of about 2cm, ). The transformations are

accomplished on the N,U.M,A.C., computer, an I,B.M, 360-67, The .computer
program used is based on the Cooley (1965) algorithm, which is fully

described by Symon (1972), Computations take about 130 secs (central
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processing time) and require about 150K bytes of store,

2, Spectrometers for the neutron scattering spectra,

The spectrometers used to obtain the neutron inelastic scattering
spectra will be preceeded by a description of the neutron source,
The up scattering and the down scattering machines will then be described,
The limitations of these spectrometers and the factors affecting
resolution will also be discussed, Finally the resolutions of the

machines, in the different spectral regions, will be compared,

2.1 Sources

There are the two thermal research reactors at Harwell, DIDO and
PLUTO; and also the smaller reactor at Aldermaston, Herald, These
reactors are fuelled by Uranium, enriched in the naturally fissile
isotope 0?35 and develop about 22m,watts each, (Herald is less
powerful and only develops 5m,watts), In these reactors a stable
fission chain reaction is established, and many products are generated
(11)., The product of greatest significance are the large numbers of
neutrons (generation of large numbers of neutrons is a necessary
condition for a chain reaction to occur), In thermal reactors these
energetic neutrons are brought into thermal equilibrium with the
reactor, by a moderator, The moderator is a large mass of non-.
absorbing material, deuterium oxide fulfils this role at Harwell,
Any neutron excess is allowed to leak out of the reactor core along

beam holes, The moderated neutron spectrum has a Boltzman

distribution of energies, with a high energy tail (see Fig, IIiii).
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2.2 The up scattering spectrometer.

The machine used for the up scattering experiments is the time-

of-flight (t.o,f,) spectrometer mounted on the 6" beam tube in DIDO,

This is the 6H machine and is shown in Fig, IIiv, The background

of fast, unmoderated, neutrons is reduced by a cooled polycrystalline
Beryllium filter (see later) and gamma rays are reduced by a Bismuth
filter, At the reactor face a spectrum of neutron energies is available,
with wavelengths greater than 3,968, In the experiments conducted
for this thesis the incident energy with maximum flux was chosen,

This is selected by two phased rotors.and is 4,28 (37cm’1, 1062 ps.m'l,
4,6 meV),

The two rotors act as beam choppers, they are mounted on a vertical
axis and have curved slots cut into their bedy, Only those neutrons
travelling at the correct speed can pass along these slots, Neutrons
vwhich are faster or slower will be scattered or absorbed by the body
of the rotor, which is a magnesium-cadmium alloy. The narrow group
of velocities passed by the first rotor traverse the short distance
to the second rotor, and the neutrons disperse in space according to
their relative speeds, The second rotor passes a narrow band from
within the group previously selected, For the majority of the .
time the rotors effectively close off the beam of neutrons, releasing
them in short time bursts, This pulses the neutrons and allows.the
neutron energy to be analysed by determining its time of arrival at
the detectors, The time of arrival is measured with respect to the
start time of the pulse, and is later for slower neutrons, The
neutrons are pulsed about 500 times a second, The essentially
monochromatic neutrons are incident upon the sample, which is contained

in the sample changer,
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The sample changer places the sample at 45° to the incident beam
and maintains the required experimental environment, To prevent the
gross effects of atmospheric scattering the sample is surrounded by
either helium gas, or a vacuum, The sample may be heated, electrically,
or cooled, (Cooling is achieved by passing a regulated flow of liquid
nitrogen through a cooling loop within the sample changer), The
temperature of the sample is monitored and controlled by thermocouples,
The sample changer puts the sample, a background, and a sheet of
vanadium, into the beam consecutively; on a medium time period cycle,
In this manner a sample spectrum and background spectrum is obtained
concurrently, and a check on the counter efficiencies is maintained
throughout the run (3).

Upon interacting with the sample the neutrons may be scattered
toward any éne of nine detector banks, These are arranged at 9°
intervals from 18° to 90° scattering angle, The detectors lie at
the end of cadmium lined flight tubes, which will tend to collimate
the scattered beam, All of the detectors are equidistant from the
sample, 1,35 m, Neutrons which are not scattered, about 90% of
those incident upon the sample, are monitored by three fission chambers,
These are placed, one 13cm, before, and two after the sample, at 55 and
118cm, away. The t.o.f. distribution of energies obtained from
these monitors is used to provide the value for the incident neutron
energy.

The scattered neutrons are detected in helium proportional counters,
these use the He3 isotope, The neutrons interaction with the helium
atom may be written (4)

He3 + nf -+ al + T3

T, tritium,



60,
The gas ionises, due to the large applied potential, and a discharge
is recorded, The intensity of the discharge is proportional to the
number of neutrons causing the discharge. The detected neutréns
are sorted according to their time of arrival after the start of the
neutron pulse, They are usually placed together in time groups
about six micro seconds wide, It usually requires twenty-four

hours to accumulate enough spectral data for analysis.

The data is held on a magnetic drum for display purposes during
the experiment and is transferred to a magnetic tape for analysis,
This analysis is conducted in two parts. The first stage analysis
corrects for counter efficiencies, and analyses the monitor results
and the vanadium scattering data. The second part obtains the
scattering law from the measured double differential scattering
cross-section, These computations are conducted on the I,B,M. 370-195
at the S.R.C. Rutherford Laboratory, The programs have been fully
described previously (2), they require about 80 secs of the central

processor time and about 300 Kbytes of store,

2,3 The Down scattering spectrometer.

The instrument used for the down scattering inelastic neutron
spectra is mounted on the PLUTO research reactor at Harwell, It is a
standard triple axis spectrometer modified to operate with a Beryllium
filter detector system, This is shown in Fig. IIv. The PLUTO. reactor
provides a thermal neutron flux similar to that described earlier,

The whole spectrum of neutron energies is used, none are filtered off
before selecting the incident neutron energy., After leaving the

reactor the neutrons are incident upon an aluminium crystal,
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(Copper and germanium are also available but aluminium was used for

all the spectra presented in this thesis), Using the Bragg condition,

2d, sin p= n) (1)

whexre n = |, 2, .......

n, order (usually unity)
_d, separation of the atomic planes,
A, chosen wavelength

s Bragg angle.

an incident neutron energy is chosen, Specific planes in the
aluminium crystal are used to optimise the resolution and flux, These
planes are the 3,1,1, and the 5.1.1., to cover the region of the spectrum

! and 600 to 1000cm™ L respectively (occasionally the

from 200 to 700cm”
1.1.1. plane is used to go below 200cm-1). Surrounding the
monochromator crystal is a rotating drum which carries heavy shielding,
Other neutron velocities which satisfy the Bragg condition, but at
different angles are thus absorbed, The beam of neutrons selected
is monitored by a fission chamber, In this manner a check is kept
on the number of neutrons incident on the sample for a given wavelength,
When spectra are taken with a constant number of monitor counts for each
incident energy then the spectra obtained are directly proportional to
the density of states (discussed in section I ) (10). Above 1000cm'1
the flux available from the monochromator falls away,

The monochromatic neutron beam is incident upon the sample, This

is held at 45° to the beam, to increase the number of neutrons scattered

towards the detectors. The sample is contained within a dewar which
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maintains it at a low temperature, usually liquid nitrogen is the
coolant, (Helium is used as the exchange gas). It is not necessary
to interchange the sample, a background, and vanadium; as is the case
with the up scattering spectrometer, This is because the
reproducibility of the incident neutron energy is better and thé
efficiency of the detectors is constant (see later), Neutrons
scattered by the sample may pass on toward the detector system,

The detector assembly, which is nominally at 90° to the
incident beam, has large acceptance angles, 17.5°, 17.5°. Before
reaching the detectors the neutrons pass through a Beryllium filter,
cooled to I;quid nitrogen temperatures, Thus only neutrons with
a wavelength greafer than 3.963, i.e. those that have lost most of their
energy té the sample, are transmitted, All other néutrona are
scattered off toward cadmium shielding, Since only a narrow band
of neutron energies is passed by the filter (0 to 5 meV) the
efficiency of the detectors is, to a good approximation, the same
for all of them, It is usual to cover specific regions of the
spectrum with this instrument, and data collection for any one
sample would be of the order of twelve hours,

The instrument is controlled by a small computer, a P,D,P,8, Input
parameters which determine the region of the spectrum to be covered,
the number of points to be taken, and the time spent collecting data
are specified, These are written onto a magnetic tape, with other
information regarding the monochromator, From this information the
Bragg condition is used to obtain the correct angle which gives the
required incident energy. The machine proceeds automatically, the

results obtained for anyone incident energy are printed out and written
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onto a magnetic tape, At appropriate points sections of the spectrum
are plotted out for easy reference. The result obtained is a list
of the incident neutron energies and the number of detected neutrons
at that énergy.

These results are not analysed in the same way as thoseobtained
from the t,o,f, instrument, However there is an uncertainty in
the energy transfer which the neutrons have undergone. This is due
to the finite band pass width-of the filter, the value;-are uncertain
by 42 cm ! (5meV). Thus the energy transfer can be up to 42¢em”}
less than the incident energy recorded. To overcome this difficulty a
response curve for the instrument has been prepared (7). This is
based upon the fact that the filter is not equally transparent to all
neutron wavelengths, Provided that the wavelength is greater than the
cut-off wavelength (see later) the filter transmits those neutrons of
shorter wavelength better, Also the neutrons are detected with
greater efficiency as their energy increases, The detection function
of the system is thus more like a right angle triangle, than a simple
broad band response (10). If the incident energy of the neutrons is
known this curve provides the best estimate of the energy transfer,
this is shown in Fig, IIvi. The energy transfer finally recorded for a
transition will also depend upon the separation between consecutive

data points,

2.4 Polycrystalline Filters.

Polycrystalline filters are used on both up scattering and down
scattering machines to remove unwanted neutron components, They

consist of a polycrystalline mass of an element, usually Beryllium,
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In a polycrystalline sample all possible crystal orientations are
represented, Thus all neutron wavelengths from zero, up to some
maximum wavelength must interact with some crystalites for which the
Bragg condition holds, eq, (i), These neutrons are scattered.~. The
maximum wavelength above which the Bragg condition cannot be satisfied

is for a 90° Bragg angle, thus eq. (i) becomes;
2d = A (i1)

where n = |

A_.., that wavelength which is just
scattered,

d, is the largest planar spacing,

Beryllium has a cut off at Amax of 3,968 (15), This element is
used in preference to others because of the high kmax and also
because at liquid nitrogen temperatures the filter is very efficient,
Wavelengths longer than Amax are readily transmitted but the filter
is almost opaque to shorter wavelengths (15). The cut-off is also a

very sharply defined edge for beryllium (15).

2,5 A comparison of the up scattering and down scattering spectrometers

Although the two epectrometers are limited to different extents in
many aspects, they suffer a common disadvantage compared to other
spectroscopic technijues, This is the limitation imposed by the
neutron source, The total flux available at the core of a reactor is

of the order of 1014 neutrons per cmz per sec, However the flux
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incident on the sample is only about 105 neutrons per cm2 per sec,
Compared to the flux available to Raman vibrational spectroscopists
(about 1018 photons per cm2 per sec) this flux is very poor,

The up acattering spectrometer has the advantage that it can
collect data with good resolution at low energy transfer, and it has
a good signal to noise ratio (17). On this machine it is possible
to collect data at several scattering angles simultaneously.
Unfortunately the resoiutioﬁ falls away rapidi§ as_the neutron
energy transfer increases, This results in an effective limit!'of
400cm'1 on the energy transfer, above this value little useful
information is gained, Although resolution could be improved in
this region, the population of these energy states is low, This
population is given by the Boltzman distribution, and the sample must
be maintained at a reasonable temperature to ensure the population of
the excited states, It is usual to maintain the sample within 60°
of the ambient temperature, (ca, 294°k).

The Beryllium filter down scattering spectrometer is in many
ways complimentary to the upscattering machine, It is most useful
when energy transfers of ZOOcm-1 and above are to be studied. The
down scattering spectrometer has better resolution in these regions,
and no complex analysis is required, if constant monitor counts are
taken, In order to reduce the background noise high scattering angles
are used (about 90°), simultaneous data collection at several angles
is not feasable in the present experimental conditions. Background
noise is a serious limitation to this technique, the down scattering
spectrometer has a higher ratio of background to signal counts than

1

the up scattering machine, Above 1200cm ~ the signal to noise ratio
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is so bad as to restrict the use of the machine, It 18 usual to
maintain the sample at about liquid nitrogen temperatures, 77°k;

This reduces the effect of the Debye-Waller factor and also multiphonon
scattering (see Section I), The high scattering angle leads
to a large Debye-Waller factor which tends to suppress the intensity
of observed bands, Multiphonon events, at high scattering angles,
lead to broad bands, Cooling the sample should lead to sharp bands

of larger intensity, and this is observed,

2,6 Effects governing the resolution of the neutron spectrometers,

One of the most significant differences between the up scattering
and down scattering spectrometers is in their resolution, Resolution
is a measure of the variance of the distribution of the population of
neutrons which are scattered by the same process, In practical
terms the best estimate of the resolution is probably that used by
Harryman (1972)., The resolution is the full energy width. at half
height of the spectrometers response to a delta function, It is
useful to note that for an analytical population distribution there is
a simple connection between the half height and the variance, (Neutrons
are normally regarded as being distributed in energy according to a
Gausian function), In the elastic region of the spectrum the
resolution can be determined experimentally, the incoherent scattering
from vanadium will provide this, However in the inelastic region this
direct measurement is not possible, since there are no suitable standards,

The resolution of the down scattering spectrometer will be governed

by three factors, Firstly the resolution uncertainty in the
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monochromated neutron beam, This is introduced by the mosaic spread
of the monochromator. Secondly there is the uncertainty in the
scattering angles, introduced by the dispersion of the collimatsr.

This angular spread of neutrons allowed by the collimator is usually
quite large and it is usual to make the mosaic spread of the crystal
of a similar order, This has the advantage of increasing scattered
flux whilst retaining the best resolution given by the collimator,(l),
Finally there is the variance of the transmi;sion_functio; of the
beryllium filter window. This is dependent upon the incident ﬁeutron
energy (17). The resolution becomes better as higher order planes

in the monochromater are used. Higher order planes, e.g. 3.1.1., have
a larger plane spacing than the lower orders, e.g. 0,0.1, It can be
seen from the Bragg condition, eq. (i), that to coherently scatter a
given wavelength neutron from a set of widely spaced planes requires

a larger Bragg angle than from a set of narrowly spaced planes,

That this is advantageous can be appreciated by differentiating

eq. (i) thus,

da
] 2d. Cosp (iii)
thus d) = 2d.Cosg d@ (iv)

da, is associated with the uncertainty
in the wavelength,

dg, 1is associated with the dispersion
angle of the collimator,
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The effects of a large value of dp can be reduced by having a small
value of Cosg, i.e, p is large, As indicated above this requires the
use of high order planes. Unfortunately the scattered intensity falls
off as Sing, such that considerations of flux may become more urgent
than resolution,

The factors affecting the resolution of the up scattering
spectrometer have been fully discussed by Harryman (1972), As .with
the dowﬁ ecattéring spectrometer there are ;the main_eféec;s. Firstly
the resolution uncertainty due to the rotor selection of neutronms,
This has been studied by Royston (1964), There are contributions from
several sources, including the intrinsic spread of neutrons which can
pass through the rotor slots, the divergence of the collimated beam,
and the effects of wobble in the rotors, The next major factor in
determining resolution is the angle of the sample to the incident beam,
The sample is normally at 45° to the beam, Scattering from its leading

6

edge will take place about 26 x 10 ’sec. prior to that from the

trailing edge of the sample (this calculation assumes an incident t.o.f,
of 1062 ua.m‘l). Finally there is an uncertainty due to the finite
thickness of the detectors, The probability of detection is proportional
to the counter thickness, the detectors are cylindrical. These
effects must be convolved to produce the final resolution, Exténsive
tables covering the possible experimental configurations have been
prepared (8)., Typical values for the experiments conducted in this
thesis are reproduced in Fig, IIvii,

It is obvious from Fig, IIvii that the upscattering spectrometer

has the best resolution at lower energy transfer, This resolution,
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however, falls off rapidly with increasing energy transfer, In the
region of 200¢:m_1 the resolution of the upscattering spectrometer 1is
about the same as that of the down scattering machine., Above 250cm-1
the down scattering spectrometer has the better resolution. When

obtaining a spectrum in the region of 200::m"1

the higher countiﬁg
rate of the down scattering machine is important, Such that as' much
useful data would be obtained from an 8 hour run on the down scattering

machine as from a 24 hour run on the up scattering spectrometer

(except that data over a range of momentum transfer is lost),

3. The Graphite Monochromator Chopper spectrometer,

The high resolution graphite monochromator chopper (G.M.C.,) up
scattering spectrometer, at Aldermaston, was also used for some studies
in the quasielastic region (see Section 1V,), In this spectrometer
the incident neutron wavelength is defined by Bragg scattering from
pyrolytic graphite crystals, Two crystals of graphite are aligned,
such that neutrons, Bragg scattered off the first crystal, travel back
toward the second crystal, These neutrons are scattered by the second
crystal onto the sample (see Fig, IIviii). 1In this manner the incident
neutron energy is well defined and the beam should carry no other
radiation, except for the normal background, The incident beam is
pulsed, by interrupting it with a single rotor. The sample conditions,
neutron detection, and spectral analysis are essentially the same as
those on 6H at Harwell, 1In this machine however the detector to
sample distance is longer, 1.6m; and the scattering angles are from

20° to 90° in 10° increments,
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This machine suffers from the disadvantage of being attached to a
relatively low flux reactor (Herald). Samples which take about 24 hours

to obtain sufficient data on 6H require several days of running time

on G,M.C,



Fig. II.viii
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CHAPTER III

LIBRATIONAL POTENTIAL ENERGY FUNCTIONS

The description of dynamical systems is dependent upon the
availability of mathematical models to represent them adequately,
The differential equations which represent the system contain both
kinetic and potential energy terms, and have solutions which are
related to the experimental observables, In the case of méiécular
librations the kinetic energy term is well known and the object is
to obtain an adequate parametric description of the potential term,
There are two ways of obtaining this potential energy function,
Either, the dynamics are observed through the transitions of the
system between its static states, Then, assuming a dynamical
model, a description of the potential is obtained. Alternatively,
the potential field is modelled itself directly, to obtain the
same quantitative data, In the first section of this chapter the
dynamical models of the system are described. Approximations made in
this treatment are discussed and solutions, in terms of the relevant
observables are obtained, In the next section the alternative is
presented, Approximations involved in this model are discussed,
and solutions obtained,

Both of these methods of obtaining parameters of the potential
field will be based upon a common assumption, This is that the
potential is not a function of time, It is known, for the case, of
intramolecular dynamics, that the variation of the potential with time

is unimportant (17). This is a consequence of the fact that
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deformations of the molecular frame are very much more rapid than
librations, This results in a time average value of the potential
field being experienced by the librator, However, where the potential
is determined by a crystal lattice, time averaging cannot occur, :

This is because the lattice is also a dynamical system, the vibrational
frequencies of which range from zero to values close to that of
libration, Larrson (1973) has used this fact to explain the gross

- features of the inelastic scattering spectra from some solids (see
Section I), Thus whilst the results may represent the best values
obtained in the static field approximation, they are not complete
descriptions of potential fields in crystal lattices, The assumption
is necessary to both simplify the equations describing the dynamics

and also to enable the potential model in the second section to provide

reasonable results for a short computational time,

1. Solutions to the Equations of motion for a hindered rotor.

1.1 The rotor problem in one dimension,

The equation used is a three dimensional Schrodinger equation,
see Section I, Its solutions are the eigen states of the system,
A cartesian coordinate system would be inappropriate to rotational
problems and Euler angles are used (see Appendix II). In highly
symmetric systems it is usually possible to choose a set of \
coordinates which are independent. The three dimensional problem is
thus separable into three one dimensional problems, Only the
solutions to these equations will be discussed. The one

dimensional Schrodinger equation for the hindered rotor may be

written (8)
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2
d—%ﬂ = i;- {E-Vv(g)lm(g) =0

(1)

m( @), eigen functions of equation (i)
9, dimension
E, eigenstates of the equation
I, rotator's inertia
4, Planck's constant divided by 2=

V(g), potential energy function,

The potential energy function V(@) should be expressed as a Fourier

series in ¢ (28).

V(g = Lar Cos (nrg) + b_ Sin (nrg) (ii)

r
r=0,1, 2 ....

a_,b_, the Fourier coefficients

r’'r

n, the number of equivalent minima
experienced by the rotor
as @ goes from O to 2xn radiams,

It has been found that the general formulation for V(@) given in eq. (ii)

may be simplified. It is usually replaced by (9)
Vo
v(e) = 3= {1 - Cos ng} (iii)

Vo, height of the barrier to
reorientation between minima,
for the coordinate ¢,
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The removal of the sine expansion is a reflection of the symmetry

of the potential well; and contributions involving the higher

orders of the cosine expansion are usually found to be insignificant
(9). The next cosine term contributes about 4% to the determination
of the eigen value, However under the appropriate conditions these
higher orders become significant (discussed later), Substitution

of eq. (ii) into eq. (ii) obtains, for eq. (i)

dzng). + (a+ 16.b.Cos 2x),M(x) = 0 )
dx
where
x = %9
.1/ IVo
b ==
4 nzﬁz )
=8L__ /g _ Yo
a 2.2 \E 2/
n‘h

This is the usual form of the Mathieu differential equation (20).

The solutions to eq, (iv) must be periodic in x to give physically
meaningful results, In general this is not the case, and
restrictions are placed on a to give this periodicity,(a becomes

a complicated function of b (20)). The solutions to the Mathieu
equation have been extensively tabulated only for the cases of two

and three-fold wells (4,13). These solutions are not easily obtained
and it is usual to make approximations to solve eq. (iv) for the

many-fold potential,
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1.2 Approximations to the Mathieu equation,

1.2.1, a weakly hindered rotor,

In a weakly hindered rotor the value of Vo must be low, and

consequently b is approximately zero, Eq. (iv) becomes

B | o = o )

which has the simple solutions

M(x) exp(irx) (vi)
r=0, +1, F2.....
However, M(g) = M(g+ %
which follows from symmetry, thus from eq. (vi) and (iv)
exp (+ irg. -'23) = exp(-i-' ire.%).exp(: ir %% )
and
exp(+irn) = | (vii)
which is only true for r =0, 2, 4, .....
Substitution of eq. (vi) into (V) yields
rz m g = -S-L (E - .v—o)
2,2 2
n™h
2.2
Vo n A r\2
E - 7 TR (-i) (viii)

r=0,2,4, .......
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(For n = 1 and the value of Vo = 0; eq. (viii) reduces to the
solutions of a rigid rotor confined to a plane (8), as would be
expected). This case is inappropriate to the interpretation of
solid state studies. Molecules in solids may reorientate but they

are not free rotors in the sense of a gaseous molecule,

1.2,2 Strongly hindered rotor,

1,2,2.1 The deep well approximation,

For a strongly hindered rotor the value of Vo in eq. (iv) is
large, i,e. the potential well is deep, In these circumstances the
molecule will only be slightly displaced from its mean position in the

well, The cosine term of eq. (iii) is expanded as a series.

Ml

4
Cos (y) =1 - + %7 (ix)

All terms higher than the quadratic are dropped (this is the

harmonic approximation), Thus in eq. (iv)

Cos 2x = (1 - 2x2) (x)
and
igx) + (a+ 16b.(1-2x2)).u(x) =0

dx
which gives

iz-“—g"—) + (a + 16b - 32b x2)M(x) = O (x1)
dx



Comparing eq. (xi) with the harmonic oscillator equation

av(x)
dx2

+ (a-paP)¥x) = 0

yields
a =a+ 16b

B™= 32b

v

The solutions to the harmonic oscillator problem are well known (8).

B.(2r + 1)

r=0,1, 2....
thus

2(2r + 1) V/8b - 16b

which gives

Vo
21

E=(r+ %)nﬁ (xii)

r=°’ 1,2-.---

This set of solutions is suitable for librators with deep potential

wells, A deep well, it has been suggested (4), is applicable when

nr
< 0.4 (xiii)

LIS
<
o

K
From eq. (xii) it can be seen that the fundamental librational

frequency 1is given by

81.
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Vo
21

Vo = (xiv)

v, fundamental transition
frequency (Hz),

and

Vi fundamental tramnsition
Vos first overtone
30 etc.

The same final equation is obtained from a classical description
of the dynamics of the oscillator, In this case Schrodinger's equation
is replaced by Lagrange's equation and the same approximations are

made,

1.2,2.2 The formulation of Das.

Das (1956) has given a method of obtaining approximate solutions
to the Mathieu equation (eq. (iv)). These involve the expression of
the solutions as series, and further empirical correction terms,
This can be used to treat the case of an intermediate barrier,

The Mathieu equation is assumed to have a periodic solution which
can be expressed as a power series, Correspondingly the characteristic
roots of the equation can be expanded by an analogous series (16)

from eq. (iv)
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2
an{Et Gree-1 @+ e+ DL+ D E)

(xv)

where

N
N
N

r=0,1,2....

(If the series is terminated after the second term then

a=((2r + 1)k - k2/2); which corresponds with the deep well,

harmonic, approximation), In a deep well eq. (xv) can be expanded

to give arbitrary accuracy. In a shallow well the possibility of quantum
mechanical tunnelling occurs. This produces t sublevels for every

librational level which occurred in the deep well case, These

sub levels are separated by small amounts, A:. The series now
becomes
at - k—2+ (2r + Dk— 22+ e+ 1D3....1+at (xvi)
r N{ 2 4!' ) r
subscript r, the rth librational state

superscript t, the tth tunnelling sublevel

f(n+1)/2 ; n = odd

where the number of sublevels is "(n+2)/2 ; n=even

and t = 0 always occurs,

The form which A; takes was determined by Das from a method after

Goldstein (1929); it is: :

3r 2 r+3/2
AL = cos(3EL), 2 '“t'k - exp(-2k) (xvii)
n*r!
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By substitution from (iv) for a: a value of the relevent energy,

E;, is obtained,

t _ -1_1,2 2,-2 1,3 3y, -3 t
E_=Vo{(2r + )k "= z(x" + (r+1)")k Telr +(r+l) Dk = + 2A |

(xviii)

(For very low barriers it is necessary to gﬁ?rect the form which A:
takes, a suitable method is given by Das (1956)). Assuming that no
tunnelling occurs, i.e. ignoring A:, eq. (xv) can be developed in
terms of the fundamental librational transition frequency; for

different values of n{25). (The series in eq. (xv) is terminated after

the third term). Then

2 2
n=2 o1l /A" [4nlv
Vo=7 '35, ¢+ I) (x1x)
D=3 goo S(E) (4 4y, Y -
16 \21/ . 9° % /
n=4 Vo = ﬁ_z\/.].' 4-“&4. |\|2 (xxi)
(72 5- %+ U :

1.3 Coupled rotors in the deep well approximation.

The previous sections have dealt with single, or independent,
one dimensional rotors; the total potential being the sum of the
individual barriers, If a compound contains several rotors in a
molecular framework then there are two possibilities. Either the

rotors are well separated by distance and rotate in a potential
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determined by the fixed frame of the molecule (this is the
internal-top case ,the rotors are essentially independent); or
alternatively the rotors are closely associated with each other and
the potential of any one of them is related to the relative
orientations of the others. This is a coupled oscillator problem,
and the rotors are not independent, The internal-top problem is
essentially similar to the single rotor problem previously covered.
Studies have been mainly confined to threefold wells (tops with C3
symmetry) because of the tabulated Mathieu functions (13), Although
for the coupled oscillators problem it is possible to solve the
Mathieu equation numerically (11) it can be treated more simply.

In these systems it is useful to make the classical approximation,

and to describe the dynamics of the system by Lagranges equation.

d dL OL
rrak et 0 (1)
08 . o6

subscript r, the rth rotor
where L, the Lagrangian

. d V, potential energy of the
@ "3t & system, a function’ of ¢

¢, angular coordinate .

L=v-1T T,kinetic energy of the system

r=0,1,2....N N, total No, of rotors

Here only the solution for the simplest case is required. This is
where the potential energy of any rotor is dependent upon the
orientation of all the other rotors, (i.,e. all of the rotors are

coupled). Specifically the solutions for aluminium and zirconium
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borohydrides will be required. (The molecular geometries of these two
molecules are shown in Fig. Vi and Fig Vii).

In such a system of rotors the potential energy arises from two
interactions, Just as in the single rotor problem there is a
basic potential as the rotor moves with respect to the fixed frame
of the molecule, Superimposed upon this is a second, which is a
function of the different orientation of the neighbouring rotors,
This potential involves a term, Vl, which might be regarded as a
coupling constant (19). For the rotation of a borohydride unit
about the metal boron axis, in the two molecules, the respective
potential energies may be written, (V(g)Al, total potential for

aluminium borohydride; V(g)Zr,for zirconium borohydride).

V(gAl = !%(3-003 291 - Cos 292 - Cos 2%)

V1A1
+ —2—(3-0032( 61'02)'C°8 2( 32-33)- Cos 2( 03-61))

Vs coupling potential (ii)

vV(g)Zr = !;-E (4 - Cos 391 - Cos 332 - Cos 3% - Cos 394)

VIZr

+ =5 (4 - Cos 3(61-92) - Cos 3( 61'63)-008 3( 93-%) -

Cos 3( 8" el))

(ii1)

The terms in 2¢g arise because in aluminium borohydride there are

two potential minima; and in zirconium borohydride, since there are
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three minima, terms in 3¢ appear, In all cases the kinetic

energy is simply given as
T= ;% '92 (iv)
r
r

The terms in equations (ii) and (iii) are simplified by the
introduction of the deep well approximation, The cosine terms are
then given by eq. (1.2 (x)) and equation (ii) and (iii) become, on

rearranging

2 2 2
8V,AL  4VAI \
(N & 9 %
v(eaAl (++—=7)(z+ 5+

4V1A1

— (0o + 6o+ 68) ()

18V Zr 9VZr 2 2 2
o+ (LT (HL B8

9V12r

(o8 + 60, + 838, + 6,8)

(vi)

Combining eq. (v) and (vi) with eq. (iv) produces the Lagrangians
for the two systems, Then making the substitutions

VAL 4VAL
’8 . ) = -4 V,Al (vii)

2

kAl



, 18 vV 2r 9 Var 9v.2r

= —1-— —— )0 = 1
kr \ 5+ 7 ), Py - = (viii)
and knowing

ar, (e

va— = 0 . = o

dei ’ dt

gives, for aluminium borohydride (which is_gsfé_ps_an example)

16 + ky8 + Py, (8 +g)=0

1s, + kp.8 + Py(g +6) =0

192 + kA133+PA1(91+ ez) =0 (ix)

(A similar set of equations obtains for zirconium borohydride).

Using as solutions to these equations

6 = A exp (igt)
6, =B exp(iat) (x)

63 = C exp(ia\t)

A,B,C; constants,
1
1’ ('1) E

t, time

w angular frequency

This leads directly to the secular determinant
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2
"o+ kyy Pa1 Pa1
P -1 ? + k P =0
Al w Al Al
P P -1+ k
Al Al @ Al
(xi)
for zirconium borohydride the determinant would be
2
-Iw + k P P P
zr zr zr zr
P -1 2 + k P P
zr w zr zr zr
2 =0
Por Por Tot k,, Por
P P P -1 2+ k
2r zr 2r wr Xer
Where the solutions to this type of determinant are
((-To2+k) - PN7L, ((-10B4k) + (N-1)P) = 0 (xit)

N, the number of rotors, the order
of the determinant, )

For the case of aluminium borohydride there are three
solutions, two degenerate out of phase motions of all the borohydride
units, and one singly degenerate in phase motion of the units. These

correspond to

Al Al
and
Al Al



substituting from eq. (vii) and rearranging gives

v,, = 2L’ (xiii)
= 9 2.2
3VA1 + V1A1 2n IvE
where
2ny = v v,, frequency of the in phase

motion (Hz)
(an A mode)

frequency of the out of phase

Vs
modes (Hz) (an E mode). .

Similarly for the case of zirconium borohydride, There are

four energy states of the system: three degenerate out of phase

modes and one singly degenerate in phase mode,

k -P = Iuz
2r

zr

+ 3P =Iu\2

t 14 2r

Substituting from eq. (viii) and rearranging yields

8 2 2
v2r+3v12r 3F IvF
8 2
Vzt -er 91: Iv

frequency of the in phase mode
(an A mode)

frequency of the out of phase
modes (an F mode)

VA,

VF'

90,
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These equations can be used to interpret the experimental results
of Section V,

The molecules, aluminium and zirconium borohydride, have formal
analogues in trimethyl amine and neopentane. These compounds contain
three and four coupled rotors respectively. (Although the point
group symmetry of trimethyl amine is different from that of aluminium
borohydride, 03v as compared to D3h) trimethyl amine and neopentane
have both been studied previously. The coupling of the methyl rotors
in trimethyl amine was treated by Lide (1958). The problem was
expressed in quantum mechanical terms and two librational modes were
predicted, an A mode and an E mode, The observed microwave spectrum
was interpreted to give a barrier to rotation of 4.4 Kcal mole-l.

The coupling of the methyl rotors in neopentane was treated slightly
differently by Grant (1968). The simple potential function of eq. (1.1
(iii) was not used, higher order interactions were considered as well,
Two main transitions were predicted, involving the two librational
modes A and F, These were observed in the inelastic neutron spectrum

and the barrier to rotation was 5.03 Kcal mole-l.

2. The calculation of the potential emergy function directly, ;

The total potential of a molecular ion, at different orientations,
in a crystal is composed of the contributions from several interactions.
These interactions include monopole electrostatic attraction, multipole
electrostatic attraction, London (dispersive or Van der Waals) attractive
forces, and steric repulsive forces. The London forces are quantum

mechanical in nature, they are weak and play an important part only in
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the formation of crystals of uncharged molecules, The monopole
electrostatic forces are the main attractive forces in crystals like
sodium chloride (3). Multipolar contributions are only important

when the crystal is composed of molecular ioms. The steric

repulsive forces are the forces which prevent the collapse of the
crystal, The simplest description of the total potential experienced
by a non spherical ion within an alkali halide lattice must be

-in terms- of the-major contributing forces, - These -are the monopolar
electrostatic attraction and the steric repulsion, The two f?rces
will be considered separately, the total potential will be the

computed summation. The methods used to obtain the relevent potentials
are very general, but will be applied specifically to the orientational
potential of a tetrahedral ion incorporated within an alkali halide
lattice,

2.1 Determination of the monopolar electrostatic potential function,

The electrostatic lattice attraction has been studied by many
authors (21, 15, 3, 30). The methods of De Wett (1959) are used
to obtain the angular potential variationm, His work is reproduced here,
using his nomenclature. The electrostatic potential energy at a
test point, due to a unit charge, can be written as eq. (i). (This

is illustrated in Fig. IIIi,)

-1 -1 ;

V(R) = = (1)
|8, | R -z |
=P I
. R , vector from charge to test
where P position.

R, vector position of the test from

R = f(R ,q 9)
P P the arbitrary origin,

etc.

R = |» | X vector position of the charge from
P P the arbitrary origin,
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The vector relationship between the positive arbitary origin

the point of interest, q, and the negative charge, P, in a

simple lattice,

+ - = + —+
P

= = 4+ =T 4+ -
+—+— 3

Fig. IIL.ii

The polar coordinate system (R, @, ) and its relationship

to the cartesian coordinates (x,y,z)

Leaw o oo o on an e
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Standard polar coordinates are used in this description, (These
are defined in Fig, IIIii).
In a lattice of point charges the potential is the summation

over all the ions.

P .
V(R) = Z (-1) (11)
P '_.'E.pl 1

- - - P = P; + P, + Py 7 - r_ , are now vectors describing the: - -
r P lattice points,

Ep = plgl + ngz + p323 91 basis vectors of the unit cell,

pi, integers,

(This is illustrated in Fig, IIIi). The origin is arbitrarily
chosen as a positive charge, and the contribution of this charge

to the potential at R is specifically omitted, Since the ions are
either positive or negative their position in the lattice effectively
defines their charge,

Just as any continuous function in one dimension can be approximated
by a linear combination of sines and cosines, (the Fourier series) so
a three dimensional angular function can be represented by a linear
combination of spherical harmonics. The definition of spherical
harmonics and some useful properties are given in Appendix I, |
The vectors R and z are three dimensional functions and may be
expanded individually, Further, from the addition theorum of

spherical harmonics the denominator of eq. (ii) can be written
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(1i1i)

vhere R < rp (see appendix I)

Equation (ii) .°. becomes

1

V@ = ) a8 kYY) (a®) (v

where
]

Sl Am Y L 1) ]
al,m 214 / Lrp Yl,m(ep’ap)'( '
P

)P

It is obvious that the potential is determined by two factors.

The first concerns the positioning of the point of interest, the
test point at R, The second is the contribution made by the whole
crystal to the potential at the test point; this is contained in the
al,m term, De Wett has developed a method of evaluating the al,m’
and specifically evaluated them for the two simple cubic lattices,

sodium chloride type and caesium chloride type,(These are reproduced

in Table IIIi). These cubic lattices are particularly suitable

for treatment in this manner because of their high symmetry, Equation
(iv) is simplified, 1 must have even values and m is fourfold

or zero, Another aspect of the symmetry is that the linear combinations
of the spherical harmonics must be invariant under the operations of

the cubic group (Oh), Then from eq. (iv)

6

R '!6

8.0. R IY4 + alo’ol n '!10 + .60 00 (v)




i ead

Table III.i
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The values of al’miused in the computations.
Crystal lattice for m=o a o (*)
type 1 ’
NaCl o -1.74756
4 -4,2290
6 -0.9729
8 -2,5216
10 -0, 7824
CsCl 0 -1.76267
4 +5.3670
6 -1.5456
8 -0.2634
10 -

(*) taken from ref (32)
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=
Jr

142* *
)(84 4)+Y

+ Y,
8,0

*
(88 Yg, 8)+()( 8,-

[
f=

187,2, % ¥* 11 2, * *
Y10 = ~130) (V10,8 * Y10,-8) - 63550 (Y10,4 + Ylo )t Y0,0°

(

The potential of a tetrahedron at different orientations in the ’
crystal is thus easily obtained. It is the sum of the four
potentials perceived by the corners of the tetrahedron. The
tetrahedron carries a set of cartesian coordinates fixed to it, the
body set. These coordinates are related to the crystal's coordinates,
the space set, by the Euler angles. (This is discussed in

Appendix II). The space set of coordinates, are aligned along the
main symmetry axes of the crystal. At each orientation of the
tetrahedron the total electrostatic potential is obtained through

a computer program, this is discussed and a listing given in Appendix

III. The results of these computations are discussed later.

2.2 Determination of the steric repulsive potential function.

Compared with the Coulombic attraction the steric repulsive
forces in a crystal are of very short range. Several mathematical
forms have been used to represent this potential (30). The most
commonly used expression is that presented by Born (1932). It has

an exponential form which stems from the quantum mechanical prediction
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that the electron distribution about an atom falls off exponentially,

Then the repulsion between two atoms is,
V(s) = B.exp(-(s - (ra + 1,))/p) (1)

p, range parameter

]

s, separation of the atomic nucleii,

radius of the atom a

n n n b

B, strength parameter of the
interaction,

Because of the short range of these interactions (p is low, about
0.48) and the quite large separations of the ions in an alkali

halide lattice (lattice parameter of about Sﬂ) the forces are
effectively zero for separations greater than one unit cell, This

is fundamentally different from the case of electrostatic attraction
and its computation can be treated more simply. In this case it is
practicable, without loss of accuracy, to calculate the repulsion of

a corner of the tetrahedron from a small section of the whole crystal.
- Where contributions to the energy from ions in uhit cells greater than
one away from the origin may be ignored. The repulsion against each
ion is calculated independently, and they are all summed. As with

the electrostatic case the tetrahedron carries a body set of coordinates.
These are related to the space set of coordinates by the Euler angles
(discussed in Appendix II). At each orientation the total repulsion

energy is calculated through a computer program, this is discussed
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and a listing given in Appendix III. The results of these

computations will now be discussed.

2.3 The calculated variation of potential emergy with
molecular orientation.

When an ammonium ion reorientates between potential minima it
will tend to take the path of minimum energy (unless the ion has
received a large amount of energy, when it will reorientate to ‘another
well by any route), Such a minimum energy ;;;;; could be expressed
as a coordinate describing the reorientation, The potential would
then be a function of this single coordinate. This coordinate is
not easily determined, and would be a complicated function of all
three Euler angles used to describe molecular orientation in space,

It would not reflect the symmetry of the system in any obvious manner.
In these calculations the Euler angles (see Appendix II) are used as
the reorientation coordinates they retain the symmetry of the system
and enable the relative contributions of electrostatic attraction and
steric repulsion to be easily compared. Such coordinates will tend
to over-estimate the barriers to reorientation, which are calculated.

The variation of the electrostatic and steric potentials were
obtained directly from the computer programs discussed in Appepdix III.
These results are presented separately, Firstly electrostatic

calculations for sodium chloride lattices are considered. N

It can be seen from Tables IIXii, IITiii, and vii that the calculated

electrostatic potentials, for both the pure host lattice and the
incorporated ammonium salts, are in reasonable agreement with ,

literature values for the pure host lattices, The ammonium ion can
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Orientations of the ammonium ion
in a sodium chloride type lattice.

Fig. III.iii

Closest approach of three protons,

Fig. III.iv

Single approach model in an
electrostatic potential minimum,

Fig. III.v

Single approach model in an
electrostatic potential maximum,




Orientations of the ammonium ion in the sodium chloride

type lattice.

| repulsion potential minimum

Fig. III.vi

hal

lrepulsion potential maximum

Fig. III.vii
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orientate itself quite specifically in the sodium chloride type
lattice, This orientation is where the corners of the

tetrahedron approach, as closely as possible, three nearest neighbours,
Direct alignment along bonds is impossible as is illustrated by

Fig. IITiii. There are many equivalent orientations of this ‘type,
but it is unlikely that the molecule will remain in any of them,

This is because of the very small difference between the value lof this
potential minimum and the value of the next lowest potentiél minimum -
(about 10 cal mole-l, sic.) This next lowest potential is whére

one corner of the tetrahedron points directly at an opposite ion,
nearest neighbour, This is the single approach model of Plum (1953)
see Fig. IIIiv, There is no change in potential as the tetrahedron
rotates about this 03 symmetry axis (within the limits of the
calculation), It may be said that for temperatures above about 10°k
the single approach model is the one which would normally be assumed,
on electrostatic grounds. It is energetically difficult to
reorientate the single approach corner to another nearest neighbour,
The values of these potential wells are given in Table IITid. | This
is still a low barrier to reorientation, If %KI is assumed for each
rotational degree of freedom, the ammonium ion should be capable of
reorientating the 03, single approach axis, at about 30°k. The
rotational motion of the ammonium ion, at 294°K, will be essentially
unrestricted. These wells will be significant only at low
temperatures, This is because the value of %KT becomes less and

also because the host lattice contracts, increasing the reorientational

barrier. (The present calculations are based on ambient temperature
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unit cell data).

In the caesium chloride type lattice it is possible to have all
the corners of the tetrahedron directly aligned with nearest neighbours,
This configuration is electrostatically the most stable, and is showm
in Fig. IIIviii. Reorientations between symmetrically equivaﬁent
potential minima are hindered. The rotation about any C3 symnetry
axis of the tetrahedron is more difficult than that about any 84
-symmetry axis, - “The two barriers are shown in Fig. -IIIxi. --The ratio—--
of the two barriers is 1,7117 (within the limitations of the
calculation).

The problem of the electrostatic barrier to reorientation of
ammonium ions in caesium chloride lattice types has been treated in
the literature (21, 12, 15, 29). The approach chosen is usually that
of Nagamiya (1942), which is exactly analogous to that of De Wett
presented here (32). The electrostatic potential field was expanded
as a summation of spherical harmonics. However in order to reduce
the computational problem a simplifying assumption was introduced,

Only the first non-trivial term in the potential expansion was taken.
4y in eq. (2.1(v)).

4,0°R -4
Although this transaction has never been justified the accuracy lost

(This is equivalent to using only the term a

appears to be minimal. The truncated sequence predicts that .
reorientation about a C3 axis of the ammonium is 1,777 times more
difficult than about an 34 axis, (This compares very favourably with
the value presented above, and introduces an error of no more than

about 4%)

Stated in terms of Cartesian coordinates the potential of the




104.

Orientations of the ammonium ion in caesium chloride

type lattices,

The four approach model in an Electrostatic

potential minimum,

Fig. III.viii

The four approach model in Electrostatic

potential maximum,

Fig. III.ix

-
-

-
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tetrahedron was

. -3
p, NH bond length

At the equilibrium position, direct approach of all hydrogens to
nearest neighbours, a value of V can be calculated

- 14Vo

'/ G (i1)

Here the Vo term is related to the absoluted barrier height,

No absolute values for the electrostatic potential were presented but
the potential function was used to solve Schrodinger's equation for
the system,

The potential function cannot be substituted immediately into
Schrodinger's equation, since the resulting differentlial equation is
too complex to solve. Two methods of approximation have been used.
In the first, due to Gutowsky (1954), a new set of coordinates is
chosen; x', y', z2'. These are related to the old set; x, y, =z.

The set x', y', 2' are attached to the tetrahedral ion and the set
X, y, z are the axes of the ceasium ion cube; the axes x,y, z
projected out of the cubes' faces. Then the angles ¢, and § are
the polar coordinates of z' in terms of x, y, z; and the angle V is
the measure of displacement about the g' axis., At equilibrium,
direct approach of the four hydrogen atoms toward the nearest

neighbours, the z and z' axis are alligned and the x', y' axis are
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displaced by */4° from the X, y axes, Equation (i) becomes

by transformation

v =320 @)cos’e + Elrcos? - (2D

+ (%).Sint’e.((:os& Y - Cos 4 @)

+ (Cosze + % S:I.nae) Cos 4 @. Cos 4 ¥

- Il,' (Cos g+ 0033 0).Sin 4 @, Sin & ¥} (111‘)

In the limit of small oscillations three independent coordinates

can be chosen, those used by Gutowsky were

€ = ¢Cos ¢
N = 6Sin g (iv)

x

¢ = 9+ Y+

which are displacements about the cubic set of axes x, y, z.

This leads to

2 4
vele (Bia+rfach- 2et+r+My @

Again a value for V at equilibrium can be determined; £ = 1= 0, and
¢ = "/4C.

V = -0,762 Vo (vi)

Gutowsky applied first order perturbation theory to obtain the energy

levels of this anharmonic isotropic oscillator
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3
-~ 6 1 - 2 5
Er rr EVO + (r 2+r3+ 2) v - 16 _ (2ri +3ri+ 4) +
17273
i=1
2
L (fw) .
£ r, t LT, tr, T2 Vo (vii)
where
w = 16Vo/2T
and
r=0,1, 2 ....
Th = - =
e fundamental transition, v, (AE El,o,o EO,O,O hv)
yields:
2
(hv + ) i
Vo = 16 { } (viii)

5 /21

v, observed librational harmonic.

This equation has seen extensive use in the study of ammonium salts

by infrared absorption (6). 'This method has been criticised by
Venkataraman (1966), who provided an alternative. Since the
potential function used by Gutowsky in the Schrodinger equation fails
to give the correct equilibrium potential (compare eqs. (ii) and (vi)),
Venkataraman used the one dimensional approximation. The Schrodinger
equation becomes the Mathieu equation, as discussed previously. For
the case of the double potential well, tables are available for the
solution of this equation (2). The resuits obtained by Venkataraman
are only applicable to the ordered caesium chloride phase of ammonium

halide salts; they should be used with circumspection elsewhere.
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Very recently (15) work has been reported on the electrostatic
potential barrier in the pure ammonium halides. Huller (1974) has
obtained a potential function which is based upon eq. (2.1(ii)) but
has been taken further. The charge distribution on the ammonium
ions was expanded in terms of spherical harmonics. Thus he was not
confined to the simple case of one ammonium ion in an infinite host
lattice; which is the limitation of the calculations presented here.
Account was also taken of the polarisabilities of the ions. It . was
assumed that the potential well of the crystal was represented by
the calculated potential well. The model was fitted, successfully, to
experimental data; no absolute values of the potential in specific
orientations were given. Two important interactions were completely
omitted, the variation of the repulsion potential, and calculation of
a hydrogen bonding interaction. Ebisuzaki (1974) has shown that
these interactions are important in the ammonium halides.

The variation of steric repulsive energy reflects the inversion
symmetry which connects both attraction and repulsion and also the
caesium chloride and sodium chloride lattice types (shown in Fig. IIIx).
The calculated repulsion energies of Tables IIIiv, v, and vi compare
favourably with the literature values for the pure hosts, Table IIIvii.
In the sodium chloride type lattice the corners of the tetrahedron are
directed away from the nearest neighbours. They point out of the
faces of the octahedron of surrounding neighbours (toward the next
nearest neighbours). Again reorientation about an S4 symmetry, axis
of the tetrahedron is easier than its C, axis. Whilst in the caesium

chloride type structure the tetrahedron, again, arranges itself, in a




Fig. IIL.x
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Symmetry relationships of a cube and an

octohedron




Electrostatic potential (arbitary units)

Fig.IIL.xi

Variation in electrostatic potential as the ammonium

ion, in a caesium chloride type lattice reorientates
about in c3, or s5 symmetry axis,

-E/G

|
C3 {
sa :
L v T

angular displacement
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very shallow well, when three corners are equidistant from nearest
neighbours, But a single approach model is also quite stable, the
corner now points out through the face of a surrounding cube of ions
toward a next nearest neighbour. There is no variation as the
molecule rotater about this 03 axis (within limitations of the
calculation). It should also be noticed that if a single appfoach
in the sodium chloride lattice is studied, where one corner poiﬁta
directly at a nearest neighbour, then although the repulsive enérgy is
high, compared to the potential minimum discussed aone, it shows
no variation for rotation about this c3 axis.

These calculations are the first attempt to directly estimate
the reorientational barrier of an incorporated ion in a cubic crystal.
Absolute values for the electrostatic and repulsive potentials, such
as those presented here, show immediately which potential is the more
important in any one system. They indicate that the assumption of a
predominantly electrostatic potential well is probably wrong. It is
unlikely that the electrostatic potential well in the pure ammonium
halides is any deeper than that in the incorporated salts., Whilst the
repulsive potential well will be increased because of the polyatomic
ammonium ion neighbours. The fortuitous success of the calculations
conducted by Gutowsky (1954), Venkataraman (1966) and Huller (1974)
stems from the presence of another attractive potential in the crystal.
(This is most likely to be hydrogen bonding, and is discussed later).

A similarity in general forms would be all that is required to fit an

electrostatic model to a different attractive potential.
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The calculated repulsion potential wells are deeper than the
electrostatic potential wells by up to an order of magnitude. Thus,
although the electrostatic potential energy of the final lattice
dictates the formation of these mixed crystals, the orientation of
the ammonium ions in the lattice is not governed by the electrostatic
potential. The main reason for this is the large variation of the
repulsion potential with orientation, compared with the small
variation from the electrostatic potential. It may be that the
protons carry all of the charge of the ammonium ion, but this would
make a difference of only 25% in a very small number. However at lower
temperaturesthe contraction of the lattice could favour much deeper
electrostatic potential wells. Alternatively it may be that the
repulsion potentials calculated here are fortuitously in line with the
literature. The radius of a proton, used in the repulsion calculation
(see Appendix III), was estimated; and it may not accurately reflect
the characteristics of a hydrogen atom. It should be noted that the
repulsion potential due to the nitrogen atom in the ammonium ion was
omitted from the calculations. Also that no attempt was made to
estimate the deformation of the pure host lattice about the ammonium
ion. Since the ammonium ion is a defect introduced into the lattice,
the immediate environment about it may be significantly different from
a pure host lattice,

A more serious ommission from these calculations may be the neglect
of hydrogen bond formation. Hydrogen bonding plays a significant role
in many systems, especially those involving the highly electro negative
elements, such as oxygen, nitrogen and chloride. Hydrogen bond strengths

can be quite significant and may approach values similar to the
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repulsion energy barrier (7). Unfortunately no simple, and successful,
formulation for the calculation of hydrogen bond strengths is known.
Piela (1973) has attempted to use ab initio molecular orbital calculations
to obtain estimates of hydrogen bond strengths. For one case in
particular the result is interesting, the bond strength in the

HOH ----Cl ~ complex was ca. 19 Kcal mole”l. If the formation of

such strong bonds were possible in the incorporated salts they would
tend to out-weigh the repulsive forces in the crystal. Hydrogen

bond formation is equivalent to another attractive force in the ‘crystal.
It will have the same general characteristics as the electrostatic
potential. Only the detailed shape of the potential well would

be modified by the nature of hydrogen bonding. The importance of
hydrogen bonding would probably be more apparent in the caesium chloride
type lattices, where alignment of the tetrahedral ammonium ion within
the cube allows the simultaneous formation of four hydrogen bonds.
Recent observations indicate that hydrogen bonding is important in the

ammonium halide salts (7).

2.3.1 Calculations on sodium borohydride

The steric repulsion energy program was used to calculate the
reorientational barriers in the ordered phase of sodium borohydride.
This salt has a tetragonal structure below its A point (see Section IV),
which is only slightly distorted from cubic symmetry. The steric
repulsion program can be very easily applied to such a structure.

Since the electrostatic potential is not expected to have a large

variation, with reorientation, the steric repulsion should be the most
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important factor in determining the ordering and the reorientational
barrier. In the program the whole crystal is ordered, and only the
central borohydride unit is allowed to reorientate; about the
crystalographic axes. (Concerted motions of several borohydride ions
could not be treated).

The results clearly show that the central borohydride ion occupies
an ordered position when in a steric potential minimum. That the
steric potential well is not well represented by a simple sinusoid
shape, and that reorientation about the a or b crystal axes is
slightly more hindered than that about the ¢ axis. The absolute
values of the potential wells was unrealistically high, and probably
stems from the large hydrogen atom radius. (In the borohydride ion the
hydrogen atoms carry negative charge. Their size can be estimated in

a way similar to the method used for the ammonium ion, see Appendix III).



115.

9GL49L "1 = 99%33e] 2dA3 1J®N 203 3Juelsunod Sunjopel

1

#6€0°0 9%€0°0 6%00°0 LTSO°8ST €280°8S1 1260°8ST 66S0°8ST oye“L 1
1650°0 78%0°0 0L00°0 €S€0°691 L€80°691 L£060°691 95%0°691 €98°9 aq
6L90°0 $%650°0 $800°0 19€0°9L1 €S60°9L1 0%01 “9L1 98%0°9L1 06S°9 & qz
6.%0°0 61%0°0 0900 °0 6161 991 8€€T 991 86€T 991 £00Z "991 $€590°¢ 1
%L90°0 8860°0 L800°0 T96L °SLT 69S8°SLT 9€€8°SLT $808°SL1 66S°9 24
8580°0 69L0°0 6010°0 €H9e 981 T61H 981 T0EYy 981 T709¢ “981 6267°9 12 1
o%L0°0 8990°0 2600°0 8191°6.L1 99ZZ"6L1 8SEC 6LT €SL1°6L1 174 M b ¢
9111°0 9.60°0 6£10°0 608T “%61 ¥8L2 961 26T "y61 €107 "%61 % 6°S g
€9.1°0 6€S1°0 $2Z0°0 \ (34 A8 €96 212 L819°C12 LSLYy° 21T T09%°S 1 eN
[ [ [] . - .
%' %€t €°C AIITI8Ya  ATIII 874 TYFIII "8ya2 #3122%1 __UcnoH
U}l uUMOys S¥ %3JUITIO UOY WNTUCUHIE
SumNiod JOo 89du3a18IIFA sites pajexodioouy 180H 3xnd u““““_“““.—
_olou 13} s1atiieg 1wIIUaI0d _atoum g1ed °Y £3aaug 25731397 9TILIS0IIII[Y pelwIndIe) (s ) 397313%] 3180H

1

"ATAT'ITTIII S37d U7 UMOYS SUOTIPIUITIO OFJFoads ay3 103

+ 9973301

9d43 9pTIoTyd wnjpos v Uf palei0diIODU} UOT WNTUCIRNE UB JO [PIIUa30, u 323180139913 paje[nojed ayl

¥¥ 111 21qe%




116.

[9Z9L°1 ST 2an3dona3ys adk3 198D a9yl 203 Juejsuc> Buniapew

S8%°0 1210°8%1 %L6% 891 0E%6 "L Y1 L99S°Y b {
999°0 98G€ *£ST L9Z0°8St 2692°LS1 96Z°Y ag
L28°0 8260 %91 96L8 "%91 9€%6 "€91 1Z1°Y 12 8D
XTII1°8314 TTITALIIIL 874 ?91338]
uuoﬁoa 1293 se pajuatlo ge pajuaiao 180 9dangd ( s ) «
uor mnrd vuumﬂmmmmwcwnuu sxajaweied 3d0133°®]
A8a2ug 90F33IvT 9FIBISOIIOI[T pIajeInoIe) 97131301 ISOH 3ang

UOTIRIUITIOBI O] A9Tiaeyg

XY ITIAIII 8314

UT UMOUS SUOTJIPIUITI0 OFJIJ2ds 943l 203

9973387 9dA) BPTIAOTYO UMTSIBD

® UT pa31wi0odiOOUT UOT UNTUOWDE UB JO [PF3IU30J OT318I80IIOITF PIaIvINOTIEd oYl

TIT 111 °1qul




117,

*I11 xIpuadde uy passnIsyp
a10m stesy up suojoxd inoj uo sarSisus uoysindal 2INTOSQE Y3l 21w pajuasaxd sITnsIx WYY

‘pa337wo ST wWolw UaBoilju Texjuad
oyl 03 anp uoysindax ayl *11I xtpuadde ut uaAF8 axe UOILINOTED STYI UT PISN SUOY Yl JO F¥Ipex AL (x)

oaw pue

1€°1 1€°1 oz’ €L°6 %0°11 92°11 1
L8°1 £€9°1 ye* %0°11 L9°tt 16°21 29
88°1 £9°1 (14 £E 11 96°71 1T°¢t 19 Q
9€°2 $0°T 4 €Tyl 0t “91 19°91 1
8L°C 19°2 e’ $6°S1 9¢ °81 €L°81 ag
€o'e €9°2 oy’ T0°LT €9°61 €0°0Z 10 p |
s 66°Y 8L° €9°2¢ £9°L€E 0% °8¢ 1
L1's L %" €0°8¢ 1€ 9y 97 'Sy ag
$8°01 €v°6 rA A 6L €S z2°'e9 2999 12 N
€1 £'C 1 AIII 8314 ATIII 813 FIFIII 833
. 29733%]
sumnjod jo U} uMOYsS S pPIJUITIO UOT uWNjuomwme 190 sang
.738. 81ed)
20U3x3aJJIQ 29¥iIeyg T¥TIVGIOL (x) £822ug uvoysindayg pelvIndied

A At TTITIII OC u«h uy UMOYS SUOTIVIUDIXO DTITI9dS W) 3103

73573381 °dA3 9pJIO[Yo WNJPOS ® UJ PIILIOAIOOUT (x) UOT WNJUCWDE U 3O THF3Ua30d DTi938 poIe[no[ed oyl AT "I1I 219°1




Table III.v

The calculated steric potential of an ammonium ion(*)

incorporated into a caesium chloride type lattice for the

specific orientations shown in Fig. IIIviii,ix,

Pure Host Calculated Repulsion Energy (*) Barrier to
lattice Kcals mole” reorientation
ammonium ion oriented arm Kcal, mole™}
Fig.IIIviii Fig. IIlix
CsCl 9,0375 7.5888 1.44
Br 8. 3444 6.9776 1.36
1 7.2462 6.0561 1.19

(*) The radii of the ions used here are presented in

Appendix III, and the repulsion energy of the central

nitrogen atom is omitted,

118,
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The calculated steric potential of an ammonium ion (%)

incorporated into a sodium chloride type lattice, for the

specific orientations shown in Figs, IIIvi, vii,

Pure Host Calculated Repulsion Energy(¥*) Potential Barrier
lattice Kcal mole™ Kcal mole™l
ammonium ion as in
Fig. IlIvi Fig.IIIvii
Na Cl 41,57 51,77 10. 20
Br 31,39 38.80 7.41
I 25,69 31.53 5.84
K cl 13,44 16.48 3.04
Br 12,99 15.90 2.9
1 11.35 14,87 3.52
Rb Cl 8.99 10.95 1.97
Br 8.81 10.73 1.91
I 7.73 9.37 1.64

(*) The radii of the ions used in this calculation are given in

Appendix III.
is omitted.

Repulsion due to the central nitrogen atom
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Table III,vii

The Electrostatic and repulsion energies of the
alkali metal halides.

Alkali Electrostatic Energy | Repulsion energy
Halide Kcal mole” > ' Kcal mole”l
Na Cl 205.6 22,5
Br 194.0 20,1
I 179.2 17.0
K Ccl 184.3 20,7
Br 175.8 19.4
I 164.1 17,2
Rb Cl 176.2 19.8
Br 168.4 18.5
I 158.0 17.0
Cs Cl 163.8 17.0
Br 157.2 16.4
I 147.8 14,5

reproduced from Cubicciotti (1959), (1960)
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APPENDIX I

Spherical Harmonics

Spherical Harmonics are a set of functions which can be used

to expand any two dimensional function in polar coordinates. Thus

o 1
( Ay
g(o0,0) =L L Al,mY1,m(°’°)

1=0 m=1
9,0; coordinates
Alm’ coefficients
1l,m; indices
Yl’m(e,ﬁ), spherical harmonic

g(0,0), any arbitary function in
0 and @.

A suitably normalised spherical harmonic is given by

|
Yl m(O,G) = [(21_+’_) ° '('l;-;')' 2 'P‘;(cose)-exP(M)
’ b (1 + m)

(1)
vhere

l";(x). the associated Legendre function.

{
il (-')2
m 2.m/2 &
Pl(x) = () -x")"", ;m . Pl(x)
where
(21)! 1 1(1-1) 1-2
Pl(x) -—l—LZ . {"m'x + }

2".1:

(the legendre function, or
polynomial).
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Two useful properties of spherical harmonics are

* -m
Yl’m(e,ﬁ) =(-1) " . Y '_m(e,ﬂ)

1
*
vhere Y denotes the complex conjugate of Y and

o ]

$ O\ 1
| G(r,0,0) =/ i(Ahr +B
| 1=0 m=-1

wf v 0,0 (111)

The addition theorem for spherical harmonics is (1)

w 1
] "N /4m tl * '
|x - §.| - }_, L 21+) rl_'l"'" Yl. n (e .O').Yl’m(o,m (iv)

120 o= -1

x= (r, 08, @) ref (1) Jackson, J.D.

" "
x'= (r',8',8") Classical Electrodynamics" Wiley
N.Y. (1967).
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APPENDIX I1

Euler Angles

The orientation of any molecule in space requires the :

specification of three angular coordinates. These three angle&
| are the Euler angles (1). Definitions of these angles are not all
| equally useful, and the literature is inconsistent in their
definition, In this study a set of Euler angles imvolving
rotation about each of the cartesian coordinate axes in turn is'
adopted. The definitions correspond to the concepts of yaw, pitch
and roll used in aerodynamics.

The oriéhtation of a molecule in space must be with respect to
some fixed coordinate system representing the orientation of space.
Such an arbitrary set of axes is shown in Fig. IIIix, they are the
right handed set X,Y,Z; this is the space set. Rigidly attached
to the molecule, and with the same origin as X,Y,Z, is another set
of cartesians x,y,z; the body set. The Euler angles will define
the orientation of x,y,z with respect to X,Y,Z., Rotation about
axis x is the Euler angle alpha (o), rotation about y is angle beta (B)
and about the z axis is the angle gamma (y). All of these
rotations are in an anticlockwise sense, when looking down the
positive body axis toward the origin. A series of equations will
be derived which will allow coordinates, originally stated in the
body set, to be expressed in terms of the space set; for any given
set of Euler angles.

The following order of operations is defined. When the two

sets of coordinates are aligned the body set are displaced from the
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The Euler Angles

92

y Rotation a about x,
R(a)

Rotation B about y

R(B)

Rotation y about s

R( y)
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space set by firstly a rotation, gamma, then beta and finally alpha.

Thus

"N

R= nx(a) . ny(a) . Rz(y) (1)
R, displacement operator
Rt(e), operator displacing the body

set by 0 degrees about the ith
axis.

(The operators operate to the right in sequence from the right). Where
the body set is already displaced from the space set the two are

realigned by the inverse operation).

s |
R = Rz(-y) . Ry(-B) . R‘(wu) (11)

wvhere the negative sign means
clockwise rotation.

The operators are simply given in matrix form.(2)

Cos vy -Sin vy 0
R'(-y) = Sin vy Cos vy 0 (111) ,
0 () 1 ’
Cos B 0 Sin B
Ry(-B) = 0 1 0 (iv)
-8in B 0 Cos B
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1 0 0
R (-a) = 0 Cos @ -8in @ (iv)
0 Sin o Cos o
S|
vhich leads immediately to a matrix representation of R ~. However

the matrix only operates on the column matrix of coordinates.

A-l X X
R y = Y (vi)
2 Z

So that eq. (vi) can be written as three equations.

X = (Cos B.Cosy)x + (Sina.SinP.Cosy - Cosa.Siny)y

+ (Cosar.SinP.Cosy + Sina.Siny)z

Y = (Cosp.Siny)x + (Sina.Sinp.Siny + Cosa.Cosy)y

+ (Coser.SinP.Siny - Sina.Cosy)z

2 = (-SinB)x + (Sinw.Cosf)y + (Cosa.Cosf)z (vii)

The equations were used to obtain the space coordinates from the

body coordinates knowing the Euler angles.

ref.

(1) Margenan, H.
"The mathematics of Physics and Chemistry"
Van Nostrand (1943).
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(2) Schutte, C.J.H.

"The wave mechanics of atoms molecules and ions"
Edward Arnold (1968).
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APPENDIX 111

The Programs and manipulation of results

Two computer programs were written to facilitate the
calculation of the electrostatic and steric potential of an ion
incorporated into an alkali metal halide. The mathematical basis
for these two sets of calculations are discussed in the text and'
appendices I and II.

The programs are written in Fortran and were compiled and run
on the Cambridge University computer, an I.B.M. 370/155. The
electrostatic potential program compiles within 3 sec. and uses
between 45 sec. and 28 min. of central processor time for execution.
The more orientations of the incorporated ion, which are required
the longer the program takes. This program uses 100 K bytes of’
storrage. The steric potential program compiles within 3 sec.
and uses between 3 min 53 sec. and 144 min. of central processor time
for execution. The larger number of steps in the steric potential
program makes its execution slower than that of the electrostatic
progranm. This program also uses 100 K bytes of store.
Acknovledgements are due to the computing staff of U.K.A.E.A, Harwell
for permission to use their Legendre function generating sub routine,
PNM,

The electrostatic potential of an fon in a bimary crystal cap

alvays be expressed in the form (2)

U= o.z2'q.27q . (1)
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U, electroatatic potential of
the ion.

@, a constant characteristic of
the lattice, the Madelung
constant.

z+§, the charge on the positive ion.

2 q, the charge on the negative ion.

1, a characteristic length of the
crystal,

For the alkali metal halides this can be expressed as

U=2¢a .qtq- (1)
a
q, electronic charge

a, the unit cell parameter

tt ez e

The Madelung constant for the case of sodium chloride lattice type
18 1.74756 (2). The charge on the ions is 4.803 x 10" Franklin
(absolute e.s.u.) and the nearest neighbour distance, for sodium
chloride itself is 2.7301 x 10" %cm. This gives a calculated
electrostatic lattice energy from eq. (ii) of 212.47 Kcal mole‘l.
The incorporated ammonium ion is polyatomic and the simple Madelung
constant can no longer be used. The electrostatic program
calculates that part of the modified Medelung constant due to the
four protons. This is substituted into eq. (ii) and used along
with the fractional charge carried by each proton. (The value used

was, 0.2 of the electronic charge (3)). Such a calculation omits

the extra electrostatic emergy gained by the presence of the central,
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charged nitrogen atom. Since this atom is on a lattice point the
simple Madelung constant is used, along with the fractional charge
carried by the nitrogen, in eq. (ii). When the results are added
this gives a value very close to the electrostatic energy of the
pure host lattice. The discrepancies between the two are caused
by the ammonium ions orientation in the lattice. !
The steric repulsion energy program requires more than the '
fundamental constants which were used in the electrostatic
calculations. Each type of ion has associated with it a
characteristic radius which can be used to calculate the repulsion
energy using eq. (2.2i). These are Huggins basic radii and several
compilations of them are known (2, 1). Such radii are not strictly
applicable to these calculations, since they were obtained from the
pure salts. However they should provide good relative values for
the repulsion energies. The list of basic radii given by Tosi (1964)
were used for the alkali metal halide ions (see Table IIIviii). The
basic radius of the ammonium ion protons was calculated, after
Waddington (1971). The crystallographic data of the ordered
sammonium halides was used with the known nitrogen-hydrogen bond length
in the ammonium, 1.03% (3). The ionic radius of the halides in
these salts wvas taken from Tosi (1963). A contact radius was thus
obtained, this was taken to be the ionic radius of the protons.
Assuming & linear relationship between the ionic and basic radii a
basic radius for the proton was interpolated from known data. (This
radius is also given ;n Table IIIviii). The value of B, used in.

12

eq. (2.2(1)), was 0.338 x 10 “ erg molecule™}. The repulsion energy
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The basic radii of the ions used in the repulsion

Ion

Rb

Cl

Br

energy calculation progr

Basic

radius, '}

1.170

1.46
1,58
1.58

3
7
3

1.716

1.90

0.57

7

ref. Tosi (1964)



of the central nitrogen atom was omitted.
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C THIS PROGRAM IS INTCNDFED T NLVLPUINE THE POTENTIAL SURFACF SEFN BY
C A MULECUL AR UM ROTATING WITHIN AN TOUNIC CRYSTAL

[

THE PPOGRAM ASSUMES
12 POINT CHARGFS AND MASSES

v 2: UNHINDEREG ROTATIUN ON ALL AXIES
3: FIXEN CENTER UF MASS

THE PROGRAM USFS FULER ANGLES TO OETERMINF THE GEGMETRY OF THE ION
WITHIN THE CRYSTAL, THUS GRFAT CARE MUSY RE TAKEN IN ENTERING THE
INITIAL POSITIONS OF ATOMS,
IMPLICIT REAL®8(A-H,0~-21)
COvMON VPT
NIMENSTON VPT(37,37)
KEWIND 7
c SET UP THE B~H BOND ANGLES.
RCAD(5,10) R
1C FORMAT(F8.4)
P.EADIS,40) DH]ITHF o8H1 THI
READ(S,40) HH2THE , BH2THI
- READ{S ¢47:) BHITHF ,BH3THI
READ(S5,40) RHATHE ;BH6THI
40 FORMAT (2F8.4)
W TEI64170)
170 FORMAT(LOXe® POLAR COORDINATES OF THE PROTONS *,//
KolSXe®' THETA 48Xy THI /)
WRITF(60160) BH1THE ;HAHLTHI ¢BH2THE o BH2THI y BH3ITHE,, BHITHI
Xy BH4GTHE » BHATHI
16C FORMAT(4(14K, FO.QQ’X.FO.Q.I"
: WRITEL6,165) R
165 FORMAT {15Xo® RADIUS ®o2XsFb.4y /)

C
C
c
c
C
C
c
C
C

C SET UP THE INITIAL ANGLE VALUES FOR
c ALPHA
Cc BETA .
C GAMMA
ALPHA = 0,C
AETA = 0,0
GAMMA=0.0

20 VPTSUM=(0,0
CrLL DOLARlBHltHS.aNltul.ALPMA.BETA.GAMHA THETA,THI,R)
Ve TSUMSYPTSHMOVPTR(THETA,THIGR)
CALL POLAR(IARH2THE oBH2THI ALPHAOBETAGAMMA, THETA»THI4R)
VP T SUMaVPT SUMSVPTR(THF TA, THI4R)
CALL POLAR(AHATHL ¢ HMITHI ¢ ALPHABET Ao GAMMA ,THETA,THI,R)
VPTSUMaYPTSUMSVPTRE THETA, THI 4R)
CALL POLARIBHATHE (BHGTHI ) ALPHAOBET Ry GAMMA, THETA, THT,R)
VP TSUMYP T SUVSVPTR ( THE TA o THI o R)
I = IFIXISNGLIBETA)Y 7 5 ¢ 1
J = IFIXCSNGLEALPHAY) /% ¢ |
VPT(T,J) = VPTSUM
ALPHAs ALPHE ¢ 5,0
IF(ALPHA.LT,.182,0) GN YO 20
ALPHA = 0,0
IF(BETACGT c35.2.ANDRFTA.LT.35.4)6ETA=35,0
BETA = ACTA ¢ 5,0
IFIRCTACGT 03609, ANDRETALL T, 35,1 )18ETA=35,27S
IF(AFTA.LT, 182,00 GO YO 20
CALL PRNY{GAMMA,RY
STNHP
END
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SURARCUTINE PULAR(AHT DHTHGALPH BF T oGAWM, THE TA y THI oR) |
THYOLICIT RFAL *(A-H,0-2)

THIS SUBCUTINF WORKS OQUT THE ANGLES THETA AND THI FOP THE SPICIFI
BWORD PUOSITION USING CARTESTAN CO-ORDINATES THFN POLAR CG-1IRDINATES
COMVFRT RH BOND ANGLES TO RADIANS.

RHTHE=BHT®] ,745D~2

AHNTHI=RHTH#®1,T745D=2

CALCULATE THE INDEPENDAT CO-ORDINATES .

X{a P & DHSIN(BHTHE) * DCOS(BHTHI)
Yi= # & DSIN(BHYHE) * DSIN(BHTHI)
Zl= R * DCOSIBHTHE)

CONVFRT THF SPACE ANGLES IN TO RADIANS.
ALPHA=SALPH2]1,.745D-2

BETAsBET*1,.T745D-2

GAMMA=GAMM®] ,T45D~2

CALCULATE THE OEPENDANT CO-OROINATES X,V, 2

X1=DCOS(RETA)*DCOS{GAMMA)

Vi2NSINCALPHAD*DSINIBETA)*NCOSIGAMMA) DCOS(ALPHAD®DSINIGAMMA)
Z1=DCOSCALPHAI=DSIN(BLTA) #DCOS (GAMMA) & DS INCALPHAD*DSINIGAYMA)
X=X1*XI ¢Y1sY] #l1¢2]

X2=DCOS(BETA}SDSINIGAMMA)

Y2=NSTNLALPHAI®NS INIBET AN DS IN(GAMMA) + DCOSIALPHA) 2DCOSIGAMMA)
12=0COSCALPHA) SDSINIBETA)*DSIN(GAMMA)Y OS INCALPHA)2DCOS{GAMMA)
Y=X2%X1 ov22Y] 422%21

X3= - NSINIBETA)

Y3= DSIN(ALPHA)®DCOS(BETA)

23= OCOSCALPHA)*NCOS(BETA)

I=X3eX]1 +Y¥32Y] #23%71 .

TALCULATE THE POLAR CO-ORDINATES THETA THI
A Gl = 2 / R

AW2=Y/X
ARG1=DABS(ARGL)
ARG2=NANS ( ARG2)
THETA=DARCOS (ARGL)
THI=DATAN(ARG2)
CONVERT THFTA AND TH! INYN DEGREES.
THETASTHETA/ZL L T45N~2
THI=THI/1 . T45N-2
IFLY.LT.:eC) GO TO 10C
G0 TD 400

1F{X.LT.0.0) GO YO 200
60 7O 34¢
THI=TH1¢180.00

GO TN 600
THI=360.,00-THI
GO T 600 ~
IF(X.LT,).0) GO YO SO0
GO TN 400

THI =180, 20=-THI
CINTINUE

IF{2.LY.0.0) GO YD 700
GO TO RNO
THETA=130,0-THETA
CUNTINUE

CONTINUE
RETURN
FND
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FUNCTIUN VPTRUTHETA,THE,R)
TMPLIC LY REALOA{A=H,0-1)
Pl=3.14159
SEY U THE CCNSTANTS S0,54,54,58,S10
VPTR=9 .0
‘Sha=1,76267
S4x¢4,562 SDSORT((4,.0%P1)/9,0)
S62=1,572 *DSORT((%.,C*P1)/13.0)
S8z2-0, 3063 *DSQRT({4,0%P1)/17.0)
S1020.0
20 CONTINUE
CALCULATF Y4 TERM
YSM4=0.0
N=4
Ma4
1 YSM4zYSVGeVLMITHETA , THI Ny M)
2 YSMA=YSMOSYLMITHETATHI 4Ny M)
M2
3 Y4r(5.0/14.0)2%0,5¢VSML4YLMITHETA,THI oNyM)
CALCULATE Y6 TERM
YSM6=0,0
N=6
Ms4 )
6 YSM63YSM6EVLMLTHE TA s THI ¢N M)
5 YSMEaYSMESYLM{THETA,THI¢NyM)
V=0
6 Yom={7:0/2,0)1%40,58YSM6+YLM{ THETA, THTI yNoM)
CALCULATE THE FIRST PART OF THE V8 TCRM
YS481=20,0
N=8
M=§
T YSMBIaYSMAL VL M(THE TA o THI 4Ny M)
8 YSM8IaYSMBTOYLMITHETA,THIyNyM)
CALCULATE THE SECOND PART OF THE Y8 TERM
YSM8J=0,.0
Ma¢
9 YSHRJEYSMBJIe YL MU THE TA o THT ¢ NoM)
11 YSMBJI=YSMSJeYLU(THETA, THI JNoM)
CALCULATE THE FINAL Y8 TERM
M=0
12 YR=(5.0/3,0)7(13,0/110,0)2+0,56YSMBI+
1 11.0/3.0)%014.0/11,0)¢20,50YSMBJ¢YLMITHFETA , THI yNoM)
CALCULATE THE FRST PART OF THF Y10 TERM
YS4101=0.0
N=10
M=g
13 YSM10IaYSMI0T¢YLMITHCTA THI yN,y M)
16 YSPLCIaYSMLIO JeVLMITHETATHI Ny M)
. CALCULATE THF SFCOND PAT OF THE Y10 TERM
. YSM10J=0.0
N34
16 YSMINJ2aYSMI0J+YLMI THE TA o THE yNoM)
17 YSM10JaYSMIOJ¢YLVE(THETA,THI N,M)
CALCULATE THE FINAL Y10 TERM
Ma 0
18 Y10a={187,0/130.5 )0, S3YSMIN |-
1} 60”8 010a" /397 O )8 KAYSMIGISYLMITHETA THT Ny M)
CALCULATC THME FINAL TERM VPTR
100 VPTR = SO ¢ S43REM48YL & SO3RGFGEVE ¢ SAsHE*BEYR ¢ SLO¥RS%10¢YL0
2ETURN
END
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FUNCTICN VYLMITHFTA,THI ¢N,¥)
FUNCT 1NN CAICULATES SPEF ICALL HARMONIC YL I THFYA,THI))
FOAR FIXEN VALUES OF THETA & THI WHFRF L=( AND USES THE R.H.E.L.
FUNCTION PN” FOR CALCULATING ASSOCIATED LEGENDRE PCLYNUOMIAL.
IMPLICIT RLAL2B{A=H,N=-1)
- M= THE ORDER ARD 4 = THE DCGREE HTHFT= THE BOND ANGLE AND
THI THE ROTATIONAL ANGLE
PI=3,1415%9
XTHETA=DCOS(THETA®1,7450~2)
K=N-M
JaNsM
K AND J ARE THE ARGUMENTS OF THE FACTORIAL FUNCTION NFACT
AsDFLOAT(2eN*1)/(4.,0%P])
B=FACT(K)/FACTLY)
YLMaDNSQRT (A3 ) *PNM{ XTHETA g N TER)SCSTHIM(M, TH])
CONTVINUE
RETURN
END

FUNCTION CSTHIM{M, THI)
IMPLICIT REAL®*S(A-H,0-1)
THIV2THI%1,7450~2%DFLOAT(M)
CSTHIM=DCOS{THIM)

RETURN

END

FUNCTION FACTIN)
{MPLICIT REAL*8(A=Ho0-2)
A=DFLOAT(N)

FAC'.l .o L]

IF (A.GT.0.M") GO TO 10
RFTURN

FACT=FACT®A

A=A-]1,0

1FLA.GT.0,0) GO YO 10
RETURN

END
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c FUNCTIDN PAV
FUNCTICN PNM(XyNyM, TIER)
[MPLICIT RCAL®*R (A~=H,0=-2)

C
C
C WHERF »#=0, ()2 ANY POSITIVE NUMBLR, M=ABS (M) IS USED.
Cc .70 CALCULATE LEGENDRF POLYNDMIAL OF NRNDER N & DFGREE M,
c FOR COS(THFTA)=X,. ICR IS FRROR FLAG,
C AT FIRST PMM ( M TH ORDLR £ M TH DEGREF) IS EVALUATED FROM
C RECURSION KFLATION
(o PUNeM) = PIN=2,P)¢(2¢N=])2P(N=1,M-1)*SINI(THETA)
C PIN,M)=0, IF N IS LESS THAN M,
Cc PNV IS THEN NBTAINED FenNw A SECOND RFCURSION RELATION
| C FNM = ((2*N=L)2X2P (N=1yM) = (NeM=]1)*P{N=-2,M))/(N-M) .
| c . :
, C REF ¢ SPECIAL FUNCTIONS o¢ oo BY WoW.RELL (VAN NOSTRAND, 1968)
C
C
TER=0 _
IF( M LT, 0) M=-p
IFIN.LT.0.0R.M,GT.N) GO TO 180
IF{X*X,GT.1.C) GO TO 150
Phius1, 0
IF{M.,GT.0) GO TO 10
IF(N.EQ.T) GO TO 100
PNM=X
IFIN.EQ.1) GO TO 100 .
NL=2
PH!GH- 1.0
C GO 70 30
10 SINE= DSQRT( 1.0 - Xx=X)
DO 20 K=}l ,M
PNMa DFLODATIK¢K=1)»SINE*PNM
20t CONTINUE
IF{N.,FQ.M} GO TO 100
PHIGH=0,0
NL=Me1
C .
30 CUNTINUE
XM=DFLOAT{M)
DO 50 L=NLyN
XNsDFLOAT{L)
PLOW=PHIGH
PHIGH=PNM
PNM= ([XN¢XN=-1,0)&XEPHIGH = (XN#XM=1,0)2PLOW)/ (XN=XM)
50 CUNTINUE
100 RETUPN
c .
150 CONTINUE :
1ER=]
PRINT 160

160 FORMATL /7 ° COS(THETA) FNR LEGENDRE POLYNOMIAL EXCEEDS UNITY AND
LTHERFFURE ICR SET TOQ ONE & PNM TN ZERD, * /7 )

180 PN'4=0,0
RETURN
END
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SUKRRUTINE PUNT({GAMMA,R)
IVPLICIT RCALAI(A-H,0-21)
CNMMBN ZPREN/ YPY
NIUENSTON VPTU37,37)

WRITI {6,10) Ry GAMaA
10 FORUAT (010 ,35X, 9 TABLF OF VPT ENFRGIES FOR'/13X,'R = % ,FB.4/
19Xy *CAMMA= ¢, F6,2) .
WRITE(&,20)

20 FNRMAT (/72X ¢ *BETAY 355X, *ALPHA /)
WRITEL6430)

30 FNRMAT(L14X3%0,00%36Xe"5.00'95Xe%20.00"45X9°15,00%,5%X4?20.00%,5X,
1025,00%,5X,

230,700 5% 4035, 000 65X 040,70 45X ?45,00%,5X,°50.00%¢5X,*55,00")
BETA=z Q.0
DO S50 I=1,37
WRITF(6940) RETALIVPTIIvJ)eJx1,12)
IF(HETA.EQ.35,28)BETA=35,0
RFTA = BETA + 5,0
IF(RETA.EQ.35,0)BETA=35,298
40 FORMAT (L1XsF6.2,5%y120FB8.5,2X))
¢ CCNTINUE
WRITE(6.10) R,GAMMA
4RITF{6e20)
WRITFL6460)

60 FORMAT(12X4°60.00%35Xs%65,00° 35X¢*70,00°,5%Xs?75.00%,5Xs*80.00°,5X,
198500 45X 9990009 95X9 995,000 ¢4Xe? [1C7a0G%9bXe?1C5,CI%94Xs?110.007,
26X9°115.00°)

BETA = 0,0
DO 77 1=21,37
WRITE(6940) RETALIVPTII ¢J) o J0=13,24)
IFIBFTA.LQ.35.2B)BETA=35,0
BETA = BETA + 5,0
70 CNTINUE
WRITEC(A,10) P,GAMMA
WRITF(6,20)
WRITF{6,80) .

80 FORMATIL2X9'12000044X3"125,000 34X5'130.00"34X°135.00°,4X,

1'140,0044%Xe '165.00%,4X,°150,00%44Xs°155.,00¢,
21 R0116N,0C? 46X9°165,02%94X9"170.,00%94Xy*175.00°)
fETA = 0,0
DO 90 1=1,37
WRITE(6,40) BETALIVPTIT,J),J=25,36)
IF(BETA.EV .15, 28)RETA=35,0
AFTA = BETA ¢ 5,0
JFIBFTALEQ.35.C)HETA=35,28
90 CONTINUE
WRITE(6,10C)
100 FNRMAT( /460X | Pt T'TITY T T RESERESS LT E 0 1T L R L |
WRITFI6,110)
110 FORMAT (/30Xe 'TABLE OF VALUES FOR VYPT, ALPHA=180,04BETA=0.0 ~180.0
1%/}
WRITF{ 6, 120)

120 FORMAT (20X o* ALPHA® 36X, *BETAY)
WRITE(60130)
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130 FORMAT (31X o' 060D 46Xo 107 ¢8X g 15,979 ,5X, 920, "1 ,5X,125.,00% 45X,
1932.00%:6X,°35,00° ¢5X4%40.00")
ALPHA=12N,0
J=37
WRITFI{6014C) ALPHA, (VPT([sJ)e131,9)

140 FORMAT (20X sF6a294X910(F8.592X))
WRITFL6,150)

1572 FORMAT (30X 9?45 LN 45X ?50 o009 95X ?55,00% 95Xy '6C00°%95X4?65.00"y5X,
1°70.00%,5X,°75.00° 45X, *80.00°»5X,*85,00°)
WRITE(64160) ALPHA, (VPT(1,J),1=10,18)

wPITFL6,160)

160 FNRMAT (/30Xy 780,007 45X 795.00% 44Xy '100.00°%,4X,°105.00%,4X,'110,00°¢
Lo@Xy?L15.00%,4%,°120.70%,4X9"125.,C0%4X,°130,0N°)

WRITF(60140) ALPHAL(VPT(l,J)1=19,27)
WRITF(6,170)

172 FORMAT (/729X 9135,000 94X 142.00%,4Xe%145.00%4Xs?15N,00°%94X,
17155.00°% 94X *160.00% 04X, 165.00° 94Xy 170.00°94Xs"175.00" 94X,
2'180.0G)

WRITE(69140) ALPHAL(VPT(I,J) 1=28,36)
RETURN
£ND
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IMPLICIY REAL®A{A=-H,0-27)

CNMMIY JPEPL/ XoYolsAD,LUCA,UCH,UCC

LAMMEN ZREP2/ HFACHNIONS

CCHN¥CN /PFLP/ VRID

DIMENSION XU 20,50).Y{20450)+2(20450),RAD(20),NFACH{20])
DIMENS IUN VRFP(37,37)

THIS PROGRAM 1S INTENDED TO CALCULATE THE TOTAL REPULSION
OF A MOLLCULE IN ITS DIFFERENT ORIENTATIOAS IN A HOST
LATTICE.

AMY GUFST MOLECULE GEOMETRY DOF FOUR PROTONS CAN BE USED.

fINLY HOST LATTICES OF CUBIC SYMMETRY CAN BE TREATED.

READ IN SAMPLF ION DATA

NIONS = THF NUMBER OF ODIFFERENT TYPES OF ICNS PRESENT IN THE UNIT CEL
NFACH(I) = THE NUMBER OF TYPE I IONS PRESENT

RAD(I) = THE BASIC RADIUS OF THE TYPE I ION

READ{S5+1C) NIONS
READ{S5 410 INFACH(T) 1=1,NIONS)
READPIS15) (RAD(1)s I=]1,NIONS)

READ TN THE LATTICE CO-ORDINATES OF THE SAMPLE IONS

D0 20 1=1,NIONS

N=NEACH(1)

READIS 2250 (X U130V eY(T0d)921(140)yJ=1 N}
20 CONTINUE

READ IN THE CFNTRAL ATOM CO-ORNINATES AND THE BASIC RADIUS
QF THE PROTON,

RFAD(S5+30) BRX,AY,8Z,PRAD
RFAT(S5+40) BHITHE,BHLTHI
READ(S g4t ) BH2THE, BH2THI
TEAD(S y40) RU3THE AH3THI
REAN(S940) RAHATHE, BH4&THI
4 FORVAT(2FB8.4)
REAN{5,45) R
45 FNRMAT (F6,.4)

READ IN THE UNIT CELL DIMENSIONS
READ(5,35) UCA,UCR,UCC

WRITE QUT UNIT CELL INFORMATIONG

WRITF(64100)
156 FORMAT(®1°,10X,*BASIC UNIT CCLL INFQOOMATION'/
110Xo PTON TYPF®3X e *NUMBER® 33X, "RANDIUS? 43Xy *COORNDINATES®/
23X ' X g TX YV, TXe020)
N0 110 1 =1,NIONS
N=NFACH{ T}
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WRPITHIG,130) ToNeRADIEI U XtToJ)eY T oJ)sZUT4J)oeJd=1,4N)
137 FORMAT(12X 91 396Xs 1306 XeFh,49 31 8.4/ (30Xy3FR.41))
110 CONTINUF
WRITF(20140) RBXy1Y,47,PRAD
140 FORVAT{//,10X,* CENIRAL ATOM CO-CRDINATE °,3(2X,Fb.4)/
110Xe ' PRUTI:N RASIC PARIUS ' y5X,Fb6.477)
WRITF(6,150) UCA,UCBR,UCC
150 FIRMATILIOXy A= yF8e6/10X, 32" yFRL/10X,'C=?,FBe4)
WRITE(64170)

17¢ FORMAT (12 X,* POLAR CNORDINATES OF THE PRCTCNS ',//

XelOXe? THETA V,EX,? THI ',/7)
WRITEL &9 160) BHITHE,OHITHIZBH2THE »BH2THI BH3THE BH3THI
XeRHA4THE ¢ RH4THY
160 FIIMAT(L (14X oFBo%ySXyFBa%y/))
WRITE(S,165) R
165 FORMAT(1S5X ' QADIUS " y2XoFbes/)

SET UP THF INITIAL ANGLE VALUES FOR ALPHA , BETA , AND GAMMA,

ALPHA=0.0
BETA = 0.0
GAMMA=0.0
SUMREP= 0.0
50 SPEPEN = 0,0
CALL POLAVZ2(BHITHEBH1THI JALPMA,BETA,GAMMA ,BXyBY,8ZsRyPX,PY,PZ)
CALL REPULS(PX¢PYoPZyPRAD,SUMREP,R)
SREPEN =SREPEM + SUMREP
CALL POLAR2IRH2THE¢BH2THIyALPHAZBETAyGAMMA 4BXsBYyBZ RyPX,PYyPZ)
CALL REPULS(PX,PY,P24PPADySUMREP,R)
SREPFN = SRFPFN ¢ SUMREP
CALL POLAR2(RH3ITHE s BHATHI g ALPHABETAGAMMA ;BEXsBYBZsRsPX4PY,PZ)
CALL REPULS(PXyPY,PZyPRAD,SUMREP,R)
SREPFN = SPEPEN + SUMREP
CALL POLAP2IBH4THF s YH4THI g ALPHABETA, GAMMA,BXeBYyBZyRyPXyPY,PZ)
CALL REPULS(PX,PY,PZ,PRAD,SUMPEP4R)
SREPEN = SREPEN + SUMREP
I = IDINTI(BLTA) /5 + |
4 =I0INT(ALPHA}/S +)
VRFP(1,J)=SREPEN
IF(1.FQel «ARDJEQ.1) GO TO 60
G TO 70
6U WRITE(6046)° SREPEN
46 FORMAT( * FIRST ELEMENT *,ELl4.6)
70 CONTINUE
ALPHA = ALPHA ¢ 5.0
IF(ALPHA.LE.180.2) GO TO 50
ALPHA = 0,0
IFIRFTAMCGT «35e2ANDBFETALLT.35.4)8ETA=35,00
BETA = RFTA ¢ §5.0
IFIBFTALLT ¢34,9.ANDBCTALT.35.1)BETA=35, 275
IFIRETALLE.Y. +~)GO TO 5C !
CALL PRNTIGAVMA4R)
STaP
17 FORMAT(2(13)
15 FUORMAT{10F6.4)
25 FORMAT {12F6.4)
37 FORMAT (40he%)
A5 FORMATI3FR.4)

END
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SURROUTTLE REPULS (PX,PY,PZ,PRAD,SUMRFEP,R)

SIMPLICIT PRAL®*8(A-H,0-~-Z)

LOvvnYy JUTEF1/ XeYs2oRANLUCALUCR,UCC

COMMAN /RFP2/NEACH ,NICNS

NDIMENS TN X(20450),Y(20,50)42(20,50) ,RANL20) 4NFACH{ 20}
SUBRCGUTINE TO CALCULATE THL TOTAL REPULSIGN NF THE UNIT-CULL
AGAINST A PEFINFD PRNTON,

THE SHUMMATINN IS CARRIED OUT IN PARTS WITH NUMBER OF PARTS BEING
EQUAL TN THF NUMBRFR OF NIFFERENT IONS.

THF IDEAS WERFE SIMPLIFIED AND DEVFLOPED FRCM DON JENKINS
REPULSION ENERGY PRCGRAM

SET UP THE CONSTANTS REQUIRED FOP A CUBIC UNIT CELL.

RHO= 0,345
B=1.0
AA=UCA%RPYX
BB=UCB*PY
CC=UCC=*PZ
SUMREP = 0.0

BEGIN INITIAL LOOP GF CALCULATION.

ND 15 I=1,NIONS
N =NEACHILI)
SUMR =0,0

DO 17 J=1,N

BEGIN THF LOOP TO CALCULATE THE REPULSION ENFRGY OF THE REFERENCE
PRUTUN AGAINST THE TARGET ION.

Su“=0,.0

DO 20 LH=1,5

LHI=LH=-3

FLAGD=0.0

DDI=X(J,J)+LHI
IFINP1aGT0a0.%49.AND.DOD1.LT,0,51)FLAGD=1.0
DO=UCA*0D]

{9 20 LK=1,5

~Ki=LK-3

FLAGE=0.0

EEL1=Y{1.J)+LKI

lF(EFl .GT.O.’O‘).AND.FEI.LT.O.SI'FLAGE'—'I-O
EE=EF1*UCB

DO 20 LL=1,5

LLI=LL-3

FLAGF=0.0

FF1=Z{1,J4)+LLT

TFIFFLl oGT e0.49.ANDFFLl.LT.0.51)FLAGF=1.0
FF=FF1 #UCC

FLAGS=FLAGF+FLAGF¢+FLAGD

IFIFLAGS aGT o209 . ANDFLAGSALT.3.1)G0 TO 2¢

CALCULATF THE PERPENDICULAR DISTANCE S.
S=DSORT* [AA-DD)%82+ (AR-FL) *%2 4+ (CC~FF) #%2)

SRH(O=S/<HD
TF{SRHO.GT,.172.0)06G0 TQ 20

3 CONTINUE
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SUM FOR THL RFCIPRECAL SPACE,

*SUM=SUM+IF XP (-SPHO)
20 CONTIMNUE

SUM FOR ail LIKE IONS IN THE UMIT=-CELL AND MULTIPLY BY THE BASIC
FRADDI

SUMR=SUMR + BRDEXP((RAD(I)+PRAD]/RHO) =*SUM
17 COMTINUE

SUM FOR ALL ICNS IN THF UNIT-CELL TO GIVE TOTAL REPULSION.

SUMRFP =SUMREP + SUMR
15 CONTINUE

RETURN

END
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SURPIWYT [N PFLAP?(“HTH.UHT.KLDH,BET.GA”"vFYpBYoBZ’p9vaPV'pZ'
IMOLICIT REAL*B(A-H,0-7)

TJHIS SUSFNUTINE WEAKS OUT THE CARTESTAM CO-NRDINATFS X,Ye2Z FOR THE
PASITICN OF THE PRNTON (N THE SURFACF OF THF SPHFRF. THE SUBROUTINE
[S A MCDIFY VERSION OF POLAR USED IN THF ELECTRAOSTATIC PROGRAM,.

BHTHE=BHTH%],7450-2
BHTHI=BHT*1,T745D-2
CALCULATF THE [INDEPENDAY CO-ORDINATES

CONTINUE

Xi= R = DSINIBHTHF) * CCOS(BHTHI)
YI= R * DSIN(RHTHF) * DSIN(BHTHI)
II= R % DCOS(KRHTHE)

CONVERT THE SPACE ANGLES IN TD RADIANS.

CUNTINUE - - -
ALPHA=ALPH*1.745D-2

BETA=BET*1.7450-2

GAMMA=GAMME] , T450N-2

CALCULATE THE DEPENCANT CD-ORDINATES X,Y, 2

COANTINUE ¢
X1=NCOS(FTA)SDCNS{GAMMA)
Y1=03IN(ALPHA)*DS IM{3ETA)*NCOS({GAMMA)
21=0CAS{ALPHA)*DSTN(RETA)*DCOS { GAMMA)
X=X1%:XI +Y1%YD #Z1%21

DCOSCALPHA) *DSIN(GAMMA)
DS IN{ALPHA) #DSIN{GAMMA)

*

X2=DCOS(BETAY*NSIN(GAMMA)
Y2=DSIN{ALPHA) NS INIBETA) *DSIN{GAMMA)
22=DCNS(ALPHA)=DSIN(BFTA)*DSIN(GAMMA)
Y=X2*X1 +Y2*Y[ #Z22%21

+

DCOSCALPHA)=DCOSIGAMMA)
DS INCALPHA)#DCOS (GAMMA)

X3= - DSIN(BFTA)

Y3= DSINCALPHA)*DCOS{RETA)
3= DCOSCALPHA) *DCOS(BETA)
£=X3%X1 +Y3%Y] +23%7]

CALCULATE THE PROTON LATTICE CO-ORDINATES.

PX = BX + X
PY = BY + Y
PZ = BZ + 1
RETURN

END
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5 CHAPTER IV

THE ALKALI METAL BOROHYDRIDE SALTS

In an ionic crystal therelis a balance between the steric,
repulsive, and electrostatic, attractive forces, These must
influence the environment of every ion. These potential surfaces
may be studied through the dynamics of a probe embedded within the
crystal. The greater the symmetry of the lattice and the ion, used
Q; a probe, the-élmpler éﬁe p;oblém ofh@nalyéis wiil b;comé. Tﬁé_

regular nature of the alkalic metal borohydride lattices, and the high
symmetry of the borohydride ion, make them an ideal case for
investigation, Their simplicity enables them to be treated by the
models previously proposed; yet the symmetry of the borohydride ion-

is sufficiently non'spherical to be influenced by the potential surfaces
within the crystal. This study should be directly complimentary'to
the study of ammonium ions incorporated in several alkali metal halide
lattices (see Section VI).

The alkali metal borohydrides have also been studied by other
investigators. Their work, which was confined to heat capacity,
crystal diffraction, and infrared measurements, is summarised as a
preliminary to this study. Following this the experimental methods
of preparing the salts used are described, together with the
experiments which were conducted on them, Finally the results are

presented and discussed.
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1, Previous Studies.

1.1 Because the borohydrides are isoelectronic with the
ammonium halides, several heat capacity studies covering the whole
series of salts, typically from 15° to 300°K, have been made
(see Table IVi). In all the salts, except the lithium (11), a A
point (variously called; a gradual, continuous, smeared, rotational,
second-order, and ammonium chloride type tramnsition) occurs below
room temperature, Tﬁis fype ofpiranaifion_wag fifat observed iﬁ tﬁe
borohydrides by Johnston (1953), in the sodium salt. Stockmayer
(1953) interpreted the transition in terms of the ordering of the
borohvdride tetrahedra in the two equivalent sites. The entropy
change measured at the A point by Johnston was partially explained
by a crxstal lattice change, occuring at the ) point, (observed by
Abrahams (1954) see later), However the excess entropy change, c.a.
1.2 cal deg-lmolg-1(36), is sufficiently close to Rln 2, (the
predicted entropy change in this type of order-disorder transition
is, Rln 2 - 1,38 cal deg-lmole_l) considering the experimental
difficulties, to warrant the assignment of the )\ point to an
order-disorder transition. The Stocﬁmayer model for the ordered,
low temperature, phase of sodium borohydride is shown in Fig, IVi
(measurements in the infrared have confirmed this structure, see
later). Measurements on the heat capacity curve below the ;
point enabled Stockmayer to predict the fundamental librational mode

at about 350cm”l

» for the ordered phase,
The heat capacity measurements in the region 15 to 100°K were
fitted to an Eistein model, of lattice specific heats, the

characteristic temperature, Th, was found to be 500°K. This is
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Table IVi,

Transition temperatures of the alkali metal borohydrides

transition temperature references.
ox :
LiBH, - Hallet (1953)
NaBH, | " 190 Abrahams (1954)
189.9 Johnston (1953)
KBH4 76 Steppenson (1955)
77.16 Furekawa (1964)
RbBHa 44 Stephenson (1955)
- CaBH4 27 Stephenson (1955)
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equivalent to an Eistein oscillator frequency of about 350cm'1.

Provided that the librational motion of the borohydride is the major
contributing factor to the lattice specific heat this oscillator
frequency can be equated with the fundamental libratory frequency,

The A point transitions observed by Stevenson (1955) for the
remaining borohydrides were interpreted by him in an exactly analogous
manner, Infrared studies, discussed below, indicate that the
boroh}drides of the heaviér ;lkaii met;I;'reégln thei£ crystal
structure below the A point, remaining cubic. | '

More recently Smith (1974) has attempted to fit a more refined
heat capacity model to the observed data for the sodium and potas‘sium
borohydrides, The hindered rotational le vels of the ion in its
en#ironment were computed and could be fitted to the observed heat
capacity data, In the case of the sodium salt a good fit to all the
data points was obtained, and this gave an estimated libratiomal
frequency of ZloOcm'1 (high temperature phase). In the case of the
potassium salt the fit to-available data was less good; the estimated

librational frequency was 244cm, -

1.2 At room temperature all the alkali metal borohydride
salts, except for the lithium salt, have a simple rock salt lattice.
Sodate (1947) first showed that sodium borohydride conformed to this
structure, but was unable to locate the protons. Abrahams (1954)
confirmed the early result and extended it to the remainder of the
series. As could be expected the cell parameter increases with
increasing cationic size (see Table IVii). Abrahams was unable

to refine any proton positions from his studies at room temperature,
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Unit Cell Parameters of alkali metal borohydrides

Unit cell dimensions temperature . references
type 4 %k
a 6.81
LiBH, | Orthorhombic b 4.43 Harris (1947)
c 7.17
NaBH4 Cubic a 6,.1635 298 Abrahams (1954 )
] a 6.157- - 293 Ford (1954)
l .
tetragonal a 4,354 78 Abrahéms(1954)

body centred c¢ 5,907

a 4,353 90 Ford (1954)
¢ 5.909
a 6,7272 298 Abrahams(1954)
a 6.722 * 293
Ford (1954)
a 6.636 90
a 7.029 298

Abrahams (1954)
a 7,419 298
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The crystal structure of sodium borohydride in its low

temperature phase,

crystal parameters )

body ceﬁtred face centred
a 4,354 6.157
b 4,354 6.157
c 5.907 . 5.907

o 41
™

F? =1 _,,,,,,—"“.”””””

face centred

coordinates
a c
b

c ®, sodium ions
a body centred coordinates

, borohydride ions
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Data collected on the low temperature phase of the sodium salt
showed it to have a tetragonal unit cell, consistant with the model
proposed by Stockmayer (1953) (see-Fig. IVi). Peterson (1965) made
the latest attempt to locate the borohydride protons by diffraction.
Using neutron diffraction data from potassium borohydride he was‘'able
to determin a B-H bondlength of 1. 268, The data was most consistant
with a disordered model, "half hydrogens" being located along body
diﬁgonals (in 32-fold positions), . -

The crystal structure of the lithium salt was studied by Harris
(1947). It was thought that the data showed considerable proton
scattering. The structure was given as an orthorhombic unit cell,

16 (Pcmn) space group; with a roughly tetrahedral environment
2h

and D
of both ions. The original note was not followed by a more detailed

paper and there have been no confirmatory structures published.

1.3 The use of nuclear magnetic resonance techniques (N.M.R.)
in investigating the solid state borohydrides started with Ogg (1954)
who showed that the ro&m temperature structure of the borohydride ion
in sodium borohydride was tetrahedral., Ford (1955) has made a study
of the second moments of the proton resonance band. Finally Tung Tsang
(1969) has used a pulse technique to study the spin-lattice relaxation
process,

In all substances there are two processes that allow those nuclii

- which are in a high energy spin state to relax back into a lower

energy state,. These are the spin-lattice and spin-spin processes;
where the relaxation is caused by interaction of the spin system

with any other nuclei (the spin-lattice relaxation), or interaction
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within the gystem itself (spin-spin relaxation). The processes
are characterised by times which are representative of the decay

rates of the signal via the two routes, by convention T, is the

1
spin-lattice relaxation time and Tz is the spin-spin relaxation time,
Any signal is relaxed by both processes but should one pathway be
extremely efficient, i.e. of short characteristic .time, then relaxation
will take place mainly via that route., In a molecular system both

T, and T, can be considered to have contributions from within the
molecule, intramolecular, and from the remainder of the molecules,
intermolecular. In relaxation studies, before values for one
‘particular relaxation process can be obtained, account must be taken
of all the other processes,

In a solid where reorientation of a molecular entity is prevented

by a barrier, of height Vo, the instantaneous number of molecules which

can surmount the barrier will be proportional to
exp (-Vo/kT)

As could be expected reorientation will have a profound effect on
relaxation, In the case of spin-spin relaxation the largest effect

is seen in the intramolecular component (10). As the reorientation
becomes closer to, and finally more frequent than, the Larmor precession
frequency the intramolecular. relaxation becomes averaged out in .time,
Meanwhile intermolecular Tz values are little affected. In the case

of spin-lattice relaxation the cause of the relaxation are transitions
between the librational levels of the molecule in the well, Transitions

from the ground state libratiomal level to a level close to or above
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Table IViii,

Activation Energies of the Alkali metal borohydrides,
obtained from N.M.R. data

% Borohydride Activation Energy from N.M.R.
}. Kcal/mole
E_ (). _ . - A(2) | -
. Li 4.7 and 3.8
: Na cubic phasé 2.7
L Na tetragonal phase 2.4 3.5
K 3.8 - 3,55
Rb 3.9
.Cs

Ref. (1) Ford (1955)
(2) Tung Tsang (1969)
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the barrier top are most effective at relaxing the signal (38),
Assuming a temperature dependant distribution of the energy of the
librating molecule, estimates of Vo can be obtained from studies of

the relaxation variations with temperature. The activation energies
obtained will represent the average energy possessed by a molecule when
it undergoes reorientation,

The work done by Ford (1955) was a second moment analysis of the
at different temperatures. Such resonances are generally, in crystals
like the borohydrides, (or ammonium salts) broadened by the intramolecular
spin-spin process, An earlier study of the ammonium salts by
Gutowsky (1950) provided the relationship between the intramolecular
spin~spin relaxation time and the barrier height, Vo. Unfortungtely
Ford made no study of spin-lattice relaxation times, although these
must have made some contribution to his line width, The results he
obtained for the activation energies are given in Table IViii.

The study of the change in Tl by Tung Tsang (1969) over a
different temperature range than Ford was more thorough, Corrections
vere made to allow for the spin-spin relaxation process, some values
being taken from Ford's paper. The results Tung Tsang obtained for
the activation energies are also shown in Table IViii, These values
would be expected to be a better approximation to Vo than Ford's values,
however, they may be weighted in favour of transitions between Loﬁ
lying librational states which will yield a low value for Vo, On
passing to the low temperature phase of the sodium borohydride an

increase in the activation energy to reorientation was observed.
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(The increase in the energy was about 30%, which might be compared
with a unit cell volume change of 47). Although the crystal structure
of the sodium salt at low temperatures will give rise to two different
barriers to reorientation of any borohydride ion this effect was not
observed in the N.M.R, study.

This was significant since in the lithium borohydride a very
broad minimum was observed in the proton spin-lattice relaxation times.
This was iﬂfgrpreted as two different relaxation times associated with
borohydride ions in different crystal symmetries, Harvey (1971)b
does not agree with this interpretation, he has studied the lithium
salt by infrared absorption. He euggesked that Tung Teang's results
could be explained by crystallographically non-equivalent protons
on any one borohydride ion. The different relaxation times are
produced by the large number of non equivalent ways of reorienting
the borohydride ion, Tung Tsang's observations were supported by the
work of Niemela (1970) on the lithium borodeuteride which also shows

7 resonance work by Ossman (1967) indicates

a broad minimum, The Li
a tetragonal arrangement of Deutrons about lithium in the lithium

borodeuteride,

1.4 The alkali metal borohydrides have been studied by infrared
spectroscopy botﬁ as pure crystals and also as mixed crystals, with
the elkali metal halides. A detailed study of the sodium salt was
undertaken by Schutte (1960) to determine if the Stockmayer model of
the low temperature phase was correct. A tetrahedral molecule (XY4)

has four modes of vibration (of species A, E, F, and Fz) of which only
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the triply degenerate Fz modes are infrared active (16). The local
symmetry of a crystal has a profound effect on the molecular 1063 in
it, under favourable circumstances the local site ;ymmetry will remove
the degeneracy of molecular vibrational modes. This occurs where

the site symmetry is lower than the symmetry of the molecule, In the
high temperature phase of sodium borohydride the environment of any
borohydride ion is of octahedral symmetry, The symmetry of an
octahedron (represented‘by its symmetry elemehés; E, 803, 302, 604,
6C;, 1, 88¢, 30,, 65,, 60,) 1s of a higher order than that of a

tetrahedron (represented by its symmetry elements; E, 8C 302, 684,

3
60&) all of the symmetry elements of the tetrahedron are contained
within the symmetry elements of the octahedron, The vibrational
degeneracies of the tetrahedral borohydride ion remain. This is also
the case when the ion is a substitutional defect in an alkali metal
halide crystal (5). However below the A point of the sodium salt
the proposed crystal structure of Stockmayer has a space group

ng (14m2). The borohydride now has a site symmetry of D2d

(represented by its symmetry elements; E, 284, cz,ch ch) which is

2°

of lower symmetry than the tetrahedron and does not contain all of its

symmetry elements, This enabled Schutte to predict the removal

of certain degeneracies, the observation of théae aplittings confirmed

Stockmayer's model for the low temperature phase of sodium borohydride.
This form of analysis was also applied to potassium borohydride

by Harvey (1971)a. In this compound the crystal structure below the

A point was unknown, Since the spectrum was unchanged by passing

below the A point the crystal structure was essentially uncharged.
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Harvey has assigned the A point transition to the ordering of Ehe
borohydrides, it was suggested that the space group of the low
temperature phase was sz (F43m) (the borohydride site Qymmetry is
tetrahedral), Harvey also observed a band at 1153cm'1 in the low
temperature phase of the sodium salt. This band was assigned to the
transition v,31ib, (trasition from the ground state to the triply
excited librational level). This excitation should be infrared
active (see Tgble IVviii) and in the harmonic approximation (v,31ib =
3v, 1ib) it provides a value of the librational fundamental as 384cm71.
The infrared spectrum of lithiuﬁ borohydride was first obtained
by Price (1949), Schutte (1961) attempted to explain some
discrepancies, but the problem was reinvestigated recently by Harvey
(1971)b. Using Harris' (1947) crystal data Harvey predicted infrared
;ctivitiea and degeneracies, The results were consistant with a
borohydride site symmetry of c.; however Harris' space group, D;S(Pcmn),
has only one set of four C‘ sites, which requires the supporting lithium

ions to have a site symmetry of C It is thus possible to predict

1'
the species of the infrared absorptions due to lattice vibrations (see
Table IVvii) such predictions are inconsistant with Harvey's, and

with his spectra,

2. Experimental Procedures

2,1 The sodium and potassium borohydrides, B" enriched, were
prepared in two stages from boric oxide. The preparation of the
sodium salt will be described, that of the potassium salt was exactly

analogous, Isotopically enriched boric oxide (Isotopic distribution
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"B 957%) was obtained from "20th Century Electronics", This was
reacted with methanol after the method of Schlestinger (1953)a, the
Azeotrope B(CH30)3:CH3OH was prepared and then destroyed. Boric Oxide,
2 grams (0.028 moles), was carefully added to dry methanol, 200mls
(0.203 moles), a few drops of concentrated sulphuric acid were also
added. The temperature of the reaction mixture was slowly raised,
fractionation was gchieved on a 7" vigreux coloum, The azeotrope was
collected over the boiling range 52;64°c;' a second fractionation
concentrated the agzeotrope, which was recollected over the range 52-60°C.
Addition of anhydrous lithium chloride destroyed the azeotrope and

the products separated into two layers. The lower layer was a

lithium chloride/methanol mixture, and the upper layer was the methyl

borate, used in the next stage,

"B,0, + 8CH

203 0 (1)

OH — 2[(CH30)3"B]CH30H + 3H

3 2

[(cn3o-)3|"n]cn3ou + LiCl -— "B(CH30)3 + LiCl:CH,OH (ii)

3
The methyl borate thus ﬁrqpared was reacted with sodium hydride,
to produce the borohydride, in a reaction after Schlesinger (1953)b.
A three necked flask was fitted with an efficient stirrer, a dropping
funnel, and an acetone/co2 condenser. The flask was immersed in an
oil heating bath., When the flask had been purged with dry nitrogen
finely powdered sodium hydride, 10grams (0.416 moles), was added.
Whilst stirring the powder the flask was heated to 120°C. Methyl

borate, 4.38 grams (0,104moles, calculated from equation (iii) below)



161.

was slowly added, and the temperature maintained between 120-150°C.
After addition of the methyl borate was complete the temperature was
raised to 250°C for thirty minutes. The flask and contents were
allowed to cool, stirring was continued throughout, The sodium
borohydride was extracted from the solid mixture of borohydride and
methoxide by dry isopropylamine, The isopropylamine solution was
filtered and the amine solvent removed by distillation, finally under
re&ucéd p;easure. The ;ample produced was 96% puré.— (Analysed by
titration of borohydride ion against iodine).

4NaH + (cn3o)3"n —_— Na"nu4 + 3NaOCH (i11)

3
Only the sodium and potassium salts were prepared from "B enriched
sources, the rubidium and caesium borohydrides were prepared from a
method after Banus (1954), The preparation of the rubidium salt will
be described that of the caesium salt was exactly analogous.
Rubidium hydroxide, 1,03grams (0.010 moles), was dissolved in

methanol; addition of a small amount of water was necessary in order

"to obtain complete solution, This solution was filtered and cooled to

;bout 0°C, by an ice/water bath. Sodium borohydride, 0.38grams (0.009
moles) calculated from equation (iv) below), was dissolved in methanol
and similarly cooled to o°c. The two solutions were mixed, drop by
drop, with stirring. The rubidium borohydride was precipitated from

solution and filtered off. ‘The solid was pumped dry and was 95% pure,

NaBHa + RbOH — RbBHl' + NaOH (iv)
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The lithium borohydride was obtained from British Drug

Houses, with a purity of 99.5% and was used without further purification,

2.2 The samples were all studied as polycrystalliﬁe powders,
Initially the neutron scattering spectra were obtained from the -
borohydride salts which were enriched in B", This was to reduce
the amount of neutron absorption by 310. (natural isotopic distribution
-i; é0.4%B",19;6Z‘31°). -However after taking fhe speééra of ﬂoth the_
sodium and the potassium B" enriched salts it was decided to use
and' unenriched Qample of the sodium salt, The inelastic neutron
spectrum of this sample was identical with that of the enriched
sample, Use of unenriched samples of the other salts led to marked
absorption of neutrons, especially in the low emergy transfer region,
which caused distortion of the quasi-elastic peak.

All of the samples were contained in silica "cans", which
consisted of two thin silica (c.a. 0.2mm) discs sealed around the
edge except for a small region where a ground glass socket was fused
on (see Fig.I;iib). The separation between the discs was of the order
of 0.3 to 0.4mm, At these separations filling the 'can' with a
compound was difficult. The cans were filled and sealed in a
nitrogen dry box, Sealing was by a picene (black wax) film between
ground glass joints; or if the sample environment was to be
evacuated, by a picene film onto a brass plug containing a simple
pressure release device (see Fig. IViib), The whole of the series
of the alkali metal borohydrides were run on the up scattering

spectrometer at Harwell (see Section II) at, or above, ambient




Fig. IV.ii.a
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temperature (294°K). The spectra of the lithium, sodium, and
caesium salts were also obtained on the down scattering spectrometer
at Harweli (see Section II). The experimental details are summarised
in Table IViv. Some additional elastic region atudies~w;fe made at

Aldermaston on the graphite monochromated-chopper spectroheter.'

2.3 A complimentary study of the borohydrides was undertaken in
the far infrared. The infrared aﬁéofptidﬁ—hsaaithQéré_EBEEIEEE'iﬁ“tﬁe"’"

1 on the Fourier transform spectrometer (see

region 50 to 400cm”
Section II). 1In all cases the compounds were run as finely divided
powders milled with Nujol. They were mulled in a nitrogen dry box,
and the mull contained in an isolation cell to prevent hydrolysis by
atmospheric water, The concentrnt%pn'of the mull was adjusted for
- each compound so that the most intense band did not dominate the spectrum,
This could only be.judged after experience with several mulls,
§11 the borohydrides spectra were taken at ambient (293°K) temperature,
and the lithium, sodium arid caesium salts were also run at liquid
nitrogen temperature. Experimental details are shown, for the best
spectra, in Table IViv,

Because of the use of polythene in the construction of the machine

the background in the infrared is not flat., The background spectrum

of the instrument is illustrated in Fig, IViia.

3. The alkali metal borohydride spectra

3.1 Traneitions from the occupied lattice vibration states, down
toward the ground state, are what would be expected to be seen in any

neutron inelastic up scattering spectrum, In a sodium chloride type
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lattice the main transitions will be from the bngitudinal optic

(LO) level, the transverse optic (TO) level, the longitudinal

acoustic (LA) level, and the transverse acoustic (TA) level, 1In the
case of the alkali metal borohydrides a fifth level, the librational
state (1ib), is involved. The optic and acoustic vibrational states
are a property of the crystal lattice, in that they are a description
of the relative motions gf all the ions. The librational state of

a borohydride ion is characteristic of-thag i;;, not ali ﬁg;_-- -
borohydride ions; it is determined by the relative positions of: the
neighbouring ions. The vibrational and librational states are
descriptions of the motions of ions in crystals, their nature is
determined by the crystal lattice type and their value by the
interatomic forces in the lattice, Because the librational state is
of higher energy than the lattice vibrational states, in these compounds,
the bands in the up scattering spectrum would be expected to be
representative of the cascade of transitions from the librational state
down to the less highly excited vibrational states, This is shown
schematically in Fig. IViii; where the nomenciature for the-
transitions is also shown,

It is upon this scheme that the up scattering inelastic neutron
spectra are interpreted, The essential features of the alkali metal
borohydride spectra are summarised, and assignments given, in Tables
IVxi, xiii. From these spectra estimates of the crystal lattice
vibrational levels are obtained, these are given in Table IVix, The
bands and the general features of the inelastic region are then

discussed. In the following section the Quasi-elastic broadening
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Table IVviii.

e ———————

Table showing the Irreducible representations of  the Combinations

and overtones of the ubuuonai mode,

System Fundament |.Character of |Irreducible’ Infrared |Raman Previous
and and Fundamentals |Representation |activity |activity jobserv,
Site Overtones of shown by |shown by
Symmetry ) Overtone State
Metal BHA
' above Apt
Oy 11b Fis
- - - .z- - - - — —— i —
Mus | Tigdl At Eg Ty A1e%sf2g
‘ 3vl 1b (Fls) AZg +2P1‘+P2' li'z'
Metal BH,
below Apt
v F
[ 11b 1
Td site 2
2"1“ (Fl):’ Al. +E Al' E
i r)) A +E A
llaln‘
below Apt
v A, + B
1ib 2"
D,, site Ry ]
2d 2110 (&) A A
(E) A) +B, +8, B, A,.3,,8,
Ay-E
3
R (4,) A
(E)" 2E E E 1
(A% E E E
®%, |= B E

Ref. 1 Harvey (1970)a.
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obtained in the spectra of the .sodium and potassium are presented,

Tables IVxvii, xviii, and discussed. Then the effect of the crystalline

phase change of sodium borohydride is considered, A down scattering

spectrum close to the point of the sodium salt, which shows a '
spectrum intermediate between the two phases, is presented., Finally

the spectra of lithium borohydride are discussed, two well separated

- 1ibrational transitions are assigned, Typical spectra obtained by

neutron up scattering, and infrared absorption, are shown in
Figs._IVv to ix, The down scattering bpectra are shown in Figs. IVx,

xi. A lattice vibrational analyiia is conducted, by the correlation

"method, and the irreducible representations of the lattice states

are given in Table IVv, vi, The irreducible representation of the
combinations of the states, in Table IVvii, and the higher librational
states of the borohydride ion are given in Table IVviii., (The

predicted infrared and Raman activities are also shown in these Tables).

3.2,1 Spectra of the Inelastic region: results

The spectra of up scattered neutrons from the borohydride salts
showed a series of weak peaks, growing in intensity, up to the strongest
band, vViib (for nomenclature see Fig. IViii). Several of these peaks
group quite closely to this librational transition, and many were
of comparable intensity. The inelastic down scattering spectra at

ambient temperatures showed the as a very broad scattering

V' 11b
feature at low incident energy. A few very weak bands were super-
imposed upon this transition, At lower temperatures the breadth of
the Vs1ib scattering feature was suppressed and a distinct Viiib

transition was very much in evidence, The infrared absorption spectra




1%,

1

were dominated by an intense absorption around 170cm ~, and the

assigned bands usually appeared as weak inflections at the sides

of this absorption,

3.2,2 Spectra of the Inelastic region: discussion

All the spectra can, for the purpose of discussion be split into
their component parts. These will comprise: (i) the lattice mode
transitions and combination (ii) the broad librational scattering
feature present in both up and down scattered spectra, (iii) the

librational transitions at low temperatures,

3.2,2,1 [Transitions between the lattice vibrational states.

This type of transition is observed in all spectra; in the
neutron up scattering spectra de-excitations involving transitions
between the lattice states are observed, whilst in down scattering
and infrared absorption spectra excitations to combination states
are observed, The adoption of the scheme shown in Fig. IViii allowed
the energy of the lattice states to be determined from the four most
intense bands closest to the torsional scattering. The scheme could
then be used to predict values for the other transitions which give
bands at lower energy transfer. The up scattering spectra show that
most of the transitions between crystal vibrational states are
active, see Figs. IVv, vi and also shows that accidental degeneracy is
quite common, Some of the transitions do not appear to be always
active, this is probably a facet of their expected position in the
spectrum, Bands occurring in a high scattering region may be hidden

by other features, The bands do not demonstrate any significant




Table IVix,

ITablb of the energies of the crylthl leyelq,.gltimaced

from the up scattering spectra

175,

Level Na K ) Rb - Cs

assignment | Energy Q Energy Q nergy Q nergy Q
em”! g-1 " g-1 cm-l g-1 cm-l g-1

 TA 52 | 3.37 | ®o 310 | 80 | 2.867 69 | “2.947] -
IA 139 2.72 | 126 2.76 | 99 | 2.71] 126 2,51

" TO 168 2.43 143 2.62 | 151 | 2.28] 145 2.33
10 214 2.0 159 2.49 | 195 | 1.89]157 2.0
11ib 313 3.n 305 3.55 | 273 3.42| 272 3.42

Notes,

Q ..
g—l The values of Q given are those of the main neutron group, in the

up scattering spectra, which was used to estimate the energy of
the level,

Enérgycm-l; relative to the ground state,



Table IVx,

Table of predicted transitions between the levels given in

Table IVix as would be observed in an up scattering expt.

Transition Predicted values (cm-l) for transitions from
Table IVix,

assignment Na K Rb Cs

v,11ib 313 305 273 272
vlOo, 211 159 195 157
vI0, 168 143 151 145
vlA, 139 126 99 126
vIA, 52 80 80 69
v1ib,TA 261 225 193 203
v1l0,TA 159 79 116 88
vT0,TA 116 63 71 76
vLA,TA 87 26 19 57
vlib,LA 174 179 174 146
vLO,LA 72 33 96 31
vT0,LA 29 17 52 19
v1lib,TO 145 162 122 127
vLO,TO 43 16 44 12
v1ib,LO 99 146 78 115
v1ib+TA 365 385 353 341
v1lib+LA 452 431 372 398
v1ib+TO 424 417
v1ib+LO 429

176,
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Table IVxii,

Table showing predicted positions of bands in tﬁe~d6ﬁn

scattering spectra, from Table IVix.

ﬁ Level from Thermal, Boltzman, Transition Predicted frequency
which Population of the Assignment -1
transition level w.r.t. the (cm :va°P Table
occurs Ground state x.
: at %k *
- 294 197 77 ngﬂa Qspﬂ4_
Ground 1 1|1 v;10 211 157
" state v,11ib 313 272
: v,1ib +TA 365 341
v,1ib +1A 452 398
v,1ib 4+TO 481 417
v,1ib +LO 524 513
v,1ib +1ib 626 544
TA 0.88 0.83] 0.61 vTA,1ib 261 203
vTA, 1ib+TA 313 272
vTA,1ib+LA 400 329
‘LA 0.65 0.53] 0.19 viA,1ib 174 146
vLA, 1ib+TA 226 215
; , vLA, 1ib+LA 313 272
| . ’ . '
1

* Energies of the states used in this calculation are taken from.the
observations on the down scattering spectra, not based on estimates
given in Table IVix, These values are representative, they will
vary as the energy of the state changes.




Table IVxiii.

Table comparing predicted and observed band positions in

neutron down scattering spectra,

Transition NaBH4 o
Assignment 294°k 294°K 197°k
predict observe predict observe predict* observe predict* observe
vlA,1lib 174 146
v,LO 211 194
m
vLA, 11ib+TA 226 215
vTA,11ib 261 256w 203 225'
sh
v,1ib 313 - 272 -
vTA, 11ib+TA 313 272 272 287
VLA, 11b+LA n3 |28, | 272 [P o ve
v, 1ib+TA 365 341 292vw 324m 334?'
sh sh
v, 1ib+LA 452 417|n 398
v, 11b+TO 481 417
v, 1ib+L0 524 513 429 427 457
w w m
v,1lib+1lib 626 544 570m

* Predictions based on Table IVxii would not be expected to bear any relation
to spectra below ambient temperatures,

Notes. w, weak;

m, medium;

8, strong;

v, very;

sh, shoulder,
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Table IVxiv.

Table comparing predicted results and observed values in the
absorption infra-red spectra of the borohydrides, at z1°c

Transition Predictions based upon Energy levels of Table IVxii frequency
Assignment of transitions in cm~l
NaBHa KBHA RbBHa c;nua
predict observe predict observe predict observe predict observe

vl0,1ib 102 146 78 115
vT0,11ib 145 150w 162 1sow 122 112w 127 1153
v,TO 168 143 151 145w 145
vLA,11ib 174 179 240w 174 146
v,LO 211 2103 159 195 19Qw 157
vTA,1ib 261 23Q3 225 27°w 195 270, 203 240w
v, 1ib+TA 365 385 353 341
v,1ib+LA 452 431 372 398
v,1ib+TO 481 448 424 417
v, 1ib+LO 524 464 468 429

w = weak ? peak doubtful, slight inflection on a steep gradient.

m = medium
8 = strong

Note. To preserve the order of the LH. column. the order of "predicted"
results may deviate from the strictly consecutive,
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dispersion. The values for the energies of the lattice vibrational
states (aee'Table IVix) probably represent an average zone edge value,
certainly they cannot represent zone centre values, (at Q = o,

gone centre, the energies of the acoustic states are zero).

This does not apply to the case of the infrared absorptions for
v,T0 and v,L0, These are the only two transitions which can be
excited directly by photons. (Although v,LO is forbidden its
préseice is usually observed for polycrystalline samples since the
incident rgdiation is not parallel to the tranaverie modes of all the
cryatallite;.(3)) Unfortunately v,LO is usually weak and could
not be differentiated by its intensity, alone, from a combination mode.
It is usually true that the most intense infrared absorption is
v,TO; but crystal size can affect this conclusion drastically. If
a crystal is sufficiently small, with respect to the incident wave
length of radiation, a propagating mo&e of vibration, involvingithe
surface of the crystallite only can be established. Such modes have
been extensively studied by Ruppin (1570). He has shown that the
surface mode gives easily the most 1nténse absorption, and that the
bulk modes of the crystal v,TO and v,LO are n;t in general visible.
The surface absorption is intermediate in value betveeﬁ the values of
the bulk modes; its actual position being dependent upon crystal

size and the refractive index of the surrounding medium, Since our

crystals were prepared by rapid precipitation from ice-cold organic
solvents it is possible that they are very small., Because of the
difficulty in assigning this absorption the values were omitted from
Table IVxiv but are given in Table IVxv, The values shown in

Table IVxv do not compare favourably with the expected variation of v,T0




Table IVxv,

Table giving the position of the maximum absorption

in _the infrared for borohydrides,

Salt Position of max. absorption
e}
NaBH 175
4
KBH4 172
RbBHa 170
Csml4 161

182,
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from salt to salt (since in the TO vibrational state the ions beat
against each other the positions of their absorptions are expected

to be related to the reduced mass of the ions). Those values obtained
for v1T0, from the neutron spectra hardly fit the reduced mass

approximation better. (The value of vI0, for potassium borohydride

is completely anomalous). The values for the energies of the

crystal vibrational states at‘the zone edge might be usefully compared
with the values obtained for ﬁﬁ4ci"flow temperatﬁre phase, W) (&),
The values, estimated from Brockhouse'a(1969)_papqr are; for acoustic

1

modes 106cm'1, optic modes about 140cm = and librational mode about

277cuf1. (The crystal structure is not the same as for the

borohydrides). These should be compared with an average acoustic

1 1

an average optic value of 166cm =~ and a librational

average of 291cm'1; which are taken from the borohydride results as a

value of 96cm

whole,

The width of the infrared absorption bands show marked differences
between one another. Generally the width of a band, which is purely
a transition between two states, is related to the lifetime of the
two states, 1In a state of short lifetime the vibration is relaxed
and the signal suffers a decrease in intensity and an increase of width,
Although all the infrared absorptions are broad those of the potassium

1

salt at 270cm'1, the rubidium salt at 270cm =~ and the caesium salt at

260cm-1

are especially so, Thése have all been assigned to

transitions involving the TA vibrational state. Since these bands

are so broad their lifetime, in comparison with other vibrational states,
is short. The intensities of the lattice transition bands occurring

close to the librational transition inthe up scattering spectra are
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artificfally enhanced by superimposition upon a broad inelastic
scattering feature, This suﬁérimpositioﬁ'is-more cledrly.appfeéia;ed

from down scattering spectra.

3.2.2.2 The broad inelastic librational scattering feature.

In both up scattered and down scattered spectra a broad feature
is obvious, at ambient temperatures. It is most easily seen in the
down sﬁattering_specfra and reaéﬁe;_itﬁ ﬁaiiﬁuﬁ vilu; at:v,lig.
Superimposition of lattice bands complicate its general appearance,
Previously such features have peen 6bserved in scattering from
ammonium salts (24), and also from bisulphide salts (7); and are
associated with a rapid reorientation of the librating molecular ion.
Interpretation of these features by elementary theory has proved
difficult (24), and:authors have tended to treat the more tractable
quasi-elastic problem (9). Larsson (1973) has however provided the
basic theofy for this phenomenon, and a model for this reorientational
process was also suggested. (This was discussed in section I).

From our data we should be able to obtain estimates of Larsson's

function Fliib(given in Section I). This function, F}ib, is related
to the barrier to reorientation, (Fi{b takes two extreme:valuqs
11b 11ib

Fll = 0 for an absence of barrier and Fll = 1 for a very high barrier).
By combining the up and down scattering spectra an estimate of the

width (full width, half height) of the broad feature was determined

for the sodium and caesium salts, The values obtained, for the sodium
e 0.44 and for the caesium salt Flib
11 11
several points of interest. Firstly reorientation of the borohydride

salt F ~ 0.25, indicate

ion in sodium borohydride is more difficult than in caesium, that the
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barrier is fairly intermediate between the free rotation and the deep
well cases, and finally that the length of time spent librating in any’
12 sec, Reorientafiona
between successive wells must take place on a time scale equai to,

14sec.).

or shorter than, the interaction of a neutron and proton~( ~10"
The data obtained does not allow of a more detailed analysis; ;nd it is
hoﬁed to repeat the experiment on a down scatteriﬁg spectrometer, going
fQ'much lower 1néiﬁeﬁt neutéég_éﬁétgy. fh;“I.N:4. neutron éaattéfing
spectrometer, (at I.L,L., Grenoble) when used in the down scattering
mode may be best for such an experiment, Extension of thia‘work
would involve a more detailed study of the temperature variation of the

broad. feature; . it is unlikely that up acattering spectra would be of

any use since the definition of the band shape is important,

3.2.2.3 The Librational transtions

The librational transition (v ,)gives the most intense band of

1ib
the up scattered spectrum, and the ‘down scattering spectrum (v’lib)'
The transition is very evident in ény low temperature down .scattering
spectra, At 197°K the width of the Vs14b band can be measured
properly (full width at half height = S6cm ') and that at 77°K is

the narrower of the two (F.W.H.H = 34cm™l)., This behaviour may be
due to the short lifetime of any librational state which will lower
and widen the band, However Larssons model (20) for the
reorientation indicates another method of broadening the line, The
thermal motions of the ions, the instantaneous positions of which

determine the librational potential well, are of larger amplitude

at higher temperatures, This provides a wider distribution of barrier
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heights, than at lower temperatures, and so determines the width,

This explanation is consistant with the other observations,

Firstly the breadth of the broad librational scattering is reduced
.gradually as the temperature is lowered, This 18 as a result of

the restricted thermal motions of the neighbouring ions, Secondly

the position of the tramnsition moves to higher frequencies, as a

result of the overall contraction of the crystal with lowering of the
tehpérature.. We are éssentially observing the growing importance

of the librational time (l:° discussed in section I 2,3.3) with the drop
in crystal temperature. As was indicated above, this band is the
result of the ensemble avetaée of the potential wells of all the
bofohydride ions; and the valgea of these barriers can be obtained
from equaéions I1I,1.xiv,xix ,lwhich were discussed previously. The
application of these equations is justified by the observation of a
band assignedﬂto the v, 21ib transition. This is assigned in the

déwn scattering ipectrum at‘77°K, Table IVxiii. The transition occurs
at twice the valﬁe for v,1ib; whilst the exactness of the observation
may be fortuitous it does show tﬁat the harmonic approximation canlbe
applied to this case, The Qaluea obtained for the barrier heights
are given in Table IVxvi, As can be appreciated from the table the
uncertainty in the value of the transition, when observed in both up
and down scattering spectra, produces as much variation in the value

of the barrier height, Vo, as do the different equations., Overall a

barrier height of about 4 Kcals mole !

is indicated (slightly less for
crystals with large unit cells and slightly more for compact crystals).
This, however, is not an effective measure of the barrier which exists

vhen a borohydride ion reorientates. There is no data published which
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Table showing the values obtained for the barriers to

reorientation of a librating borohydride ion,

Sample Temperat, Viib® v,1ib Results of the dpplications
o of the equations below *
K up down -1
scattered scattered Vo in Kcals mole
results results
em™ ! en™t (a) (b)
(1) 2) | (1) (2)
NaBH, 294 313 282 4.41, 3,58) 4.87, 3.99
KBH4 294 305 4.19 4,64
RbBll4 294 273 3.36 3.76
294 272 3.33 3.73
c:nﬂa 197 272 3.33 3.73
77 287 3.Nn 4.13

(1) from up scattering results

(2)

down scattering results

40

* value of Inertia of BH, ion is 7.08 x 10 g ca?

4

(a) The deep well approximation, Eyring, Walter and Kimball

(b) Das's solution for the Mathieu equation (Discussed in section III)
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is directly comparable to these results. However Durig and Rush
have studied phosphonium halides and Venkataraman has publiahed'wbrk
on the ammonium halides (see Section VI). The crystal structures
of these compounds are all very similar, distorted caesium chloride
type with ordered tetrahedra, Typically the results obtained gave

values for Vo of about 7.5 Kcals mole !

1

for the Phosphonium salts, and

about 4.0 Kcals mole = for the ammonium salts. In these cases

however the barrier has been described as electrostatic in nature
and there is more variation in the value of Vo from salt to salt.

The values for the barrier to reorientation, Vo obtained by
Smith (1974) for the sodium and potassium salts (see previous section)
gannot meaningfully be compared with those presented in Table IVxvi.
His results, 2,98 Kcals mole'1 forlthe sodium salt and 3,44Kcals m:::le-1
for the potassium salt, are significantly different from those presented
here. This stems from the different techniques used. Smith
assumed that the ion could only reorientate by passing over the
barrier Vo, The spectra presented here show that reorientation and
libration occur together. The data used by Smith to fit to his
model were bulk measurements and will represent an averaged value of the
reorientational and librational barriers, As is the case Smith's value
for Vo should be lower than the one presented here, it is comparable to
results obtained from N.M.R. studies (33).

The possibility of reorientation via a quantum tunnelling effect
was considered, The barriers obtained in Table IVxvi, Vo, were
regarded as static and application was made ofDas's work (discussed

in Section I). The value of the transition between any two adjacent

librational sub states was determined (for a fourfold barrier there are
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r

three librational sub levels caused by tunnelling for every major

X S |

librational level), This splitting was estimated at about 10 “cm ,

for the typical Vo value of 4 Kcals mole™l, It is unlikely that
tunnell splitting made any sigﬁificant contribution to the observed

spectra,

3.3.1 Spectra taken in the Elastic Region: results

The épé;trum of ei;stié;lif and qdh;i;élaatigall} scattered
neutrons was accessible only by up scattering experiments, Because of
1°B the B" isotope enriched salts of sodium
and potassium were studied, At ambient temperatures with low tesoiution,
in the results obtained for the potassium salt, no quasi-elastic peak
was observable and the elast;c features were similar to the resolution
function of the machine. When the temperature was raised some
quasi-elastic scattering became evident, but the elastic peak could
not be sepﬁrated, overall the total width appeafed to increase
(shownm in Table IVxii). At better resolution, the results obtained
for the sodium salt, the elastic and qua;i-eléetic features were usually
easily separable, The elastic peak width was left unchanged by raising
the temperature (shown in Table IVxiii), whereas the -height of the

quasi-elastic peak was obviously increasing with temperature (Table

IVxviii (a)).

3.3.2 Spectra taken in the elastic region: discussion

Since the resolution of the up scattering spectrometer used to study
the potassium salt was poor, '6H' at Harwell was used (see Section II),

the elastic and quasi-elastic contributions to the total peak in this



Tqble Ivafi

A comparison of the full widths at half height of the

elastic *peaks of KBH‘ at different temperatures.

190.

Scattering Full widthe at half heights,
vector K"Bua
Vanadium 313% 348°k
° Q2 %2 210" 2meV 10" 2mev 10" 2mev
18 0.224 61.2 . 55.3 54,2
127 0.499 64.8 |  56.2 54.9
36 0.87 64.8 57.3 58.3
45 1.340 64.8 60.8 61.5
54 1.886 60.0 68.1 75.7
63 2,499 " 63.6 T4 837
72 3.162 67.2 75.2 106.0
81 3.861 69.6 79.7 108.0
% 4.577 69.6 84.2 127.0

* Data collected at Harwell on the '6H' up scattering

spectrometer are present here. The contributions to the

peak width from purely elastic and quasi-elastic could not

be effectively separated,



191,

Table IVxviii

Table comparing the Full widths at half heights of the
elastic *peaks, separated from the quasi-elastic back'ground,

of NaB"H4 at various temperature.

Scattering : Full width at half ﬁeight i
Vector v NaB"H
2 4

Q

g2 1020y 10Zmev  10%mev  10"Zmev
20 0.266 34,57 . 34,97 36.81
30 0.'590 34.57 36.81 34.97 34.97
40 1.055 34,57 34,97 34,97 36.81
50 1.57% 36.45 38.66 38.66 36.81
60 2.203 38.32 42,34 38.66 40. 50
70 2,899 43,06 44,18 44,18 40, 50
80 3,641 43,99 51, 54 47.86 42,34
90 4,406 43,99 40,45 47.86 42,34

* Data collected at Aldermaston on the 'G.M.C.' up scattering
spectrometer.

The results are given in this format for comparison with

Table IVxvii. They are reproducible to within 2.0 x 10~2 meV,
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Table IVxviii(a).

Table comparing measured and deconvolved quasi-elastic

1 - peak widths, at various Eémper&tures

Scatt,| Full width at half height of the Quasi-elastic peak,
Angle and the representative function,
‘Vanadium Nan"n4
295K 333% 377%K
IGausiqn Voigt Loren', Voigt Loren'. Voigt lLoren',
| 10°2mev  107%mev  107%mev  1072meV 10"%mev 107Zmev 10 Zmev
. 20 1 34.6 70 53
-30 34.6 107 | 95 99 85
¢
i 40 34.6 138 126 103 91 99 85
50 36.4 - 123 111 . 107 93 - 96 82
60 38.3 116 102 110 95.5 .99 82.5
70 43,1 120 102.5 123 106 109 91
80 44.0 131 114.5 133 117 107 88
%0 44.0 129 112 131 114.5 105 85
Note (i) the 'Voigt' is the measured full width at half height of the
quasi-elastic peak.

(i1) 'Loren' is the value of the full width at half height of a
Lorentzian function which when convolved with the appropriate
Gaussian full width gives the value of the Voigt full width,
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region could not be separated. The width of the peak observed,

appears to bfoaden because of the presence of an unresolved quaqé-elaatic
contribution, Scattering from the sodium salt was clear;y separated
into the two components, The elastic peak, which is aiﬁply an addition
to the quasi-elastic peak, is the result of the proton being confined

to more on the surface of a sphere, as its motion is averaged out over
tige. The quaei-elgstic peak is composed of two contributing parts.
These are the rotattoﬁal and librational—quast-elaatic-c&mponenéa.

In the observed spectrum both the quahi-ela;tic and the superimposed

i elastic peaks are coqvolved with the machines resolution function,

. this resolution function is effectively given by the elastic peak data
obtained for vanadium, The measurement of the full widths at half
heights of the sodium salt aéecfra vére taken by hand; and are found

to be reproducible to within about 2.0 x 10~2

meV (see Table IVxviifi).
Within this limitation the results show that the width of the elastic
peak does not vary appreciably with either temperature or momentum
transfer, and reflects the resolution of the dbectrometer at that
scattering angle,

The analysis of the quasi-elastic peak widths was also conducted
by hand. The width measured was the full width at half height and
represents the width of a Voigt function, (Voigt functions are the
result of convolutions of Gaussians with Lorentzians), At ambient
temperatures and low values of momentum transfer the quasi-elastic
peak width was difficult to measure. The Voigt curves were
deconvolved by generating several trial Voigt curves from the known

resolution function, a Gaussian and and estimated Lorentsian function

the final Lorentzian value being interpolated, The results are




194,

shown in Table IVxviii(a),

The width of the deconvoluted Lorentzian function is not expected
to show any variation as the value of the momentum transfer changes,
but only as the sample temperature changes, The results given in
Table IVxviii(a) show little variation of Lorentzian wlidth wvith @
(compare (19, 32, 9)). The temperature variation would be expected
to reflect the change from a fixed librator to a more freely fétating
sys;em (26). The results obtained show that at ;ﬁ; one d>valﬁefthé
wi&th decreases with temperature, which suggests that the rotational
contribution, already predominant at room temperature ;s 1ncreasing;
This is equivalent to the situation in Section I 2,3.3 case (C).
Values of t, can be estimated from Table IVxviii(a). These t

24ec) for temperatures of 295°,

values are 7.5, 8.2 and 10.3 (10°1
333° and 373°% respectively. (The logarithm of the t, appear to be
diréctly related to temperature). These values are similar to the
values reported for other reorientating molecular systems (9, 19, 32)
and are also of the same order of magnitude suggested byléherriib
méanuréments (see previously).

Although this is probably the correct explanation of the observations,
it is important to state that the errors }n measuring w;dtha are likely
to make less contribution to estimated vidths as the tém;ératufe rises,
This is because the quasi-elastic peak becomes more 1nt§nle as the
temperature rises, The estimated half height is thus more accurate
and leads to a corresponding increase in the accuracy of the full width

measurement, These spectra'should be repeated, collecting significantly

more data, This is especially true for the ambient temperature spectra,
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3.4,1 Spectra of sodium borohydride at low temperatures: results

The down scattering spectrum of sodium borohydride at 77°K was
obtained from ca, 220cm-1 (lowest incident neutron energy), the results
are given in Table IVxix. Only two peaks, one with a low energy
shoulder, were observed. There was no broad inelastic scattering
feature., The neutron down scattering spectrum was also taken at the
intermediate temperature of ca, 197°K. This was more complex, showing
a broad scattering feature with some superimposed péaka, these peaks
were very broad (see Table IVxix). The infrared absorption spectrum

taken at 77°K was little different from that at 294°K.

3.4,2 Spectra of sodium borohydride: discussion

At 190°K the sodium salt undergoes a phase transition (17) from
face centred cubic to body centred tetragonal. This phase change
and the reduction in the thermal motions of the ions in the lattice
are responsible for the spectral changes observed, The absence of
any broad scattering feature in the down scattering spectrum at 77°k
is a reflection of the increased residence time of the borohydride unit
in a librational state, This is consistent with the low temperature
observations on the caesium salt (which is still face centred cubic
at 77°k). Two librational states are predicted for the low temperature
phase of sodium borohydride, A, and E in character (see Table IVvi).

2
Both peaks, at 246 and 339cm-1, and also the main peak with shoulder,

at 308(sh) and 339cm'1, could be assigned to transitions involving

these states, (v,libA.2 and v,1ibE), The two librational states are
caused by the relative contraction, of the unit cell of sodium borohydride,

by only a small amount along the ¢ axis (a 4% difference of the c
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Table IVxix.

Table comparing the spectral results of the‘two.phasea
of sodium borohydride.

NaBH4 Disordered Phase Ordered Phase
294°K 294°x 197°K | Assign.| 77°k 80°k  77%K
Infra-red . neutron scattering —%iﬁf};-réa neutron
This study Previously up down  down This Prev, down
en-l ep-] =_t{5° I B el gl scate.
cm cm-l
(1) -+ (1)
25
55
72
99
113 ]
150 161 140 145
2107 175 194 172
2307 i 262 256 225b i225
313 '| 282 | 303, | v,08, | 246
417
513 'v,libA2 308sh
v,14ibE | (35Q2)) 339
384

v,OB2 = transition to an optic mode of Bz character, etc, for
notes, v.libAz etc,

b = broad
sh = ghoulder
? = possibly not observed

ref, (1) Harvey (1971) (2) Stockmayer (1953)

N.B. For the assignments of the bands observed in the disordered phase
see relevant tables, For explanation of the assignments see text.
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axis relative to the a or b axes). The main peak and its shoulder,
at 308(sh) and 339cm-1 are assigned to the librational transitions.
Calculations (discussed in section III) show that the barrier to
reorientation of a borohydride ion about an 34 axis, parallel to
either a or b directions in the unit cell, is greater than the barrier
to reorientation about an s4 axis, parallel to the c direction. |
Therefore the shoulder at 308cm™ ! is the transition v,1ib

i I

(this involves the iib;;tion about the ¢ c;yatél ;xis) and the band

at 339cm™]

is the transition v,libE (this involves the librations about
éﬁe a or b crystal axis). The E mode, being doubly degenerate, would
be expected to have about twice the intensity of the A2 mode, the
measured intensity ratio A2 : E : 1:1,57. (there was difficulty in
estimating a background to take the intensity measurement from

and since the cross-section for the two events i8 not strictly equal,
the ratio obtained is reasonable), The values obtained for the

A

estimates given by Stockmayer (1953) and Harvey (1971)(a), see
1

fundamental transitions v,1ib, and v,'libE may be compared with the

Table IVxix, Stockmayers estimate of 350cm = is in reasonable

agreement, considering he used thermodynamic data. His results -

represent an average of the two fundamentals, Harvey's eatiméte, 384cm'1,

is somewhat high, especially since it is estimated from a transition
assigned to v,31ib (see Table 1IVviii). In the harmonic approximation

our results indicate v,311bE of 1017cm-1, and v,311bAz of 924, which

1

are over 100cm - removed from Harveys assigned band. Considering that

our spectra show no evidence of v,21ib or v,31ib it is likely that

1

Harvey's assignment of the band at 1153cm ~ is wrohg. The values
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of the fundamentals (308 and 339cm™!) provide the barrier heights

to their particular wells, The barriers (Vo) are 4,27 and 5.13Kcals
mole-1 respectively (for the deep well approximation eq

and 4,72 and 5.67 Kcals mole™! (for Das's solution of the matheiux
equation: eq ITI.1.xix). The lower barrier is comparable with
that obtained for the high temperature phase since the relevent unit
cell dimensions are similar (below A pt a=b = 6.157%, above

Apt a=bm=c =6, 1643). The high barrier, result of the
contraction along the c¢ axis, is about 207% higher than the low
barrier,

The low energy band in the spectra, 246em :

s 18 likely to be the
excitation of an optic mode, In the lovw temperature phase of sodium

borohydride the optic modes have different character B, and E,

2
see Table IVv, Both modes are infrared active, however there is no
appreciable difference between the ambient temperature infrared and
that taken at 77°K. This is a further indication that the
infrared spectrum is dominated by surface modes. In the ambient
temperature phase v,10 was observed at 194¢:m-1 and as the temperature
falls and the unit cell becomes more compact the energy of the LO
vibrational state would be expected to increase, The band at
246c|n'1 is assigned to the transition from the ground state to the
optic mode of Bz characters, The sharp features seen in the spectrum
at 77°K do not remain above the ) point.

At 197°K, just above the ) point, the spectrum shows a very
broad scattering feature. This may be a broad scattering feature

similar to that observed in the ambient spectra or it could be the

envelope of unresolved bands. As was done with the ambient spectra
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an estimate of the position and width of the broad scattering feature

was obtained. (This was to provide a value of Flib

1°
Section I, eq. I2,3.3(xxi)). The value of F:ib obtained

(F}ib ~ 0.35) is not in line with expectations, At ambient

temperatures Fiib ~ 0,44 and should increase at lower temperatures.

discussed in

It is most likely that the broad feature results from a failure to

_regolve several bands, All of these bands arélbfqad and flat topped,

thus their position is not well defined. The two most p;ominent bands,
at 225 and 303cm-1, may represent transitions from tﬁe gréund state

to the longitudinal optic and librational states (v,LO and v,1ib).

They could be as readily assigned to the high or the low temperature
phase of the salt, It is probable that the aofid is not in one ph&se
wholly, but exists as a mixture of crystals in different phases all

of which contribute to the spectrum, It might be possible to estimate
from the spectrum - the percentage of each phase present, This va; not
attempted with these samples since the main transitions do not change

in value significantly with -the change of phase.

3.5.1 Lithium borohydride: results

The ambient temperature inelastic up scattering spectrum of lithium
borohydride, in its general appearance, was very sﬁilar to the other
alkali metal borohydrides, The bands were supqrimpoled on a region
of high scattering, Table IVxx, The down scattering spectrum, at
77°K, showed no broad scattering, Table IVxx., The infra;ed.ppectrum
was completely atypical of results from the.other borohydrides.

1

Absorption was strong over the region covered from 100cm ~; the peaks

observed, at 77°K. vere broa& and of slight 1ntenaiéy above this background,
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Tablé'éhdwingjthe observed. bands in the LiBH 'spectrd, cm-l'

at different temperatures.

b = broad

* estimated from v,31ib transition at 1254cm-

Neutron Prediction
up scatt, of band
Inelastic neutron Infrared absorption assignment positions
up-scatt, - down scatt. this study - previous work from - -
294°k 7% 77% 80°K(1) Fig, IViv
‘em- et em! cm! ' - emt
50 vlibl,Al 50
90 70 vlibl, A2 90
148 157 156 162, 5 vlibl,A3 148
170 175.5 '
sh
193 204 vlibl, 193
242 256 235b 232 v1ib2,Al 233
273 287 275 . 274 v1ib2,A2 273
335 315, 324 v1ib2,A3 331
390 391
376 412 (418)* vlib2, 376
464
Notes. sh = shoulder Ref. (1) Harvey (1971)(b)

1

scattering angle of 950.
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3.5.2 Lithium borohydride: discussion

Lithium borohydride is the only alkali metal Borobyaride with
a non-cubic crystal structure at ambient temperagure. Given by
Harris (1947) its lattice structure is D;: (Pcmn); the lattice
vibrational states are given for this structure in Table IVv,
These are not in agreement with Harvey's (1971)(b) an;iyaia. He
assumed a lithium ion site symmetry of c‘; however the D16

2h
group possesses only four cs éifes, wﬂlch we ﬁi&evtaken_to-be-oéédbiea

space

by borohydride ions. The site symmetry of lithium ions adopted in

16
. i 2h
with four equivalent péaitions). The irreducible reﬁ;euentations

this study is C (which is the only other site symmetry in D
of the lattice librational states are shown in Table IVxi, and are in
agreement with Harvey (1971)(b). Infrared spectra of the internal
molecular vibrations of the borohydride ion show no'correiaﬁion field-
splitting (15). If correlation field splitting is ignored only the
site symmetry is important in determining the librational states

of:an ion, (Table IVvi also shows the libration of irreducible
representations in the absence of correlation f1é1d splitting). Two
states are predicted, of character A' and A" respectively, Transitions
involving these two states are assigned to the b;nds at 204 and 412cm”
(down scattering), which are very strong in all neutron spectra but

absent from the infrared spectra, The relative intensities of the two

bands in the up and down scattering spectra remain constant at 1:1,

This similarity of intensity indicates that both bands are fundamentals,

rather than a fundamental and its first overtone, The expected

occupancy of the states of a fundamental and its first overtone
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(v,1ib and v,21ib) would be I v,1ib: I v,21ib: 1: 0.41 (using

v,11ib = 204cm”} and v,211b 412, and using a Boltzman distribution

‘ of states,

This estimate is a lower bound to the contribution made by
v, 21ib.. Since the displacement of protons in the first overtone
is larger than that for the fundamental, If the band is associated
with the first overtone it would demand that the proton displacement
in this mode be o§er twice that in the fundamental mode. The
cross-section for anéfértone transition 1s-iéwer Eﬂ‘;_for tﬁeﬂ h
fundamental (see Section I), ‘'The values of'tﬁe potential barriers
are shown in table IVxxi., The uncertainty in the value of the
transition produces more variation in the value of the barrier than
the different equations used to obtain the values, The two barriers
are probably well represented by values of about 1,9 Kcals mole'1 for
the shallower well and 7,3 Kcals mole™! for the deeper well,

The breadth of the librational bands, even at 77°K is large
(full width, half height of about 64cm-1; which could be compared to
that of the v,1ib band ‘in CsBH,, 779K, 34cm 1), It would not be
difficult to rationalise the width of these two librational transitions
as being broad inelastic features. It has been seen that such a broad
inelastic feature exists in the ambient up scattering spectra of the
other alkali metal borohydrides. The N.M.R. data (37) indicates only
one proton resonance (which is equivalent to rapid reorientation on the
N.M.R. time scale of 10 Csec). It is likely that the ambient
temperature up scattering spectrum has another feature which is hidden
by the librational transitions. Unfortunately since the sample

10

contained B" nothing could be gleaned from the quasi-elastic region,
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Table IVxxi.

Table showing the barriers to reorientation of a librating

borohydride ion in lithium borohydride

Results of the application
Librational vlib, v,1ib of the equations below *
State Up Scattering down Scattering (a) (b)

! en! Kcal mole ! Kcal mole™!

vlib 1 . 193 204 1.68, 1.84 1.96, 2,18

ylib 2 376 412 6.35, 7.64 | 6.90, 8.24

' ] -40 2
* value of inertia of a BH4 ion is 7.08 x 10 " gm.cm,

(a) Deep well potential, Erying, Walter and Kimbal
(b) Solution of Matheiu equation by Das. (See Section III)
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Most of the other bands observed in the inelastic spectra have
corresponding absorptions in the infrared region., As was previously
shown, for the main alkali metal borohydrides, the number of transitions
between lattice states can be very large; and may follow a complex -
pattern,. The presence of two distinct librational modes and a more
complex crystal structure in lithium borohydride multiplies the
opportunities for such transitions. However all of the bands can be
explainéd in tefms of the previoﬁgly ;sed ;;ic;aé-modél. Tﬁ; le;;ls
required are the two librational states and three lagtice vibrational
states (see Fig, IVix and Table IVxx). fransitiona between these

levels explain the observed up scattering spectrum, and reasonable

agreement is found for the down scattering events, The vibrational
states which these levels represent probably correspond to the three

accoustic modes of the crystal; which have B, B character

2y 90d By,
(see Table IVv), The values are shown in Fig. IViv., It is not
cle;r why the optic modes them;elves are not strongly active even in
the infrared spectrum, Infrared absorption over the whole region
from 600cﬁ'l(l4) to 100cm™! 1alntrong and it Qay be that the optic
modes are’responsible for this,

Ihe spectra‘observed are explicable in terms of the expected site
symhetry of the borohydtide_ion. It is unnecessary to postulate, as
Tung Tsang (1969) has, two crystallographically different borohydride

sites, The change in the proton relaxation times T, observed by

1
Tung Tsang (1969), see earlier, is probably a reflection of the two

librational states of the borohydride ion. The T, relaxation process

1
is govetped by the transitions from the ground state to higher

librational states (38). The observed relaxation times are an average
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. of the relaxation caused by transitions to the A'-librational states
and also to the A" librational states. As the temperature is
lowered from ambient the relative importance of the two types-of
transition, in relaxing the signal, should change, At low
temperatures in the shallower potential well transitions can still
occur to states close to the barrier top. (These transitions are most
efficient at relaxing the signal (38)). Whilst transitions of similar
;' energy occuring in the deeper potential well will not involve statés
close to its barrier top. This type of mechanism would explain the
apparent decrease in activation energy as the temperature falls,
(A similar state of observations should hold for sodium borohydride
below its A point, howeQer the two wells are so very much alike that

their change with temperature is probably not appreciable in N.M.R.

o

. rgsuits).
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CHAPTER V

THE MOLECULAR' BOROHYDRIDES

As the dynamics of a probe are determined by its environment,
the study of the molecular borohydrides is complementary to the study
of the crystalline borohydrides, The molecular borohydrides of
aluminium and zirconium can be regg:ded_gg §§gr5§gfggﬂg£;borRE?dgiqg
ions &and metal ipna. The intramolecular d§nam1ca.of these molecules
will be discuss;d in terms of the motions-of'these components,
However the molecular nature af these compounds introduces features
which contrast with the dynamics of calcium borohydride, which is
strictly an aggregation of ioms, Further it will be seen that the
concept of a borohydride unit is not always useful, The dynamics
of systems like the oct;ﬁydrotriborate anion cannot be discussed in
this manngr. |

The individual compounds are discussed in-turn, firstly the
.ionic calcium borohy&ridelfheg,the molecular borohydrideés of
aluminium and girconium and finally the oééahydrofrtborat; anion,

A review of previous work on these coﬁpbunda.ie given, Then the

experimental work 1is ptésented.and thé results interpreted. Finally

the results as a whole are discussed.

1., Previous Work,

Unfortunately the molecular borohydrides, borohydrides of the

alkaline earth metals, and htdher'boron'hydrideu do not form so useful
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Comparison of the atomic properties of some relevent

metals
L Be
+1 0.6 +2 0.31
0.97 1.47
- 0.08 0.03
Na Mg AL
+1 0.95 +2 0.65 +3 0.5
1.01 1,23 1.47
0.2 0.1 0.07
K ca 2
+1 1.33 +2 0.99 +4 0.8
0.91 - 1.04 1.22
0.9 0.6 -
(1) Alred-Rochow calculation, (2) H =1,0, (3) F =1.0.
Scheme,
Element
normal Ionic Ionic (1)
charge Radius
Electronegativity(2)

Polarisability (3) '
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a group for study as do the alkali metal borohydrides. These

compounds are all well known in the literature and their chemical
properties are determined (45). Some aspects of their physical
properties are not known at all, and for those that are there afg

variations in detail,

1.1 Calcium borohydride °ﬂ(3“412

There are no feports in the literature of any, but chemical,

properties of this compound, Table Vi. shows a comparison of the
properties of calcium with other metals of interest, It is obvious
that the calcium atom has more in common with metals forming ionic
borohydrides than those which form molecular borohydrides. Indeed
compared to the borohydrides of beryllium and maghesium, calcium
borohydride has been described as more ionic. (46). The reported
chemical properties support this view; high melting point (320°C)=
593°K and low solubility in tetrahydrofuran. Unfortunately its

structure in the crystalline form is unknown and crystal effects are

known to be very important in the beryllium compound (36).

1.2 Aluminium borohydride A-l(BH!.l3

This compound is molecular, it is a low melting point liquid

(209°K) with appreciable vapour pressure at ambient temperatures, (46).
The modelé most often used to represent the molecule are those .
suggested by Longuet-Higgins (1946). These involve coplanar

aluminium and boron atoms, with two possible proton configurations which
lead to D, or D3h symmetry (see Fig., Vi). Beach (1940), using electron

3
diffraction, showed the coplanarity of the heavy atoms., However




Fig. V.i

Configurations of the aluminium borohydride molecule

(The central aluminium atom is omitted)

D3h symmetry

220.
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this study and the early spectroscopic work, Price (1949) infrared,

and Emery (1960) Raman, were unable to distinguish between the two
symmetries, Almeningen (1968) collected elecé;on diff¥acfion data
most consistent with a D3h symmetry. Coe (1972) undertook a very
extensive survey of the infrared, Raman, and proton N.M.R, apéctra;

. of the solid, liquid, and vapour, Infrared and Raman spectra should
be a most sensitive probe for molecular syﬁmetry, since their

selection rules are dependent upon molecular iyﬁmatrifr'"The.resdlts‘ -
obtained by Coe 1ndfcated a D3h symmetry with little if any Dj
character, Crystal structure studies, by X-rays, conducted by

Semehqhko (1972) showed that his data was consistent with a D, model,

3
There vas a transition point at 195°K which corresponded to a crystal
phase change, from alpha to Beta phases, molecular symmetry was poweyer
conserved, The ;pa;e group of the low temperature a phase was not ‘
reported- (the unit cell .was ﬁexagonal a=177>5, cm= 9.053)._ iheﬂp
phase was orthorhombic (a = 7.5, b = 12,1, ¢ = 8.94 &), and had -,

bg kPZ;’Zl’AI) spaée grQup: Leyison (1970) .has attempted to correlate
the geometry of alumtnium:boroﬁydtide D,y OT D5 with a suitable -

electronic structure, The coﬁputed molecular energy of the two.

symmetries indicated that the structure should be determined bf nuclear
repulsions, as is the case in many conformers. (e.g. ref. 2). The
geometry of D3h symmetry was found to be the most stable (by ca 212

Kcals mole-l).

1.3 Zirconium borohydride Zr(mlﬂ)ﬂ

Zirconium borohydride has only been studied relatively recently,

| however it has proved much more amenable to analysis than the aluminium
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Fig. v.ii
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borohydride,  The compound is molecular it is a liquid at just-above
ambient temperatures (M.P, = 302°K). X-ray results collected by

Bird (1967) show the molecule to be of tetrahedral symmetry with

only one terminal proton per boron atom, This suggested a triple
proton bridge structure (see Fig, Vii), Electron diffraction &ata,
Plato (1971), showed that this structure was present in the vapour
phase, This work was confirmed by the Raman spectrum obtained by
Smith (1971) and the infrared spectrum obtained by Davies (1973). The
strict tetrahedral symmetry was sufficient to explain all observed
modes and the spectra were consistent with a triple proton.bridge.

The crystal ;tructure of zirconium borohydride, at 113°K, is Td
(P43m) with one molecule to the unit cell. There have been no -
thermodynamic data published.

1.4 Octahydrotriborate anion 33§8

Little work on this stable anion has been undertaken, mostly

it has been concerned with its structure, Lipscomb (1959) suggested
the structure shown in Fig.=V1ii, This was confirmed by the work

of Peters (1960) from x-ray crystallographic data (conducted on
diamoniate tetraborane [(H3N)23H2+][33H8'] at 173°K). The molecular
ion has CZV symmetry and appears to retain it in & number of compounds
(20). The crystal structure of the tetramethyl ammonium salt is
unreported, and no data on the B,H, salts are available.

38

1.5 Fluxional behaviour of the molecular compounds

For the molecular borohydrides the concept of a stable proton

configuration is unlikely to be valid, This conclusion is the result
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Fig. V.iii
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of much work on these compounds by proton N.M.R. studies. In a'
stable molecular configuration of protons, different resonances

would be expected for protons in different chemical environments,

This however i8 not observed.in the spectra, (In this section 113

is used specifically to discuss results, however the remarks concerning

10

quadrupolar relaxation apply to both "~ B and 113). The main

feature of the proton N.M.R, spectra is a quartet (of relative
intensities 1:1:1ﬁf). "This was first oﬁsE;Géamgi Ogé_(iésgaufot
aluminium borohydride, This proton signal is the result of alﬁ
protons being chemically equivalent and coupled to 113, which has
four spin states., (The protons are also coupled to aluminium, and
this has to be removed to observe the proton-boron coupling). When
the temperature of the sample is lowered the quartet structure coalesces
slowly, These observations are confirmed by Maybury (1967) and
Coe (1972), and were also observed for the zirconium and hafhiu@
borohydrides by Marks (1972)b, Marks' study is the most thorough
and probably offers the best explanation of the spectra.

The 11

B nucleus has a quadruﬁole which allows it to couple to
fluctuations occuring in its immediate environﬁént. The collapse
of the quartet proton spectrum to a singlet can be explained as a
temperature variation in the spin-lattice (Tl).relaxation time of

the 113 nucleus, At ambient temperatures the spin lattice relaxation

1 1 1 3
1 spin states (I = %, =5 = 3)

is an inefficient process and the
couple with the proton resonance. At lower temperatures the
relaxation time is shorter and the individual 113 spin states no

longer have an appreciable life-time. The protons have no spin states

to couple with and the proton signal collapses, The efficiency of
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the spin lattice relaxation is governed by the two reorientation
processes which are occurring in the molecule, The intramolecul#r
reorientation of the individual borohydride units, and the reorientation
of the molecule as a whole, At ambient temperatures, or in non viscous
media, both reorientation rates are too fast to allow the boron
quadrupole time to couple wifh the fluctuations. Marks (1972)b

has shown by a detailed temperature and solvent study that the whole
body molecular redrientation is the most ‘important ‘factor in deciﬂing
the Tl relaxation times for boron nuclei in zirconium borohydride.

Ogg (1955), who had not taken account of the boron spin lattice
relaxation, suggested that the temperature variation of the protbn
signal in aluminium sorohydride was aue to a slowing in the intra-
molecular reorientation. Without the detailed solvent study reported
for zirconium borohydride, it is difficult to be certain, but'if is
likely that molecular reorientation will account for most of the
temperature variation in the éroton resonance relaxation of the
molecular borohydriﬂes.

Apart from the molecular borohydrides, other boron hydridea'show
anomalous proton N.M.R, spéctra, The proton spectrum of the Baﬂa-
ion, despite its structure (see Fig. Viii) shows three equivalent
borons and eight equivalent profons (39). Again as the temperature
is lowered the 113 quadrupole relaxation decougtes the proton
resonance, Only when this molecule is involved in bondiﬁg, e.g.
in [(CSH5)3

slow enough to enable the contributing resonances to be resolved.

P]2Cux3u8, has the intramolecular reorientation rate been
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The routes available for intramolecular reorientation in these
molecules have been speculated on (29, and its refs ), In the
molecular borohydrides the existence of known examples of double and
triple hydrogen bridges suggests intermediates with such structures.
Thus Marks (1972)b proposes that the reorientation in aluminium ®
borohydride might go through a triply bridged intermediate and that
the zirconium borohydride should reorientate through a doubly bridged

intermediate. The reorientation pathway in the ﬂ3ﬂs; fon was first
suggested by Lipscomb (1959) as a pseudorotation of the ring which

at no stage involves the breaking of a bond without simultaneous’ creation
of another, An alternative to these chemical pathways of reorientation
was suggested by Ogg (1955). This involves quantum tunnelling of the
protons through the potential barriers; such a process would leave the
electronic environment unchanged, Tunnelling would be expected to

give rise to other effects, splitting of molecular vibrational -bands,

no such affects have been observed.

Behaviour involving intramolecular reorientation between equivalent
structures, which have equal Gibbs frée energy of formation, is well
known (11). Molecules which exhibit this behaviour have been termed
Fluxional by von Doering (1963), and are normally associated with
delocalised electron systems (eg. n-allyl donation of electrons to a
metal, or the metalocenes). It is obvious from the proton N.M,R. that
all ‘'of the molecular borohydrides studied are fluxional in nature,

(The ordered ionic borohydrides might be considered as the limiting

case where molecular bonds are formally absent, but the initial ,

configuration is equivalent to the final configuration). Attempts
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have been made to study this reorientation process by proton N.M.R.
techniques, as was described earlier, Unfortunately these stu&igs
are usually limited by the insolubility of the compounds in suitable
solvents, and their extreme reactivity. Marks (1972)a meqaured the
free energy barrier to reorientation in a complex uranium tec:éﬂydro-
borate, as about 5 kcals mole!,  Bushweller (1971) meh;ured the

barrier in a copper(I) B,Hg compléx as a 10 kcal mole L, (The metal

BSHS salts are known to be involved in h&dfagaﬁ bfi&éing,fﬁrdﬁ&h‘fhe )

metal (19)):- Even in these cases, which are especially suitable to
proton N.M.R. study, the Arrhenius activation energy for theé
reorientation process could not be given, Tﬁis was because of the
unknown effect of the boron relaxation process on the half widths of
the proton lines, and also the unknown temperature dependencg of the
proton and boron chemical shifts, It is unlikely that proton N.M.R,
will be successful in studying the simpler borohydrides or ionic

33H8 since these are amongst the most rapidly fluxioning molecules

known (12). '

2. Experimental, !

2.1 Preparation of calcium borohydride ;

The metathetic reactions of the borohydrides have been described
by Wallbridge (1970). One such reaction was used to preﬁare calcium

borohiydride. Anhydrous calcium was prepared by reacting pé&dened

calcium chloride with excess thionyl chloride, according to equation (i).

CaC12:H20 + soclz —_— Cac12

+ 80, + 2HC1 (1)
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The reaction, vigorous at first, was allowed to proceed until
evolution of hydrogen chloride ceased. The excess thionyl chloride
was decanted off and the solid was pumped dry, Sodium borohydride ;
and the calcium chloride were mixed, in the molar ratio of 2:1
respectively. Some tetrahydrofuran (T.H.F.) was added to make a
slurry of the reagents, The reaction mixture was heated under reflux
for forty eight hours and reacted according to equation (ii)

T.H.F,

CaCl, <+ 2NaBH, ———io Ca(Bﬂa)

2 4 :2T,H.F, + 2NaCl (i1)

2
More T.H.F. was added and the hot solution was decanted from the
starting material and by-products.' On cooling, crystals separated
from the mother liquor. These were the well characterised calcium
borohydride; T.H.F. solvate, Tﬁe solvate Q#s separated off and
destroyed by heating to 100° - 115°C under a hard vacuum.  The:
calcium borohydride prepared in this manner was better than 98% pure.

(Analysed by titration of borohydride against iodine), T

2.2 Preparation of girconium borohydride ‘

The zirconium borohydride was prepared by a method after Reid
(1957) where gzirconium chloride is reacted with lithium borohydride

according to equation (iii).

z:c14 + 41.13114 —_— z:-(xm,‘)4 + 4LicCl (1i1)

In a nitrogen atmosphere finely powdered zirconium chloride was

mixed with a greater than four molar excess of lithium borohydride
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(see equation (1ii)), The reaction was done 'dry' and an
efficient stirrer was necessary, After about thirty minutes
stirring the powder became 'wet' and the mixture warmed, The flask
was cooled and placed on a&a vacuum line and evacuated, The zirconium
borohydride was distilled into a liq. nitrogen trap. .
1

2.3 The samples of Aluminium borohydride used in this study were
kindly provided by Professor M, Wallbridge. = These were ready sealed -
in silica 'cans', The tetramethyl ammonium octahy&rotriborate salt
and the corresponding iodide were obtained from Strem Chemicals Inc,
Massachussets and British Drug Houses Ltd, The salts were checked
for spectroscopic impurity's and the iodide had to be recrystallised
several times from water, These compounds were used without further

purification,

2.4 Spectral observations,
The samples were studied as solids, all but the aluminium
borohydride were polycrystalline solids at ambient temperatures.,

Isotopic enrichment of the 311

'content wae not necessary, although in
all neutron spectra,absorption was gpreciable. _Al with the alkali
metal borohydrides the elastic and quasi-elastic regions were hgavily
distorted, i

The samples of calcium borohydride and the tetramethyl ammonium
salts were contained in silica cans similar to the alkali metal
borohydrides (Q.V.). The aluminium and zirconium borohydrides were

put onto a vacuum line and distilled, under reduced pressure, into a

modified silica can; adapted to take liquids and low melting solids,

¢
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Fig. V.iv
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These 'liquid cans' were made by sealing two thick silica discs
(ca. 0,5mm) around the edge except for a small region, At this point
a long stemned cone was fused, and slightly drawn out (to facilitate
sealing later), Across the face of the 'liquid can' some dimples
were made; these strengthened the can. Cans prepared in this‘why
were capable of withstanding at least one atmosphere pressure, applied
internally or externaily. The separation of the discsuwfs greater
than in the cans produced for solids, being betweéen 0.5 to '1;Omm;
When the compound had been distilled into the can and froz?n 60wn to
liquid nitrogen temperéture, the neck was sealed off as close to’the
Sody as possible, Because of the possibility of damage to the fragile
silica can and the extreme reactivity of the contents the can itself
was contained in a closely fitting aluminium cell. (The material
used was an aluminium magnesium alloy). A rubber sealing ring prevented
atmospheric exposure and was easily shielded by cadmium from the
neutron beam (Fig, Viy).

The calcium borohydr;de, the tetfamethyliammonium salts and the
aluminium borohydfide weyé all run on the up scattering spectrometer
at Harwvell (see Section If). Although the spectr; were usually taken
at ambient tempe;aturés (294°K) the. aluminium borohydride was cooled
to 183°K to ensure it was below its melting point. The aluminium
borohydride and the tetramethyl ammonium salts were also run on the
down scattering spectrometer at Harwell (see Section II)_as was
gzirconium borohydride. The down scattering sfectra were all collected
at liquid nitrogen temperatures (77°K5. Some experimental details are

summarised in Table Vii, :



Table Vii,

Table shewing experimental parameters

233,

Ca(BH,),| Al(BH,), lzr(nu4)4 B Hy
Extra can protection NO YES YES NO
Up scattering
Temperature °K 294 183 294 294
Incident neutron 4,27 4,20 _ -4.20 -
wavelength
Can material 81 Si 51 Si
window thickness .2 .S .5 .2
Blark comparison S1i Si+Al Si+Al Si
window thickness .2 .5 .5 .2
Down scattering
Temperature °k 77° 77° 77°
Monochromator . Al Al Al
and scattering plane ALl 5.1.1 3.1.1 3.1.1
Infrared gain
db. 43.4 9.05
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A complimentary study of the calcium and tetramethyl ammonium,
optical, spectra was also undertaken, in the near and far infra-red
region, The region from 50 to lbOOcm-1 was covered by the Fourier
transform spectrometer (see Section II). The samples were prepared
in an exactly analogous manner to the alkali metal borohy&ridea;
Spectra were recorded at both ambient (293°K) and liquid nitrogen
(77°K) temperatures, Experimental details for the best spectra are

given in Table Vii,~ ) -

3. Calcium borohydride

3.1 Results obtained.

The up scattering spectrum of calcium borohydride was obtained
at 294°K; the results are shown in Table Viii and Figure Vv. Down
scattering spectra were not taken, The results show a broad scattering
inelastic feature with weak bands superimposed upon this, there'are no

intense bands. Absorption by 10

B was apparent and distorted the
elastic and quasi-elastic regions.

The infrared spectra were recarded at both ambient'andzliqqid
nitrogen temperature; the results are summarised in Table Viii,

see Figure Vvi. A very broad absorption was observed with no prominent

peaks above this,

3.2 Discussion of results

There are no intense bands in the spectrum of calcium borohydride
which could be associated with molecules, The spectrum obtained is
similar to the alkali metal borohydrides. A broad scattering feature

is typical of rapid reorientation, and the weak bands superimposed upon



235,
Table Viii,

Calcium Borohydride spectra,

Neutron up Infrared absorption at
scattering
0= 45" 294°K 77°K
T = 294K
— — _—
51w
65
W
96
m
122w
140 140
wah msh
157w
194w 19Qbs ' 215bs
244&
285bs
, 332m 330wb 320bs
435
v
Notes, w = yeak
m = medium
8 = gtrong
b = broad
sh = ghoulder
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this was also observed in the other ionic borohydrides.
Interpretation of these weak bands must wait upon a detailed crystal
study of calcium borohydrides, though the bands are probably
transitions from higher lattice vibrational states to th;ae of lower
energy. Only one band can be picked out as possibly a fundamental
lattice transition, This is the peak at 332cm .

This band is most probably associated with the transition from
the first libration;i-stdte éown to the ground state kvlib,). This
transition occurs in a region similar to that of the other iomic
borohydrides, typically about 290cm™!.  If the band at 332cm”! is a
single librational band and not an unresolved multiplet, it is
possible to make some comments on the site symmetry of the borohydride
ions., For reasons of valence there are two borohydride ions to- every
metal ion, Since only one librational mode is observed these two
ions must not only be equal, crystallographically, but they must also
be -in highly symmetric sites. (The effects of a non symmetric site,
upon the inelastic_neutron spectrum, is shown by the case of lithium
boroh&dride, see Figure IV.v ), The borohydride ion must be on a
site of tetrahedral, or higher, symmetry, .

The librational peak is broad, as for the other ionic borohydrides,
This broad inelastic feature is caused by rapid reorientationm, of the
borohydride ion, between libratory periods. This broad scattering

1ib

can be characterised by F" of Larrsen (1973), which was discussed in

section I, and it depends on the position of the maximum of the
feature and its full width at half height, This provides a crude

but useful index to the depth of the well, at reorientation; E}fb
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was measured as 0,61, (The limits are Fﬁfb ~ o, for a very

shallow well, and Fﬁ?b ~ 1, for a very deep well), The value of

Fﬁ;b obtained is of an intermediate nature but indicates that

reorientation is more difficult than in the case of the sodium

11b
"

The infrared spectra which were recorded showed broad absorption

borohydride (for the sodium salt, F ~ 0,44),

over the far infrared region and were not unlike the lithium '
borohydride spectrum in its general appearance, There were no '
bands which might be assigned from their intensity alone and without
crystal data it is unlikely that any bands can be assigned, It:is
probable that between 294°K and 77°K the calcium borohydride undergoes
a phase change: bands not present at 294°K are observed at 77°K; see
Table Viii.

It may be concluded that calcium borohydride probably has a crystal

etructure. of high symmetry and that it appears, from its spectra, to

be intermediate between the sodium and-lithium salts in ionic nature,

4, Aluminium borohydrides

4,1 Results obtained,

The up scattering neutron spectrum of aluminium borohydride ,was
obtained at 183°K and the results are given in Table Vv, see Figure Vvii.

Several well defined bands were observed. The down scattering spectrum

was also taken, at 77°K, from 220cm™!

1

incident neutron energy see
Figure Vvii. Up to about 350cm =~ the up and down scattering spectra
overlapped significantly, and can be seen to be consistent with each other,

Other bands not accessible to the up scattering spectrometer were
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Table Vv,

24],

Observed bands, and their assigmnments, in the spectra of

Al(BH
AL(EE )
Neutron Study Infrared Raman
up o dowm (10) ( 10)
6 = 45 o o o Assignments
183K 77K 18K 187K See Table Viv.
-1 -1 -1 -1 —_—
cm cm cm cm
15w 20 m
} 3 w
6l s
66 m
8l w 83 s
95 w 95 m lattice modes
105 m
112 m
125 w 120 m
138 m 136 m
162 m 146 m
205 w 201 vw
230 vw
213 w 216 w
. 229 w v 14
241w 232 + v 10
254 m 256 8 254 vw 256 w v 23
308 m v 23 + 61 = 315
325 w 329 weh| 324 w 327 w v 22
723 w - 723 w v 9
763 vw - - v 20
793 w 779 m -~ vb6,v7
833 wb - - v 26,v 27, v 13
883 w - - v 28
Notes. w = weak +, band infered from a combination
m = medium mode in IR
8 = gtrong - -1
v = very (vip = 232 cm 7)
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observed at higher incident energies in the down scattering spectrum,
Scattering at all incident energies was low, due probably to absorption
by boron, which lead to poor statistics for the observed bands. °

Several attempts were made to obtain better data over the regions -

220 to 400cm™! and 700 to 1000cm™ ! but were only marginally successful
in the latter case. However all spectra taken show reproducibility
1

despite intensity variations in the region 700 to_1000cm . A
broad scattering feature éﬁpeétéd to be present in the up ecattefiﬁg

spectrum, beneath the molecular bands,

4.2 Discussion of results,

The discussion of the aluminium borohydride spectrum div;deé
itself naturally into three sections. A low energy region accggsible
only to the up scattering technique, an intermediate regioﬁ covered
by both up and down scattering, and a. high energy region accessible
only throdéh the down scattering technique, The assignments of.the
bands was greatly aided by previous spectroscopic studies (41, 16)
especially. that of Coe (1§73), yhoée vibrational notation is used
(see Table Viv), |

In the lowgst energy region of the spectrum, below the lowest
molecular mode, are expected the lattice modes of the aluminium
borohydride crystal. There is no published data on the factor group
of the alpha phase of aluminium borohydride (43). It was thus not
possible to predict the number, or type, of these lattice modes, A
large number of Raman bands were observed in this region and have all
been attributed to lattice vibrations (10). (Coe has suggested that the

unit cell must contain at least four molecules, to account for all these
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3

bands). A limited number of these bands were observed in the up
scattering spectrum, and they were generally weak. Crystal data

will be necessary before any assignments can be made. It is useful

at this point to discuss the broad scattering feature which underlies

the whole up scattering spectrum, (see Fig, Vviii). In previous
compounds this feature could be clearly associated with the reorientationm,
and libration of individual borohydride ioms, In this case ho;ever,'
whilst it probably ii'associ;ted with intra molecular reorientation of -
the borohydride units, it may also be associated with whole body '
reorientations of the molecule. (Although the whole body motion would

be expected at very low,frequencf indeed). This feature is

tentatively assigned to intramolecular borohydride reorientation 1libration.

This is because the highest scattering occurs in the region associated

with the molecular modes Va3s Y10 (see later). Extreme amplitudes

of motion in these modes would lead to intramolecular reorientation of

the borohydride units. (This is discussed later, under barriers to ?
zotation). Because of the molecular modes superimposed upon the

; |
broad feature the parameters which are used to characterise it (see j
‘ 1ib :

Section I 2,3.3) are difficult to obtain. The value obtained for Fy "~
is about 0,80 (where F}fb ~ o0, very shallow well and F}fb ~ 1, very ;

deep well), This value of F}fb indicates that the librational, well

is quite deep, more so than for the ionic borohydrides, and yet this:
does not prevent rapid reorientation on the neutron scattering time
scale,

1 the skeletal modes of the molecule

In the region from 200 to 400cm
are expected, Vg Vaps Vig and Voge These involve, primarily, motions

of the aluminium and boron atoms, Also expected in this region
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are the wagging motions of the bridge protons (also termed

bridge bends in I.R, literature), v (This motion is

10’ V23
| equivalent to the rock of the terminal protons (see Fig. Vviii)),

The most intense bands in this region will involve numbers of protons
in large amplitude motions, Tﬁe doubly degenerate, out of phase,
bridge proton wagging-mode Vog (character E') involves all six
bridging protons and would be expected to show the most pronounced
scattering, The intense band at 256cm'1 is assigned ‘to this mode,

see Table Vv, The corresponding in phase motion, v. _, also involves

10
all the bridging protons, but this is only singly degenerate, It

would be expected at lower energies. The shoulder at 241(:1:1'1 is

assigned to this band, Table Vv, (The assignment of v,. is in

23
agreement with the infrared and Raman study (10)), There are two

other bands observed in this region of the spectrum, at 308 and 329cm”?,

The shoulder at 329cm-1 may be assigned immediately: it corresponds

closely to an optical band assigned to v This mode is the in plane

22°

aluminium-boron vibration (of character E'), however it has been shown

that the protons are heavily involved in this mode. The mode Y14

which is the corresponding in phase motion (character A;) was not
observed, (Coe has shown that proton involvement is less in this mode).
Tﬁe femaining band at 308<:m"1 is not easily assigned. It does not
correspond to any optical band reported, but is quite intense., ’It

cannot be assigned to V14 since this would make an A mode moré

intense than the corresponding E mode, v The band is

22°

assigned to a combination band; probably involving, see Table

V23
Vv. It is obvious from this region of the spectrum that the proton

motions generally are not heavily involved with the skeletal modés

of the molecule, !
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The other region of the spectrum where the fundamental vibrations
of the protons are expected is above 600cm'1. It is in this region

that the terminal proton wags (v13, V28)’ and rocks (v9, vzo);
and the terminal and bridging twists (v7. Ve: Y26* v27) are
anticipated. These modes involve the terminal protons moving about
an axis passing through the boron atom (see fig. Vviii). Only in the
case of the twisting motion do the bridging protons have their modes
at similar energies. The bridging protons' wag were assigned to

the low energy bands, previously discussed, Whilst the bridging
protons' rock is contained within the asymmetric aluminium-~hydrogen
stretching modes, at higher energies. Previously these fundamentals
have been assigned in the regions, 600 to 1400cm” ! by Price (1949),
950 to 1400cm” ! by Emery (1960) and 700 to 1100cm™ > by Coe (1973).

It is obvious from the spectra taken for this study that these

authors have been too optimistic about the range of values these
essentially similar vibrations take. The wags, rocks, and twists
described in Table Viv derive their existence from the rotational
degrees of freedom of a borohydride moiety. In a highly symmetric
environment, e,g. the alkali metal borohydrides, the librational motion
about any principal axis is degenerate with the other two. This
natural degeneracy is removed when the borohydride is introduced into
the aluminium borohydride molecule, The wags, rocks, and twists can
still be described in terms of librations about the principal axis of
rotation of a borohydride unit, (this is illustrated in figure Vyiii),
but the extent to which the terminal protons are different from the

bridging protons will be dependent upon the strength of the aluminium-
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hydrogen bond, In a weak Al-H bond the bridging proton vibrations
would not have a fundamental frequency too different from the
terminal proton vibrations,

When more than one borohydride unit is incorporated into a
molecule, as with aluminium borohydride, the units would be expe;ted
to be coupled to some extent in their librations. This coupling gives
rise to the two character species associated with the librationsin
alﬁminium_bérohyafide. The singly déﬁenerate in phase motion of qfl
three borohydride uﬂi;s (of A character), and the doubly degenerate.
out of phase motions (of E character), If the coupling between
motions is strong there will be a large separation in the frequencies
of vibration of the two modes, When there is no coupling between units
‘the motions become degenerate,

Although the spectra obtained over the region 700 to 900cm™ ! are
not good some obvious conclusions.;an be drawn, That the twists,
wags and rocks of the term}nal protons, along with the twists of the
bridging protons, are all grouped clpsely together, That the coupling
between the in phase (A) and out of phase (E) modes is not large. |
The band assignments for the region are given in Table Vv. These
assignments were difficult to make and should be regarded as tentative,
The main difficulty was the poor intensity of the individual bands,
These assignments are based on the following principles, When the
borohydride unit is incorporated within an aluminium borohydride. molecule
its description as a borohydride unit is modified but not lost. . There
is thus expected to be a high degree of coupling between the terminal
proton motions and bridging proton motions, The bridge proton wag ,

described as a bend in I.R, literature,is associated with the terminal
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proton rock, see Fig, Vviii, The bridge proton rock (described
entirely as the asymmetric aluminium hydrogen stretching in the I.R.
literature) is related to the terminal proton wag, The bridge and
terminal proton twists are obviously related, see Fig. Vviii and ‘are
expected to be in close agreement with each other, From these ideas .
and knowing that A modes are lower in energy than the corresponding E

modes an order can be predicted for these vibratioms. The lowest

i energy bands would behexpe;ted to be ;elated to the te;;IAal roeking
modes, Vgs Vao- The highest energy bands would be expected to be
related to fhe terminal wagging modes Vi3* Va8 (;nd compares well with
the diborane molecule), The in phase twisting modes 3 and v%, would
be expected to be almost degenerate; as would the corresponding out of
phase modes Vogs Ya7° The twisting modes are assumed to lie btheen
the terminal rocks and the terminal wags, this order was used to make

the assignments of Table Vv, ~ Some of the assignments can be uséd to

obtain barriers to intramolécular reorientation (see later). Only

two bands occur in this region of the optical spectrum, which may be
compared with neutron peaks; these are at 723 and 779cm'1 respectively(lo);
This region was difficult to interpret and many alternative assignments

were discussed by Coe. As opposed to the assignments given in

Table Vv, Coe has chosen the terminal préton v;gs of lowest energy and
terminal proton rocks of highest energy. The preferred assignments

for the two bands at 723 and 779cm™ ! puts the A} (v,,) mode at ;

higher energy than the corresponding E" mode Vg If these assignments
were correct the relevent bands should have been observed above 900cm'1
in our spectra, It may be concluded that the dipole chau;e associated

with these vibrations is negligible, and they produce no infrared

absorptions,
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The data collected for this study may contradict Coes'
conclusions concerning the molecular symmetry of aluminium
borohydride. He argued, from the absence of bands in certain
regions of the infrared and Raman spectra, that the symmetry of
aluminium borohydride was D3h' The region of most importance in
this respect was from 700 to 2000cm-1 and involved some of the
librational modes discussed. The spectrum fepresented here casts
doubt on some of Coes' assignments in this region of the spééprﬁﬁ and
indicates the difficulty of observing these molecular modes in the
infrared, Since there are no selection rules in neutron spectroscopy
the assignments presented here can be no aid in determining a molecular
symmetry.

Other molecular modes which are moderate or strong features of
the optical spectra are not observed in the spectra shown here, | These
nodes include deformations of the borohydride moiety and all proton

vibrations. The amplitude of proton motion associated with these

modes is expected to be lower than for libratioms.

5. Zirconium borohydride,

5.1 Results obtained.

The neutron down ;cattering spectrum of zirconium borohydride was
obtained at 77°K, and covered the range .from 125 to 1000cm-1, incident
energy. The results are summarised in Table Vvi, see Figure Vix.

The scattering from the sample was moderate and increased markedly beyond
1

about 1000cm Several regions of the spectrum had to be re-run

because of difficulties with a noisy counter system, The data

presented are a combination of these regioms,.




251,
Table Vvi,

Assignments of the bands on the spectrum of Zr(BH,),

-~

Neutron | Infrared Raman
down (vapour) (liquid)
ecattering Davies Smith Assignments
27%k (1973) (1971) See Table Vvii,
en ! em L p—
213 m 216 s v 23
2278 v 21
318 w 519-227 =" 292
376 w ' 600-227 = 373
507 s 510 vw v 24
519 8 . v S+
549 vs v b
600 s v 15
640 w vi1S5+v A
sh
800 w , 6004227 = 827

+; favoured assignment
A; the acoustic lattice mode, not observed

(only down scattering spectrum taken)
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Table Vvii.

Normal modes of vibration of Zr(BH,). and their correlation

to site and Factor Groups

Description Symmetry species
A1 A2 E F1 F2
BH stretch terminal vy V16
. BH stretch symm, bridge | 62 V17
: asgymm, Ve Y11 vi8
ZrH stretch aymﬁ. bridge vq V19
assymm, vy V12 Vao
Bridge deformation . v Vi3 Vay
BH3 rock , \ vi4 2y
BH3 libration Vg Vis
Skeletal modes 7 Y10 Vo3
Va4
Molecular Group Td A1 Az E F1 Fz
Site Grogp Td AI_ A2 E F1 Fz
Factor Group Td Al A E F F
Infrared active
Raman active . * *
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5.2 Discussion of results.

The band; observed, see Fig, Vix, can be assigned to molecular
fundamentals and their combinations, see Table Vvi. Zirconium
borohydride is a tetrahedral molecule and its infrared and Raman -
spectra are consistent with strict tetrahedral symmetry (12, 44).:
The irreducible representations of the normal modes of vibration of
zirconium borohydride are given in Table Vvii. At 113°K zirconium
borohydride cfystalilses with the Td (Pme) space group (7); with h
one molecule to the unit cell, the factor group has only the symmetry
elements of the molecular point group. There i8 no correlatio&
field splitting; one lattice acoustic mode, of character F2’ and one
lattice librational mode, of character Fl , are predicted.

. The assignments presented in Table Vvi were aided by the optical
study conducted by Davies (1973). Vibrational bands were observed at

227, 519 and 600cm™ !

1

in the neutron down scattering spectrum, The
band at 227cm™* is close to bands which are active in both infrared (12)

and Raman (44) these are of F, character. Low frequency modes

2
involving bendiﬁg motions of the hydrogen bridges are expected in this
region, and skeletal modes are also found here, The two possible

assignments are thus v,. or Vops unfortunately the data presented here

23
do not go low enough to choose between them, definitively, (The
perdeutero studies on this band were confused by Fermi resonance (12)),
The skeletal modes, of which Va3 i one, involve primarily the

motion of the boron atoms with respect to the zirconium atom, and

might be compared with similar modes in aluminium borohydride. :In this

case the proton motions were not heavily coupled to those of the boron.
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For this reason the band at 227cm : is assigned to v The

21°
other two bands will be considered together.

The libration of the borohydride units about the boron-zirconium
axes involves the coupled motion of them all, Such a system of
oscillators leads to four modes of libration: one singly degenerate
mode (of A2 character) representing the in phase motion of the
borohydride units, and three degenerate modes (making a mode of Fl
character) reéresénfing the out of }hase mokions. In the molecular
borohydrides studied the coupling between the borohydride units lLias
been low (10,12)., The A, and F, modes might thus be expected to be

almost degenerate, although the A, mode will be of lower value if

1
any coupling is present, The two bands, at 519 and 600cm-1, can be

assigned to these modes; 519cm-1 to vs (A1 character) and 6OO¢:m-1

to v (F2 character). There can be no doubt about the band at
600cm'1, since this should be optically inactive and no bands are
observed in the optical spectré of this reéion (12, 44), Unfort;nately
the intensity ratio of the two bands does not match the prediction,

The triply degenerate mode Vis should be about three times as intense

as the singly degenerate v_ mode, assuming equal proton displacements

5
in the two modes, There are also two optical bands which may be
associated with the band at 519cm-1. These are the bands at 510
and 51+9cm'1 (44) which have been assignea to the skeletal vibrationms,
Va4 and v, respectively, (12), The skeletal modes are not thought
to be significantly coupled to the proton motions (as in the previous

assignment), The bands at 519 and 600::1::'1 are thus assigned to :the

Vg and V15 modes respectively. (From these bands the barriers to
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reorientation may be estimated? see later). The regions of the
spectrum containing the bands 519 and 600c|n-1 were run, with the noisy
counter, and without, respectively. This will have disturbed the
intensities of the two peaks.

The remaining bands are all weak and are assigned as combination
and difference bands, see Table Vvi, -Reasonable agreement between the
predicted and observed frequencies was difficult to obtain and may
reflect the use of the wrong combinations, The combination mode
at 6loOcm-1 is assigned to combination of the intramolecular
librational mode Vis with the acoustic lattice mode, This gives a
value of 4Ocm'1 for the acoustic lattice mode, which corresponds ‘to
what might be expected considering the mass of the zirconium borohydride
(atomic weight of 151). All of these combination bands are strictly
active in either infrared or Raman, Observing these bands in.the
optical spectra may be very difficult as their 1ntensi£y in the neutron

spectrum is low,

6. The Octahydrotriborate anion |

6.1 Results obtained

The up scattering spectra of tetramethyl ammonium iodide (T.M.A,) _
and tetramethyl ammonium octahydrotriborate (0.H,T.B.) were obtained
concurrently at 294°K; the results are shown in Table Vviii see;
Fiéure Vx, Several very intense bands at low energy transfer were
observed as well as a group of bands at around 350cm-1. The down

scattering spectrum of T.,M.A. and O.H.T.B., obtained at 77°K, was complex,

) The results are also given in Table Vviii, see Figure Vxi. (Much
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Table Vix,
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. Irreducible Representations of the lattice modes of tetramethyl

ammonium iodide,

2u’ "u

Crystal Tetramethyl Iodide
Structure Ammonium ion

7 .ion
D41 P4/ rum  N(eH,), I
Site Group D2d (:4v
Site species containing

translation 32, E Aﬁ’ E

rotation Az, E -
Factor Group D4h D4h
Factor species of

translation correlated BZg’AZu’Eg’Eu Alg’AZu’Eg’Eu
of rotation correlation Azg’BZu’Eg’Eu
Irreducible repmsentations

of the lattice modes
Acoustic A, + E

2 u

Optic A1§+?2E+A2u+2Eg+Eu
Libration A28+BzufE8+Eu
Infrared active species

in D"h Factor Group A, , E




Table Vx,
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Normal mode assignments for N(Cﬂ,)+ ion and their correlation to

C B

site and Factor groups.

Factor Group D4h

A13 2g 18 2g gAlu
t _ tt ¢

*+ *.'.

Description Symmetry apeciés i
A1 A2 E F1 Fz E
CH, non symmetric stretch Vg Vg V13 :
CH3 symmetric stretch 21 V14
CH, non symmetric
3 deformation M3 Y10 V15
CH3 symmetric deformation : Vo V16
CH3 rock vy Vi1 V17
CH3 libration (twist) V4 V12
Skeletal modes vq vg :18
19
Molecular Group Td A A E F F
1 1 *Z
+ t t
Site Group D2d A1 9 B1 22 E
1 t t

Notes * , indicates Infrared activity

4 , indicates raman activity,
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Normal mode Vibrations of the B

JHg fon ( 4 )

Mode] Description Symmetry Motion of Molecule ion
Species terminal protons 33H8
v at position
BH A 4,5 A
t 1 /7
2 | stretch B1 u’/’n\\\\u
| [ |
3 A 4,5
2 ’ —_—
4 By H7B e
5 A 2 H B
6 B1
Model molecule used
7 |BH, scissors A 2
8 t2 Ai 4,5 1,3 dioxolane
9 B2 4,5
10 Bﬂz wag Al 4,5 4 03
1 |t B, 2 Jz
12 B2 4,5 5 0
13 | twist A, 2 ‘1
14 A2 4,5
15 B1 4,5
16 |rock A2 4,5
17 B1 2
19 |ring stretching A1
20 A1
21 Bz
22 ' B, ,
23 | (breathing) A1 ‘
24 |Ring deformation A
25 |in plane 32
26 |out of plane Az
27 B1

Notes, A species are symmetric
B " " assymmetric

A, species are Raman active only,
all other species are Raman and
Infrared active,

Subscript t refers to the terminal protons,
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Fig. V.xi

Inelastic neutron down scattering spectra of
B,H, N(CH,) and I N(CH,) , at 17°K
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Fig. V.xii
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Infrared absorption spectrum of BBHS N(CH324_

Absorbance

100 200 cm 300
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Fig. V.xiii
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sharper bands were observed at the lower temperature). Compared with
T.M.A. the scattering from O.H,T.B, was low, this may have been due to
Blo absorptipn which was an obvious feature of the up scattering
spectrum,

Infrared spectra in the near and far regions were obtained for both

salts (see Figures Vxii and xiii). The Raman spectrum of O.H.T.B., was

also taken,

6.2 Discussion of results

The spectra observed are besf discussed in terms of the two
contributing molecular ifons. The tetramethyl ammonium ion was present
in both samples but the octahydroborate anion was only present in one

(0.H.T.B,)

6.2.1 The scattering from the tetramethyl ammonium cation,

This ion has tetrahedral symmetry (8) and its infrared spectrum
should normallf show no librational modes, The neutron spectra would
be expected to show these modes strongly. These modes can be studied
in isolation in the spectra of tetramethyl ammonium iodide (T.M.A,)
T.M.A, has a DZh (P4/num) crystal structure, the irreducible
representations of the lattice modes of T.M.A. are given in Table Vix,
The irreducible representations of the intramolecular normal modes
of vibration, and their correlafions to the crystal field, are given
in Table Vx. Following Bottger (1965) the mode notation of Young
(1947) is used. (Table Vx also gives an approximate description of

the modes).
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The infrared bands at 458 and l;75¢:|n-1 are due to the skeletal
vibration Vi9° This mode, of character Fz, is split by the crystal
field to give the two bands, of character A2u and Eu. In the neutron
spectra these two bands are unresolved and are assigned to the peak

at 448cm™ L, The main scattering feature of both up and down

scattered spectra is the band at 350cm'1, this is coincident with

a very weak infrared band at 345cm™ L, These bands are due to the

out of phase methyl librational mode, v vhich is of F, character -

12° 1
in the molecular point group. In the crystal this mode is infrared
actng, of character Eu. This has been wrongly assigned by
Bottger (1965) to the Vg mode, (of character E in the molecular point
group, this mode is still inactive in the crystal field). The
in phase methyl librational motion mode 7 of character A2’ wou}d be
expected at lower energy than V12 but not too different in value,
The peak al:_262cm-1 in fhe down scattering spectrum is assigned to
this mode, there are no corresponding absorptions in the infrared.
(A2 species are infrared inactive in both molecular and crystal'.
symmetry groups). As gxpe;ted this mode Y4 gives less intense,
scattering than vi2 (Figure Vxi).

The remaining bands are low emergy lattice modes observed in
the up scattering and far infrared spectra, and the molecular
combination bands 6bserved in the down scattering spectrum, The

1

two intense bands at 80 and 90cm ~ are assigned to the lattice

vibrational and librational modes, both are of Eu character. The

lattice vibrational transition involving the optic mode of A2

character was weakly observed in the infrared, at 140cm™l,  This
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allowed the construction of a scheme of transitions involving
the optical modes (see Figure Vxiv), This is highly speculative

but allows the assignment of some weak bands at very low energy in

the up scattering spectrum. The bands observed above 500cm'1 can

be assigned to a suitable combination of molecular and lattice modes

(see Table Vviii). The bands at 540cm™ !

and 610cm™! are formairy
infrared inactive, from the assignments given, These bands are not
observed in the infrared, The band at 700cm ! should be infrared
active but was not observed. (The intense neutron feature at

1

350cm - is very weak in the infrared).

6.2,2 Scattering from the Octahydrotriborate anion

This anion was not studied in isolation but may be treated as
isolated by accounting for the molecular modes of the tetramethyi
ammonium cation. Onlx two bandi occur in the neutron scattering
spectrum of the tetramethyl ammonium octahydroborate salt O0.H,T.B.,
which are associated with the molecular ﬁodes of the octahydroborate

1 and 540cm-1,

anion (Baﬂs' ion). There are the bands at 443cm
see Table Vviii and Fig. Vxi. Unfortunately no vibrational

spectroscopy has been reported for the B3H8 ion and no readily acceptable
set of normal vibrations is av;ilable. The anion is of‘c2v
symmetry (38, 20) and could be described in terms of an analogous
carbon heterocycle. One such molecule is 1,3dioxolane, see

Figure Viii, This almost planar molecule is described in terms of.a
CZV symmetry (4) and has been studied by Barker (1959). The normal
modes of vibration of this compound, and their approximate descriptionms,

are given in Table Vxi; they are used in the assignments of the 33H8

spectrum,
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The normal modes involving B-H stretches, nHz scissoring,

and ring stretches will be in the region above 1000cm'1. The twists,

wags, and rocks of the terminal protons are usually assigned above
700cm™! (10).  The only modes likely to be active in the region'of
the observations are the ring bends, These are the in plane ring
bends Voyr Va5 of characters A1 and Bz; also the out of plane ring

bends Vog* V27 of characters A, and B The out of plane modes

2 1°

Vogs 27 are anticipated at lower energy thaﬁ tig—in ﬁlane modes

Vo4, 25° (In 1,3dioxolane v,,,,, were ca 660cm ! and Vo o7 Were

thought to be below 420cm-1(4)). The strong neutron band at 443cm-1

is assigned to unresolved molecular transitions involving v, and v, ..

26 27
This band was also found to be the only feature of the Raman apeétrum

of the B3H8 salt, (The band was very strong). This discounts the

possibility that the band is due to the tetramethyl ammonium v.. mode,

13
which appears at 444cm-1 in the T,M.A. down scattering spectrum,
(The most intense Raman feature of T.M,A, in this region would be

expectgd to be Vs of A, character, which was observed by Edsall (1937)

1
at 752cm-1). The neutron band observed can be associated with the
broad infrared band at 435cm_1. This infrared absorption is split

upon going to lower temperatures, 77°k (see Table Vviii). In the

two modes v the majority of the motion will be imparted to the

26* V27
protons, with the relatively heavy boron atoms remaining fixed. Under
these circumstances the symmetric mode Az, Vog? will take on a

character not unlike a bridge proton wag, Whilst the asymmetric Bl

mode could be described as a bridge proton twist: The difference in

energy of these modes and the corresponding terminal modes, which are
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observed above 900cm-1; indicate the extent to which the B3H8 anion
is a molecule and not a loose combination of a borohydride ion and a
Bzﬂ4 unit, The range of measurement was too restricted to observe
other B3H8 anion modes in the neutron spectra; however all modes are
infrared active and some of these are assigned in Table Vviii,
(These bands have similar values to the bands observed in
1,3dioxolane), The peak at Sdocﬁ-l is obviously a combination ﬁoﬁe,
as no other fundamentals remain to be assigned in this region.
Combination of the 443cm-1 band and the lattice moae observed at:
106cm™ ! (designated vi4 in Table Vviii) would yield a suitable
value, 549cm'1. This band is infrared active, observed at 540cm-1.
The lattice modes, which are assigned below the lowest 1n;erna1
fundamental of the tetramethyl ammonium ion, are confused, The,
broad absorption in the infrared spectra are reflected as broad
scattering in the up scattering spectrum, Unfortunately no crystal
data are vailable on O0.H.T,B, and the origin of the bands remains
unknown, This breadth of scattering may be of the same type as was
observed for the iomic borohydrides, but it ;s more intense iﬁd occurs
closer in to the elastic peak, This type of feature is completely
absent from the T.M.A.Ispectrum, see Figure Vx, A similar type éf
behaviour was observed in the tetramethyl ammonium manganese chtprgﬁe
spectra by Lassier (1973). 1In the high temperature phase the T.M.A,
ions were considered to be rapidly reorientating, which should give
rise to a weak shoulder in the quasi-elastic region. In the low

temperature phase an intense broad scattering feature was observed

at 32cm'1 which was assigned to a librationary motion of the whole
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T.M.A, ion, with occasional reorientation. It may be that the
crystal structure of O,H.T.B, will be less hindering to the N(CH3)4
ion, than is the case for the T.M.A, salt itself, An alternative
explanation involves a series of unresolved lattice modes. These
problems however cannot be adequately tackled without source data on

the crystalline state of O.H,T.B.

7. Barriers to reorientation - - ‘ )

The intramolecular reorientation in the compounds studied, which
gives rise to the fluxional behaviour observed in the proton N.M.R.,
can be regarded as rotational in nature, All of the structurally
inequivalent protons can be brought into equivalence, by rotation of
an integral internal segment, the borohydride unit, about some axis,
It has been suggested by several authors that vibrational modes, if
of sufficient amplitude, provide a mechanism for permutation of atoms
in a molecule (23,34,36). It can readily be appreciated that some of
the normal modes observed in the spectra presented here would permute
and v, in girconiﬁm.borohydride will permute all

15 5
bridging protons between their equivalent positions). Although in

atoms (e.g. v

ionic compounds the borohydride ions can be treated as independent
oscillators, the extent to which this approximation holds in a molecule
must be limited, Splitting of the modes into 'in' and 'out of' phase
motions have been observed in the aluminium and zirconium borohydrides.
Grant (1968) has shown that in compounds like neopentane the metﬁyl
groups couple to each other through the anharmonic component of the

potential well (18,19,26) (see Section III). In the case of aluminium

and zirconium borohydrides an estimate of this anharmonicity can be
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obtained. This is the V1 of Table Vxii (The formula used .to
obtain the intramolecular barriers are discussed in section III).
The values obtained for the barriers are given in Table Vxii. The
V values represent the barrier to reorientation of all the borohydride
units which are coupled (N), Dividing by this number yiélds the
average barrier to reorientation V°(19). ’ i

In the case of calcium borohydride the system is not molecular _

and the two borohydride units are uncoupled, The reoriéntational barrier

is comparable with those obtained for the alkali metal borohydrid@s.

1ib
n-

the other ionic borohydrides this value Vo does not represent the

Its value is higher, as might be expected from its high F As with
barrier at reorientation,

The barriers calculated for the case of aluminium borohydride are
reasonable, and have simple physical explanations, The highest
barrier involves the rocking motion of the bridging protons, see
Fig. Vviii, (This is usually given as the aluminium-hydrogen
asymmetric stretching mode in I.R. literature)., That this barrier
is high can be considered as a property of an intermediate configuration
which might result from the extreme amplitude of this motion, At
this intermediate stage all the borohydride units would be bonded to
the aluminium through only one hydrogen bridge. This is energetically
very unfavourable and leads to the high barrier. Similarly at the
intermediate stage of the twisting vibration, see Fig. Vviii, all
of the bridging protons lie in the aluminium-boron plane, This is
the position of maximum nuclear repulsion. It has been calculated

that this nuclear repulsion is the dominant term in specifying the
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molecular configuration of aluminium borohydride (24). Finally
there is the intermediate stage for the wagging vibration of the
bridging protons (usually called the bridge bend in I.R. texts), 1In
this mode the bridge protons would be displaced to one side and a
terminal proton will be brought in; to make all three protons
equidistant from the aluminium atom. This is a chemically realistic
state (29). Any of the three bridging bonds can be broken; there

is a one in three chance that a terminal and bridging proton will have
been exchanged. It i8 obvious that these intermediates forma series;
from an electronically unacceptable intermediate stage, through a
highly repulsive intermediate, to a low energy intermediate, The
barrier which hinders the exchange of terminal and bridging protons

in aluminium borohydride is associated with the bridge wage, it is
about 3.5 Kcal mole'1 (in the deep well approximation). This b;rrier
is consistent with the proton N.M.R. data, which indicates equivalence
of all protons, It can be seen from Table Vxii that the couplipg
between the borohydride units is very low, The V1 term, which is a
measure of the coupling, is no more than 47 of the total batrier, v,
for any vibration.

The barriers obtained for the zirconium borohydride can be
rationalised in a similar manner, In this case the barrier to
reorientation Vo given in Table Vxii, is the barrier to rotation about
the zirconium-boron axis. It is given at 4,94 Kcals mole~l,  There
are several points of interest in this case, Firstly the value, for
the total barrier V is less than the equivalent barrier in aluminium
borohydride. Also that the coupling between the motion of the

borohydride units is larger. The value of V, is equal to 9.1% of
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the barrier V. Although the number of borohydride units around the
Zirconium atom is four, compared with three in aluminium borohydtide,
the metal boron distances in the two compounds are similar (Zr-B
is about 2,348 (7,40) and Al-B is about 2,148 (1)). It may be
concluded that the congestion about the zirconium atom is severe, and
leads to intermeshing of the borohydride units, This intermeshing,
in & cog like manner, explains the higher degree of coupling observed.
The vibration which allows thé exchange of termindl and bridging
protons is probably a zirconium-hydrogen asymmetric stretching frequency.
This would lead to an intermediate which has a double proton bridge
from boron to zirconium (29). Unfortunately a complete vibrational
analysis of this compound has not been publighed and the nature of the

motions involved in its vibrational modes is unclear, The mode Vaps

described by Davies (1973) as a bridge deformation, may be the mﬁde
required, This mode involves significant proton motion and wa;
assigned to the band at 227cn”}, Table Vvi. In the deep well
approximation for independent rotors (discussed in Section III) this
band is associated with a barrier, Vs of 1.03 Kcal mole-l. (Because
of the tentative nature of the association of this band'with terminal-
bridge exchange the calculation was omitted from Table Vxii). This
value for the reorientational barrier (V = N.Vo; 4 x 1,03 Kcals mole'l)
V = 4.12 Kcals mole'l, is low, but is consistent with N.M.R. work.

The proton N.M.R, work conducted on zirconium borohydride has shown
that intramolecular reorientation should be more hindered than the
whole body reorientation of the molecule in the liquid (29). This

whole body reorientational barrier was determined at about 3.1 Kcal mole'l.
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The modes which exchange the bridging and terminal protons
in the B3H8 anion are pseudo rotational in nature (25), These
vibrational modes are usually observed in the region below about
IOOcm'1 (21), and were not observed in the spectra presented here,
They would be expected to lead to very low barriers to intramolecular

reorientation,
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CHAPTER VI

THE INCORPORATION OF THE AMMONIUM ION IN

LATTICES OF THE ALKALI HALIDES.

Since the early theoretical work by Pauling (1930) and
frenkel (1946) the ammonium halides have been extensively studiéd.
Many of these studies have had the object of determining the
rotational dynamics of the a;monium ions,"aﬁd Ehé extent to wﬁich
these are influenced by the presence of other ammonium ion neighbours
(22, 42). Unfortunately the ammonium halides undergo many phase
changes as the temperature varies (42). This makes it difficult
to study the temperature variation of the dynamics in these salts.
Also, unlike the borohydrides, the crystal structures of the pure
ammonium halides are not highly symmetric, It was with the object
of overcoming these difficulties that the ammonium ion was ;ncoiporated
into the alkali metal halide lattices. These lattices maintain
their highly symmetric structure despite temperature variation,

- The crystal dynamics of a lattice containing defects are discussed;
with specific reference to the ammonium ion in the alkali halide
crystals, Following this the experimental methods of preparing
the mixed crystals are described, and also the studies which were
conducted on them., Finally the results obtained are presented and

discussed, 1
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1. The Dynamics of a lattice containing Molecular Substitutional
defects.

The dynamics of a pure lattice were touched upon.previously in
Section IV. 1In this section the effects of a molecular substitutional
defect in a diatomic lattice is considered. Beginning with thg
simplest case, the monatomic substitutional mass defect; this:is
easily extended to cover the molecular mass defect. Throughout the
i discussion it is assumed that the defect experieﬁces,the same force
constants as would the substituted atom, (Force constant changes
are sometimes required to improve the fit of the predictions to
experimental observation (38). Generally if the force constant
increases for a defect then it has the same effect as lightening the

defect mass),

1.1 A light monatomic mass defect

1.1,1 Substituted into 8 monatomic lattice.

The solutions to the dynamical equations of a three dimensional
monatomic lattice fall into one band. These are the acoustic .modes.
In substituting a light defect the vibrational frequency of the!defect
in the lattice will be higher than for the substituted atom, The
solutions, representing the frequency of the defects will move out

of the band to higher values.

1.1.2 Substituted into a diatomic lattice.

In a diatomic lattice, of two ions with different masses, the
problem is more complex, The dynamical equations of the pure lattice

show two sets of solutions, the acoustic and optic modes; due to the
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presence of the two masses, Usually there is a frequency gap '

between the two sets of solutions which corresponds to forbidden
frequencies for the lattice. This is termed the 'Gap'. The
motions of the two masses, with respect to each other, are
different for the two bands, Consider a pure lattice of two
masses Mh and Ml’ the heavy and light ions respectively. Model
calculations by Mazur (1956) have shown how these motions can be
used to understand the effects of a light defect atom, The defect
atom is denoted by m, and is lighter than either Mh or Ml.
At the zone edge of an acoustic branch the Mh atoms only are
vibrating, n out of phase with each other; the Ml atoms are
situated at nodes. Substituting m for Mh will move the solutions
of the dynamical equations representing the motion of the defect
to higher frequency. (This is similaf.to the case for the
monatomic lattice), Modes of the same symmetry in the optic band
will also be forced to higher frequency. This is because of the
mutual repulsion between modes of the same symmetry (37). At the

gone edge of an optic branch the M, atoms are moving n out of phase

1
with each other, and the Mh atoms are situated at the nodes.
Substitution of a m atom for M1 will again lead to the solutions
for the defect atom‘being found at higher frequency. In this case
above the optic branch, However the mode in the acoustic banﬁ,
which has the same symmetry, is not moved out of the band,

The modes produced by promoting a solution out of the optic

band is a vibration which is too high in frequency to be propogated
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Eigen vector diagrams of infrared active impurity modes,

in a diatomic linear chain.
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by the whole lattice, Such modes are above the maximum
propogating frequency of the lattice, W ax’ This maximum frequency
is the frequency of the highest mode in the optic branch of the'pure
crystal, Motions of the impurity atom which are transferred to its
neighbouring atoms are heavily damped. Vibrations in this mode will
involve primarily motion of the impurity atom, The mode is
therefore localised in. space, and is termed a localised mode, (See
Fig. VIi).- _ﬁodes-localtsed in spacevafe 31;6 bfsauced w;;ﬂ a .
solution is promoted out of the acoustic branch into the forbidden
frequency gap. These are usuall& termed gap modes in the literature
(see Fig. VIi). In some pure alkali halides there is no forbidden
frequency gap, see Table VIi. Defect modes promoted from the
acoustic branch of these salts will appear in the optic branch. Any

impurity mode which has a frequency within either the acoustic or

the optic branches will resonate with the lattice at that fre&uency.
These modes are termed resonance (see Fig. VIi) modes. In this thesis
it is unimportant whether & mode promoted from the-écoustic branch 1is
strictly a gap mode, or a resonance mode, For the purp68e of .
consistency all defect modes promoted out of the acoustic branch will
be termed gap modes.

{

1.2 A light polyatomic defect substituted into a diatomic
lattice.

Previously, substitution of a defect left the mixed lattice with
the same number of atoms as the pure lattice, 1In the case of
t
polyatomic ion substitution more atoms are added and the lattice has

extra degrees of freedom, A more complex dynamical equation is
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required to describe the system and apart from some solutions

being moved, extra solutions are expected, This problem was
treated by Wagner (1963) and (1964). The polyatomic-defect,
represented by a point at its centre of mass, is treated as a mass
defect. The equations are thgn further modified by coupling
between the lattice and molecular systems, The set of solutions
to these equations, which represent the frequencies of the lattice
modes, include the molébuiar vibrational frequencies. (Since

the interatomic bonding in a polyatomic ion is much stronger than
the inter-ionic interactions the molecular vibrations should not be
shifted greatly from the free ion values), These solutions to
high frequency are in addition to the high frequency modes promoted
out of the optic and acoustic bands. One further set of modes is
also expected, the librational moﬁes. For non spherically
symmetric ions as many as three modes would be expected, associated
with the different moments of inertia. In a lattice where the
molecular axes are distributed among the equivalent crystal symmetry
directions, the molecule may take on the statistical appearance of

a sphere (45). There are some results which are in accordance with
this suggestion (23). Any molecular modes whose frequencies fall

within the optic or acoustic bands from resonance modes (20).

1.3 Modifications to the molecular vibrational spectrum by
substitution into a lattice,

When a molecular entity is condensed into the crystalline
state its spectrum is affected. Even in pure crystals the molecular

spectrum is modified by its environment. This was partially
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discussed in section IV, The largest influence comes from the
ion's immediate environment, site group effects, The larger
environment of the unit cell in a pure crystal can cause further
modification, Factor group effects, but these may be so weak as'

to be absent (13). 1In a substitutionally defective crystal there
can be no Factor group effects (this follows from the definition
of a solid solution as opposed to a mixture of crystallites), it is
with the object of changing the site group effects, and to sharpen
bands that molecular ions are usually incorporated into other
crystals. Under suitable conditions the site environment wilf
remove degeneracy of molecular modes and make other modes active
(see Section IV), However the band shapes and fine structure
around bands in the molecular vibration region cannot always be
successfully explained by site group effects (41, 20).

Such effects can be explained in other ways. These are,
concentration effects, and combination modes, Van der Elsken
(1964) has shown that, unless very weak solutions of the incorporated
ion are used, infrared active satalite bands are produced., These
arise from coupling of the intramolecular modes in clusters of the
defects, It results in in-phase and out of phase modes for these
bands. This does not explain all structure and can be produced by
using low concentrations,

A satisfactory explanation has been provided by Metselaar (1966).
(This follows from similar explanations of ultra violet spectra,
Timusk (1964). 1In the high frequency region of a etrongly active

molecular vibrational band fine structure is often observed. This
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can be interpreted as a combination of the molecular mode with the
band spectrum of the lattice modes (21, 23). 1In the case of
incorporated nitrate ions, in alkali halide lattices, the majin
features of the bands of the lattice modes were observed. These
were on the high energy side of the intense nitrate stretching mode

1

at 1388cm (v3, character E'), also observed were the-localisea

modes caused by the nitrate ion acting as a mass defect (21). '
This combinitﬁon with the frequency distribution spectrum of the’
lattice covered the region up to about 1600cm-1. Its overall'shape
fitted the published lattice frequency spectrum of the pure host.

The extra peaks observed occurredlin the region of the host lattice

gap, and also slightly above ®ax of the pure host.

2. Spectral modifications expected for the incorporation of ammonium
ions in alkali halide lattices.

In the neutron inelastic scattering spectrum of a lattice all
modes would be expected to be active (see Section I), incorporation
of a defect will merely change the values of the modes. Infrared

absorption spectroadopy, however, is fundamentally changed by
incorporated defects (37), The strict translational symmetry qf a
pure lattice imposes a selection rule for the interaction of liéht
with lattice modes. (This selection rule demands the conservation
of wave vector), When defects are introduced into the lattice the
translational symmetry is lost and the selection rule relaxes, In
any mixed crystal all modes are formally infrared and Raman active

although there may still be some modes which interact preferentially

with light due to symmetry considerations (37).
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Table VIii.

Table showing the modes predicted in a mixed

ammonium alkali halide crystal
Localised
Modes predicted:
Pure Host Heaviest in the above as a
of Host Gap Ypax libration
atoms
NaCl Ccl
Br Br _ _ _ - -
1 1
KC1 K *
Br Br
I 1 *
RbC1 Rb
Br Rb
I 1
CsCl Cs
Br Cs
I Cs

Note. NH4+ alvays displaces the metal ion, and is

a light impurity.
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2.1 Low frequency region,

The ammonium ion substituted into the alkali metal halides is
always a light impurity; it is lighter than any alkali metal, save
: lithium, Provided the ion interacts with tﬁe lattice via the
same force constants as the éisplaced metal, predictions can be
based upon the model of Mazur (1956) discussed earlier.

These predictions can be illustrated by consideration of the
potassium chloride and potassium bromide salts, The ammonium ion
substitutes for the potassium ion in both salts, In potassium
chloride the light defect, the ammonium ion, is substituted éor the
heavier ion of the pure host lattice. Thus, apart from the

librational mode, a gap mode and a localised mode are predicted,

However, in the case of potassium bromide the potassium ion is the
lighter ion of the pure host lattice, Thus, apart from the
librational mode, only a localised mode is predicted. The modes
predicted for the substitution of ammonium ion defects into alkali
halide lattices are given in Table VIii. Smith (1972) has reported
some neutron inelastic work conducted on the potassium (ammonium)
chloride crystal lattice. He has shown that two localised modes
occur, a translational and a librational mode, The translational
localised mode could be explained by considering force constant,
changes of about 20 to 25%. The librational mode was at higher

frequency.

2.2 Molecular vibration region.

It might be anticipated that the region to high frequency of a
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strong molecular band would show combination with the lattice
modes.  Such behaviour would be directly analogous to the nitrate
and nitrite observations (21, 23), In this environment only two
molecular vibrations are infrared active, ) and 4 of character Fz
the band at ca, lloOOcm-1 (va) lies in the least cluttered region

of the spectrum, An extensive study of the vibrational region

of the infrared spectrum of ammonium ions incorporated fnto alkali
halides was undertaken by Vedder (1958). He covered the two regions _

1 1

1300 to 1650cm = and 2500 to 3900cm .

Spectra were obtained at
different temperatures, as low as 4°x. The results he obtained

are reproduced in Table VIiii. It is obvious from his results that
the expected behaviour is not occurring, even the broad general
features are absent, It was suggested that a satellite band, at
1458cm'1, to the main ammonium bending mode, at 1403cm'1, was a
combination, The combination proposed was with a libratory mode;
involving libration about the c3 symmetry axis. Vedder did not
appear to appreciate the possible explanation in terms of
combinations of the lattice and molecular modes (discussed earlier).
However this does not necessarily invalidate his interpretation.

The assigned band is only 55cm'1 from the fundamental intramolecular
band with which it is combined. Although the band may be
associated with the expected gap mode, promoted from the acoustic
branch, its value is low, (In the case of KCl there is no gap,

see Table VIi). Further, no localised mode, promoted from the optic
branch was observed. Such a mode might be expected to accompany

any gap mode.
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Table VIiii.

Results reported by Vedder (1958) for the I.R. spectrum

of K-NH,Cl in the 1400cm™ * region at 5%k,

* band assigned to & combination of libration

and molecular bending.

Vedder (1961)

K-NH4C1
Infrared absorption maxima (em 1)
Dilute solution Concentrated Solution
1536 b
1495 b
1470 b 1470
1457 b 1458 b *
1438 1438
1424.8 1424.8
1413, 5 1413.2 '
1404.8 vs
1401.8 vs
1396. 5
1385 1384.5
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| 3. Experimental

The mixed crystals were prepared by a simple procedure,
after the starting materials had been purified, | The best gradé
of starting materials was obtained, for some of the alkali halides
this was 'optran' standard, from B.D.H, Other salts were ébtained
as 'Analar' quality. (Only in the case of rubidium salts and

ammonium iodide were crystals of less purity used). The starting

materials were checked for spectroscopic impurity, over the range
4000 to 2509m'1, using thick nujol mulls, Most of the salts were
used without further purificati;n. In the case of all rubidium
salts and some caesium and ammonium salts recrystallisation was necessary.
The salts were recrystallised from water (distilled water was used
. throughout the preparation), recovering 90 to 95% of the solute;

Even with the rubidium salts two recrystallisations were adequate,

The preparation of the mixed salts was conducted after a method
due to Fock (1897). A large weight of the host cr&stal, about 80gm,
and a small quantity of the appropriate ammonium salt were taken
up into solution with water. This was done slowly at ambient
temperature, 8o that a very concentrated solution was obtained..

The solution was placed in a refridgerator maintained at about -5%.
Crystals of the mixed salt slowly precipitated over a few hours;

and no more than 10% of the solute was recovered. (Although in the
case of the expensive rubidium salts larger quantities were
precipitated). '

The mixed crystals were separated from the mother liquor and

dried at thé pump; final drying was done in an oven maintained at
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65°C. Spectroscopically dry samples were used in all the
experiments, Samples of the dry salts were analysed for total
‘

nitrogen content by the standard Kjeldahl method. It was possible
to check the consistency of the precipitated crystals in the !
potassium(ammonium )salts, In this sytem large conglomerates of
crystallites formed, up to 1.5cm high and often 2 by 2cm square.
Samples taken from the base and from the top gave the same
analytical figure;. Oﬁiy about 2,5% (by m;lej ;f fhé-ﬁésf_Ihtﬁice
was substituted for, by the relevent ammonium halide.

At this concentration about 75% of the ammonium ions will have
only metal ions as their nearest cationic neighbours, and about 207
will have one other ammonium ion as a neighbour. The remaining 5%
are in groups of three or four (2), This was achieved by slowly
increasing the weight of ammonium salt in the initial solution
whilst keeping the host at constant concentration. As reportéd by
Vedder (1958) the concentrations of the original solution, nec;ssary to
achieve the required solid solution concentration, varied widely
from salt to salt. Experimental difficulties were found with all the
iodides due to the tendency of the iodide ion to oxidise. (The:
I ~ going to 13' ion), These preparatiohs were conducted under
nitrogen to limit the oxidation, Inability to control the %
incorporation of ammonium ions into caesium salts is probaply due

to too rapid a precipitation rate,

3.1 For the purpose of all neutron scattering experiments
the dry salts were contained in aluminium foil satchetq. These

satchets were easily formed from 0,002" aluminium foil shaped into



Table VIiv,

Table of experimental details for the spectra of

ammonium incorporated into alkali halide

294,

~ db gain

lactices
Sample K—Nﬂa RbeHA cg-:NH4

cl Br 1 cl c1 Br 1
% by mole uu,f incorp. 2,61 2.14 4,45 2,41 2.40 6,17 0.6l
Up scattering
‘Can material Al Al Al Al Al Al Al
wt. of compound gm 39.59 40.63 14,9 10.48 8.46 15,50 10.08
Thickness cm 1.3 1.2 0.45 0.35 0.30 0.35 0.25
Area cm? 32,5 32,5 33.0 22.5 35.0 32.5 30.0
Background (Host in Al) KCl KBr KI RbCl CsCl CsBr Csl
wt, of Host gnm 40.0 47.77 14.98 10.74 8.42 15.54 10.15
Thickness cm 1.2 1.2 0.40 0.30 0.25 0.35 0.20
Area o 32,4 32.5 30.0 22.5 350 30.0 30.0
Down scattering
Monochromater Al Al Al Al Al
plane 3.1.1. 3.1 3.lL1. 1L1/3.11 3.1.1.
Infrared spectrum

24,9 12.5 26.5
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a square pocket about 5cm by 5cm. Initially, because scattering
from the samples was expected to be low, very thick (up to 13mm)
samples were used. This was later found to be unnecessary.
Satisfactory scattering was obtained from about 12gms of the mixed
salt, which gave sample thicknesses of about 3mm, when rolied flat,
The aluminium satchets were not air tight and all samples were
stored in vacuum dessicators above phosphorus pentoxide. The *

up scattering spectra were taken on the 6H spectrometér at Harwell
(see Section II), The down scattering spectra were obtained on the
beryllium filter spectrometer at Harwell (see Section II). A sample
of the pure host lattice was run as a background to the relevent
incorporated salt, This background was subtracted from the spectra
of the mixed salts to obtain the extra scattering due to the
ammonium ions, All relevent experimental details are given in
Table VIiv.

3.2 The infrared absorption spectra of some of the pure, and
mixed, salts were obtained in the far infrared region. The far,
infrared Fourier transform spectrometer was used (see Section II)
and the samples were prepared as has been previously descfibed (see
Section IV). The experimental details for the best spectra are

given in Table VIiv.

4. Results,
The infrared results are presented first, these are shown .
in Table VIv, and illustrated in Fig. VIii,iii, These results. are

discussed together, Secondly the results of the inelastic neutron
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scattering spectra are presented, these are given in Tables ViIvi,
Vivii, and shown in Fig. VIiv to x. The tables are given in the
best manner to facilitate comparison with the 1dgga of Magur
(discussed previously). These results are discussed in three
sections, The first is devoted to the overall number of extra modes,
and how it compares with predictions, In the second the observed
bands are assigned. Finally the reorientational processes at

vork in the crysial aré-ailcusued. !

4.1 The infrared spectra

The study of the infrared region from 50 to loSOcm"1 was made,
to observe the expected localised modes (discussed earlier), The
results given in Table VIv are for potassium chloride, host lattice,
only; analogous results were obtained for the caesium iodide and
sodium chloride host lattices. It is obvious that the
incorporation of ammonium ions into the host lattice has not given
rise to any extra absorptions, over this region., It has made no
observable changes to the host lattice at all, The reasons for this
involve the limitations of the apparatus and the temperature
dependence of the localised mode. The apparatus used was incapable
of maintaining temperatures lower than about 77°k (see Section II).
This is a relatively high temperature to search for localised modes.

The localised mode couples to the lattice vibrations, This
coupling is through anharmonic terms of the potential used in the
lattice dynamical equations. The coupling produces extra bands,

at the sides of the main localised mode, These side bands grow as



Table V1v,

Infrared absorptions of the mixed crystal potassium

ammonium chloride and the host latticé.
KC1 K-NHACI
observed bands observed bands
293%k 77%k 293% 77°k
-1 -1 -1 -1
cm cm cm cm
142 msh 145 msh 138 ésh 149 msh |
148 vs 156 vs 148 vs 153 vs
153 msh 162 ssh 158 s
205 vw 190 vwsh
213 w 220 w 213 m 220 w
230 vwb 240 vwb 234 vwb 235 vwd
Notes,
s, 8strong
m, medium
w, weak
v, very
b, broad



Fig. VI.ii

298,

00¢

wd
1- 00z

001 0s
2

3pTIOTYD (WNjUOWmE) WNTEsel

JO unijoads uoy3dIOSqe paaeiJul

adueqaosqe



Fig. VI.iii

29¢,

aourqlo8qe

9PTIIOTYS> uwnissejod JO wnilidads uoyldiosqe pazvajul




300.

the temperature rises, gaining intensity at the expense of the main
mode (16). Further, experimental difficulties can hinder the '
observation of the localised mode. Except at very low temperatures
the lattice vibrations of the host crystdl may swamp the local mode
(36). It is probable that the sample temperature was too high

to observe these modes.

4,2 The inelastic neutron scattering spectra.

Up scattering spectra were taken of caesium (ammonium) chloride,
bromide, and iodide at ambient temperature; and also of potassium
(ammonium) bromide at ambient temperaturé and at 176°K, Down
scattering spectra were taken, all at 77°K, of the potassium
(ammonium) chloride, bromide and iodide; and also of rubidium
(ammonium) chloride and caesium (ammonium) bromide. Insufficient
time was available on the instruments to study all the compounds

available, Instead the above repreientativé selection was covered,

4.2.1 Substitution of ammonium ions for the light ions of
a lattice, K-NH, Br and K-NH,I.

As shown in Table VIvi there are only two localised modes

expected in these salts:, The translational localised mode of !
the ammonium ion and its librational mode. The spectra of
potassium (ammonium) bromide, given in Table VIvi see Fig. Vliiv,
clearly show only two intense modes. These are at 228 and 30§cm-1.
Both of these bands are above the maximum propogating frequency of
the pure host lattice (whax) (4). 1f W ax is a reasonable
approximation to the limit of the propogating frequencies in the



Table VIvi

Table showing the extra scattering from ammonium

(Substituted for the lighter host atom)

301,

KBr KI
neutron scattering neutron Assignment
up o up down down
9= 45 o, 9° 45 o o o
T=294K T=176K T= 77K T= 77K
-1 -1 -1 -1
cm cm cm cm
15 vw
43 vw 43 w
82 w
110 w
141 m 149 m
(167) (144)
217 vs 194 vs 228 vs 208 vs | translation
259 s 275 8 305 s 257 s libration
sh
Notes. ( ); this represents the maximum frequency that

>wB <€

the crystal can propagate., See Table VIi.

weak
medium
strong
shoulder

v = very
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,“ mixed crystal, then the observed modes are localised. It has been
suggested that this is the case (38), their assignment is discussed
later. The extra scattering intensity which occurs as peaks in
the in-band region of the host lattice probably represents the
weak involvement of the ammonium ions with certain lattice modes.
Since the infrared absorptions of both the pure hosts and the mixed
salts are coincident, it is unlikely that the bands are the product
of a g;d baciéfouﬂq correction, The weak_intensiéy of the.biﬁds
argues against their being unexpected gap or resonance modes, |
The values of the lattice modes at specific points, of high
symmetry, on the Brillouin zone boundary have been published

(References are given in Table VIi). The extra scattering observed

in the spectra presented here. can be matched with some of these

modes. In potassium bromide the peaks at 43, 110, and 141cm-1 ﬁay
be matched to the [0,0,1], v,TA; [g,%,%2) v,70; and [3,%,%] v,L0.
lattice vibrations respectively. Such assiﬁnmeﬁta are temative

and are not shown in Table VIvi .

4.2.2 Substitution of ammonium ions for the heavy ions of the

lattice, K-NHQCI Rb-ﬂﬂag} Cs-NHfHal.

As shown in Table VIvii two localised modes and one_ gap mode,

promoted from the acoustic branch, are predicted for this case. IOne
of the localised modes being the librational mode of the ammoniu; ion.
The results obtained for the caesium(ammonium) chloride clearly show
two strong bands. The gap mode at 129cm-1 and a localised mode at

316cm-1. A moderately intense band occurs at 158¢:m-1 (see Fig. VIvii),




Table VIvii

Table showing the extra scattering from ammonium.

(Substituted for the heavier host ion)
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ol

Previous KC1 RbC1 CsC1 CsBr Csl
work Neutron | Neutron| Up scatt.|Up scatg. Neutron Up scatg Mode
KC1 down down 0= 45 e = 45 down 0 =45 Assignm,
(1) 77°K 77% 294°k 294 1%k 294%
-1 21 -1 -1 -1 -1
cm cm cm cm cm cm
42 w 42 w - = -1 -
51 w
87 w 96 vw
(110)
129 s 135 s < 140 Gap
158 m
(214) (170) |(164)
233 w 196 w. .
i
227 » 257 8 228m translat,
337 w 343 s 353m | 316 s 306 s 348vs libration
Notes. ( ); the bracketed figures are the maximum frequency
which can be propagated by the pure host lattice
see Table VI{,
v = weak ref: (1) Smith (1972)
m = medium
8 = gtrong
v = very
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This is close to W ax for the caesium chloride lattice, 1641:111.1

ﬁ(l),
and is probably the other localised mode expected. Similarly the
spectrum of caesium(ammonium) bromide shows two intense bands at 135
and 306cm'1. These bands are both above ax for caesium bromide,
110cm™! (33). The band at 135cm™} is assigned to the two.unresolved
translational modes, the gap mode and the localised mode. The band
at 306cm-1 is the other localised mode, the localised modes are
discussed later. The caesiumiammdﬁlum)iodidenéhéiié had a very low
concentration of incorporated ammonium ions, see Table VIiv, Théfe
were no bands observed in the spectrum of this sample.

The spectra of the potassium(ammonium) chloride and rubidium
(ammonium) chloride clearly show two localised modes (see Table VIvii
and Fig. VIiv). These bands are well_.gb_ove_uhax for the host lattice,
unfortunately no low energy spectra are availablé for these compounds.
The assignment of these modes is discussed later. In the up scattering
spectra, of the caesium halide mixed crystals, several weak features
were observed apart from the strong bands; this is similar to the
up scattering spectra of the potassium mixed salts. Again these are
assigned to a slight involvement of the ammonium ion in these modes.

The weak bands at 42, 51, and 87cm-1 in the spectrum of caesium
(ammonium) chloride may be matched to the [0,1,1] v,TA; [1,0,0] v,TA;
and [1,0,0] v,LA zone edge lattice modes of the host, respectively.

" Whilst the bands at 42, and 96cm'1 in the spectrum of caesium(ammonium)
bromide may be matched with the'[l,l.o] v,TA; and [1,0,0] v,LO
Brillouin zone edge values of caesium bromide. In conclusion it

can be said that the predictive ideas of Mazur (1956) are in accord

with the gross outlines of the results presented here.
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Fig. VI.vi
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Fig. VI.viii
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4.2.3 Assignment of the libratory and translatory modes.

In all sets of data where the two localiséd modes were observed,
either band could be assigned to the traﬁslational or librational
vibration.  Smith (1972) working on the potaasium(hmmonium) chloride
salt assigned his bands by conducting a siﬁilat-expefimgnt ona '
deuterated sample. His results for the non-deuterated mixed saft are
iq_agreement with thbsg presented here, see Table YIvii. In thg_
deuterated analogue only oné mode was obseived; “and Smith agsignéd"" -
‘fﬁis to the‘librational mode. ‘(It was displaced from the non deuterated
librational band by the factor /2). This system of assignmenté however -
;akes the tr;nslational m#de the most intense scattering feature of the
spectra. This is true for both up ang.down scattering results.
Reichhardt (ref. 38, under discussion) has pointed out £hat the
magnitude of the one-phonon cross section for. the 11brat10na¥.mode»of
an ammonium ion, in an alkali halide lattice, would be expected to be
larger ‘than that for its translational mode. The intensity of a neutron
band is directly related.to the displacement of the scattering atom
(see section I); using the simple harmonic approximation this
displacement can be estimated. 1In the first excited librational state
proton displacement is about Ehree times greater than in thg firgt
excited translational state. Further, the most intense features of
the inelastic neutron spectra of the pure ammonium halides are tge
librational peaks. (42, 24). .However it is not possible to ratignalise
a displacement of a translational mode by a factor of /é, upon
deuteration. The expected displacement of a translational mode in
these systems, is about 1.08, to lower frequencies. It is for this
reason that the assigmment of-the bands presented here follows

Smith (1972).
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The intense band at about 310cm-1 in the ambient up scattering

spectra of the caesium(ammonium) salts is assigned as a ltbrationll

mode. A localised mode is also expected in this region and the two
bgnda may lie so close together as to be unresolved, even by the é
beryllium filter technique (see Section II). It is unlikely that the

band at lower energy, about 130cm-1, (assigneﬂ previously as a gap mode)

is the librational mode. The librational frequency of the incorporated

ammonium ion in c;ésium salfﬁ woul? be éxpecte&-io be aﬁirsﬁimatel&
.the same a; that of the pufe aﬁmoﬁium halides. The pure ammonium

h;l':l.des have a'caesium chloride ty.pe phase, and the librational

frequencies are 389cm” ! (ordered, ammonium chloride), 345cm”}

(disordered, ammonium chloride), 30_3<:m-1 (disordered, ammonium bromide),

and 324cn”! (ammonium fodide) (42, 22 and refs within).

4.3 Réorientétional motion 60f the ammonium ions in the mixed
crystals. ’

The ampient temperature neutron ué scattéring spectra of the”pure
ammonium halides show evidence of reorientation (22 and ref.). Up
scattering spectra of several ammonium salts,-taken by Palevsky (1963),
showed very broad inelastic librational scattering. The ameniuﬁ ions
in some of these salts were successfully treated in terms of three
dimensional free rotors. It is not unexpected to find evidence of

_reorientation in the spectra of the incorporated salts. However!the
absence of phase changes in the incorporated ammonium salts will ‘
greatly simplify the problem., The complementary study of the

isomorphous, isoelectronic alkali metal borohydride salts is also useful.

In the borohydrides reorientation of the polyatomic anion showed itself
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% in the broadening of the librational scattering observed;
quasi-elastic broadening was also observed.

In the spectra of the potassium(ammonium) bromide these features
‘'were present to a different extent. This salt should be representative
of all the face centred cubic incorporated salts. The up scattering
spectra taken at different temperatures show:two different ’
reorientational processes. At low temperature a feature at very
J; , . low energy tfaﬁsfé?tbro;deﬂéw6ut the quasi-elastic energy gain regién
(see Fig. VIviii). This shoulder loses intensity at higher energy
transfers. This shoulder }s much larger than would be expected from

a mere quasi-elastic broadening, due to rapid reorientation. The

quasi-elastic peak observed in sodium borohydride (see Section IV)

—_ = -

- is much narrower than this feature. At high tépperatuge a broad
- librational scattering feature is present in the inelastic region of
the spectrum. (This can be directly compared with the up scatteéing
ambient spectra of the alkali metal borohydrides (see Section iv)).
Such a featu¥e should decay away in intensity to lower energy transfer.
The plateau which is actually observed may be regarded as the sum of
the broad inelastic feature and the broad quasi-elastic shoulder.
These two features -:the broad quasi-elastic shoulder and the brgad
librational scattering - can be explained in terms of the possible
reorientational processes of an ammonium ion in a face centred cubic
lattice.

In a face centred cubic arrangement of ions electrostatic
minimum potential sites exist when anyone of the tetrahedral arms points

directly at any nearest neighbour ion. (This is discussed in Section III).
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In the case of ammonium ions incorporated into an alkali metal hélide
salt this is when a proton is pointed at a halide ion. This has
been called the single approach model (26). This single approach
defines a 03 axis of symmetry, from the four available in an ammonium
ion. Further, the electrostatic barrier to reorientation abput such
an axis is very low (see Section III). Free rotation of. the ammonium
ion about this G3 axis would lead to a broad shoulder. in_the |
éuési;elaétié region of the spectrum (43). This is because ;ﬁeirois;
is restricted to one axis (degreé of freedom), Calculations conducted
by Lassier (1973) also show that such a feature is observed even if weak
hindering'of reorientation 1s.§resent. Previous authors have used
this single approaéh quel to explain data on ammonium salts, Plum
(1953) .and.Levy (1953) have both used it to explain their_s;udieg on the
low temperature modificattons‘bf:ammonium bromide and io&tde. (The
structure of these were. isomorphic with sodium chloride). Vedder (1961)
has used the single approach model to. explain his infrared study.
Unfortunately, calculation; 1ndicate'that-dteric repulsion is more
significant in dgﬁermininé‘the-orientationa‘of the ammonium 1on;,1;
these crystals, than electrost;tic attraction (see Section III).
The orientations dictated by the steric potential do not lead to .a
uniqué axis of reorientation. (Reorientation about any:of the three
34 axis of the ammoniﬁm ion are possible). This could not lead to the
type of spectrum observed at low temperature for this salt. The
conclusion which must be reached is that the forma;ion of Hydrogen bonds
is important in this system. (Hydrogen bonding was only considered
qualitatively in section III). Formation of strong Hydrogen bonds

would lead to the required properties for the incorporated salt.
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It is consistent to suggest that as the temperature is raised
reorientations bétween all of the possible single approach situations
L will occur. There are a total of 24 such positions (six equivalent
wells for any one of four equivalent protons to fall into). This
can be described as a reorientation of the 03 axis, to a new site.
Such a movement involves all the ammonium prétons and is not easily

described in terms of the symmetry elements of a tetrahedron. A broad

librational scattering feature would be expected from this reorientation
as in the borohydrides. Reorient;kions~of this nature involve more

than one axis of rotation (degrees of freedom). The librational band
would be expected at all temperatures, up to at least ambient. fThis

band represents the frystrated attempts to reorientate the 03 axis,

it will lose its identity as a librational mode completely when the
energy of the ammonium ion is greater than the depth of the well.

(At very low temperatures, about 10°K, a second librational broadening
should Be observed which represents frustrated reorientation about a
given 03 axis). As was shown by the borohydride spectra, ambient
experiments using down scattering techniques will have difficulty in
defining the librational mode as a band associated with the
reorientation of the C, axis. This will explain why Smith (1972)
had to go to low temperatures to conduct his observations. The_
general conclusion which can be drawn from the up scattering spectra
of the potassium(ammonium) bromide is that two types of reorientation
are possible in these crystals, and dependent upon temperature, make
more or less contribution to the scattering. It is probably safe to

generalise this observation to what will be expected from the other
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face centred cubic incorporated salts. Some support for these
general observations is given by Mikke (1965), he has also studied
the mixed crystals described here. Unfortunately no lbrational
peaks were observed, even at low temperature. A down scattering
spectrometer was used, measuring the scattered intensity as a
function of incident energy. The results were interpreted in
terms of simple rotation of the incorporated ion. The data was
consistent with the occurrence of two types of reorientaticn, and the~
reorientational processes discussed above were the ones suggested.
SOmg of his spectra, reproduced from Mikke (1965) are shown in
Fig. VIx, It is obvious that further detailed experiments will be
required on these mixed systems to elucidate the lattice motions of
the ammonium ion. B !

The lattice structure of the caesium(ammonium) halides is
different from those diéhusaed above. Being body centred cubic,
a minimum in the electrostatic potential can be achieved by pointing
the ammonium protons to the cbin;rs of the cube (see Section III).
This could be described as the four approach model; thgre are eight
equivalent positions, Reorient;tions between equivalent positions
by rotation about a 03 axis of the ammonium ion is more hindered than
reorientation about an 84 symmetry axis of the ion (see Sectioy ;II)..
Apart from the low lying gap mode these salts have spectra similar to

the borohydrides at low temperatures.(see Section IV),

As with ammonium ions incorporated into sodium chloride type
lattices, calculations conducted for the caesium chloride type lattices
indicate the importance of steric repulsion, in determining molecular

orientation (see Section III), The possibility of hydrogen bonding
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in these systems is obvious and has been supported by the

observations on the incorporation of ammonium ions into sodium
chloride type lattices, In the case of caesium chloride type lattices
there is the possibility of forming four hydrogen bon@p aimulta;eously.
It might be expected that this would lgad to a large increase in the
reorientational barrier in cgesium chloride type lattices, as compared
with sodium chloride type lattices, However such hydrogen-bonds

will be lonéer than those in the correspgnding sodi&m chloride type
lattice, This is indicated by the I;Qe; repulsion barrier in
caesium chloride typé lattices than in sodium chloride Eype lattices,
Sugh that, although four hyd?ogen bonds ‘are formed they may not be

as strong as thoPe which might be formed in the sodium chloride type

lattices,
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S. Barriers to reorientation

The results shpwn in Tables VIvi, VIvii can be used to obtain
estimates of the barrier to reorientation. The values of the
librational modes are substituted into equations III 1.1(xiv),

(xix) and (xxi) (previously discussed in section III), and values

of Vo are obtained. These barriers are given.in Table VIviii.

As previously they represent the average barrier to the ammonium ion
reorie-ntat:lon. The b_arriers in the case of sodium chloride . lattices
were treated as fourfold. It is ‘not obvious which value to use'in
this case. Four was chosen because it reflects the symmetry of the
reorientations with which the mode is associated. For lattices’

of the caesium chloride type the choice was obviougly fourfold.

The. results shown in Table VIviii may be divided into two sets:

The values for the sodium chloride lattice type and those values for
the caesium chloride lattice type. All four protons on the ammonium
ion are enabled to reside in potential minima only in the case of
caesium chloride type lattices. The barriers obtained for the
caesium chloride type host lattice may be compared with the data of
Venkataraman (1966). He obtained results for the caesium chloride
phase of the pure ammonium halides. The barriers to a twofold and
a fourfold reorientation of the ammonium ion were, 5.08 Kcal mole'1
(ordered, caesium chloride lattice type at 100°K, and 4.38 Kcal pmle'1
(disordered, caesium chloride lattice type at 300°K). In ammonium
bromide the barrier was 3.67 Kcal mole"1 (disordered, caesium chloride
lattice type at 300°K). (No results for the caesium chloride phase

of ammonium iodide were presented). These results are significantly
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Table ViIviii,

Table showing the barrier to reorientation Vo

obtained for the incorporated salts

320.

(a) Using the deep well approximation

(b) Using the formula of Das.

Sample Temp | Scattering \) *
o results o (Kcal mole) ‘
vlib, wlib (a) (b)
up down
| em™ L qm-l up down up down
| K-NH, L S
c1 77 343 || 3.58 | 4.24
294 | 259 2,05 2,51
Br 176 275 2,31 | 2.89
77 305 2.85 3.45
1 77 257 2,02 2.49
Rb-NHa ‘
Cl 77 353 3.81 4.63
| CB-NH4
Cl 294 316 | 3.04 3.51
i
294 | 306 _ 2.85 3.30
Br 77 348 3.72 4,20
b
* Moment of inertia for NH4+ = 4,79 x 10-403m cm 2 !

see Section III.
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different from those presented in Table VIviii, The differences
must in part be explained by the smaller lattice parameter of the
pure ammonium salts., (The ammonium chloride lattice parameter is
3.8758, at 300°Kk (6) the ammonium bromide parameter is 4.063, at
300°k (6); whilst for caesium chloride and bromide it is 4.121%,
and 4.2968, respectively (6)). Another contributing factor is éhe

_. présence of neighbouring polyatomic ions. At such shori separations

the ammonium fons must influence each other's motions. = The ordering —

'of.the caesium chloride lattice, wﬁiéh occurs at 243°K (42), shows
the importance of neighﬁouring ammonium {ions. In this phase the
barrier to reorientation has increased by 14%, to 5.08 Kcal mole-l.
whilst the lattice parameter has decreased by only 0.8% (6). It may
be concluded that the replacggent of the neighbouring ammonium ions
by. the simple alkali metal ions lowers the librationary barrier, Vo,

significantly,

« "
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