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SUMMARY
Single crystal polarized infra-red and Raman studies
of some ionic transition metal cdhplexes have been used
to generate éxtremely accurate vibrational data, both
with respect to frequency and symmetry assignments, and
also investigate a variety of solid-state phenomena, The
effects include static and dynamic crystal field splitting,
-order-disorder phenomena and first order phase transitions,
Extensive infra-red and Raman studies were undertaken
for thoée complexes having the general formula A_MX K6 and

274

A_MX_. both of which contain isolated MX42_ tetrahedral ions,

375
" The spectra of these complexes clearly demonstrate the
effects of distortion from perfect tetrahedral symmetry and
both site and factor group splitting, In order to assist
‘the assignment of a high frequency lattice mode, a Kramers-
Kronig (K-K) analysis of the reflectivity data ohtained
from the ABMX complexes was undertaken,

5

. 1 N g /
The Raman spectra of the complexes (R\HB)ZMX4’ (Me4N)2MX4,

{Et4N)2MX4 and (DMA)3MX5 recorded at temperatures between 300K
and 77°K all show significant changes with temperature which
can be attributed to orientational ordering of both the cations
and anions, The (RNHB)ZMX4 complexes contain square planar
MX4 units which are linked together in 2-D sheets and hence
their spectra differ from those characteristic of square-

| planar complexes,

Most of the copper complexes studied exhibhit thermochromic

‘behaviour but the cause is not attributed to any form of

structural phase transition,



The single crystal Raman and infra~-red reflectance
spectra of some sodium perovskite fluorides having the
GdFeO, structure have been invéstigated, The reflectivity
data was subjected both to K-K and classical dispersion
analysis to obtain the dispersion parameters, From
consideration both of the factor group predictions and
Raman and infra-red data, the centrosymmetric space group
.D;g is confirmed for these NaMF3 complexes,

Rﬁman and infra-red spectra of KéZrF6 and K2HfF6 are
discussed in terms of the linked HF g dodecahedra in
~which both fhe zirconium and hafnium atoms are eight
co-ordinate,

Owing to experimental difficulties, the first order
phase transitions reported for some perchlorate complexes
cduld:not be detected from an investigation of their
vibrational spectra, Only the room temperature Raman

spectra could be recorded,
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1,1 CRYSTAL DYNAMICS

A crystal may be regarded as an infinité array of
molecules so that the study of érystal vibrations grows
out df the study of molecular vibrations, A crystal
iattice consists of a regular array of unit cells each
'containing a similar group of nuclei and electrons, If
a nucleué is displaced from its equilibrium position, a
festoring force will act on it, but in a crystal lattice
nuclei are coupled by interatomic forcés so that they
cannot vibrate independently of one another, The
vibrations depend on the form and magnitude of the
binding energy between adjaceht nuclei, Because of
‘their much smaller mass, the electrons will arrange
tbemselveé in nearly equilibrium configuration for each
nuclear displacement so that the movements of the nuclei
could be discussed without explicitly discussing the
movements of the valence electrons, This approach is
known as the Adiabatic Approximation, introduced by Born
and Oppenheimer (1), |

As in many other fields of physics, the understanding
of crystal vibrations in general is greatly aided by the |
discussion of model cases capable of explicit solutions,
The simplest possible approximation is usually referred to
as the Einstein model (2) wheré it is assumed that the
particles in a simple lattice vibrate independently of each
other, each isotropically about its mean position so that
all the:vibrational frequencies are equal, However there

is a tendency for the motion of adjacent particles to be



correlated, To obtain the specfrum of the whole lattice
the local forces must be considered and the motions
described completely, This would be an impossible
problem wvere it not for the Translational Invariance of
the lattice,

A crystal, considered as a mechanical system of nN
particles, where n is the number of particles per unit
cell and N is the number of unit cells contained in the
whole crystal, will have 3nN degrees of freedom of which
3nN=3 are linearly independent normal modes of oscillations
pf the crystal and three are pure translations, Each
.normal mode has an angular frequency w, a wave vector k
and a polarization vector e, Because the number of modes
belongiﬁg to a macroscopic piece of a crystal is very large
Qv1024) it is necessary to describe the frequency spectrum
in terms of a frequency distribution,

The frequency spectrum of the nuclear motions in a
solid can be determined by constructing the classical
equations of motions for the lattice points and obtaining
the solutions of the normal modes as plane waves, The 3n
roots of the secular equation involving the wave vector
k(=2x/A) which may take N values, give the vibrational
frequencies, A simple model due originally to Born and
Karman (3) will be used to iliustrate the normal vibrations,
‘The model consists of an infinite diatomic lattice labelled
so that the atoms designated even have mass M and those
designated odd have mass m (Fig, 1+1), They have a
regulaf spacing a and only nearest-~neighbour interactions
are assumed so that the binding forces between two atoms

determine the elastic force constant, f, of the vibration,



& - > &
2n=-2 2n-1 2n 2n+1 2n+2
Fig 1.1

The vibrétions of two kinds of atoms are thus described
by two differential equations, each representing elastic
oscillations of one kind of atom in the linear chain,

If the dispiacement of atom M at 2n position is denoted
by in and the displacements of its neighbours are denoted
by X2 +1 and X2 -1 both chains may be described by the

‘two dlfferentlal equations of the form:-

a x
M =t (Kt Koy - ) (1)
at
Lt 2
a2x
2n+1 _
m T2 £ (X, * Xonen = 2X504) (2)

The solution of both equations for both kinds of atoms will
be found in the form of plane travelling waves:

on{t) = Xy Cos (Wt - 2nka) (3)
2n+1(t) = X Cos (Wt - (2n+1)ka) (4).

By substituting solutions (3) and (4) into equations (1) and
(2) a system of two equations is obtained to find the
amplitudes XM and Xm, |

5 . B . o
(MW - 2£) Xy + (2f cos ka) X =0 (5)
0 (6)

]

" (2f cos ka) Xy + (mW® - 2f) X_
This has a solution for Xy and‘Xm if the determinant set
up from the coefficients of thege variables is zero, i, e,
if

MWZ - 2f 2f cos ka

mW2

S (7)
We=21

2f cos ka
By solving equation (7) a relation for the square of the

angular frequency W, is obtained:



. 2 %
2 _ £ 1 4Sin“ka
ve o= o f[plg - == :l (8)

. +M
where p is the reduced mass, Eﬁﬂ .

Since W must be positive, each value of W2 leads only
to a single value of W, But owing to the positive or
negative terms in the right-hand side of equation (8), to
each v;Iue of the wave vector k there corresponds two
values of W, The relationship between the wave vecfor
k and tﬁe frequency of the waves W, is referred to as the
" Dispersion Relationship, From equation (8) it is
evident that the angular frequencies Wi are periodic
functions of the wave-vector If a finite length of 2Na
is chosen for the lattice, it will restrict the possible
values of -k in the region - agk £+a, The region between
these limits of k is termed the First Brillouin Zone (4) .
A plot of W+ as a function of k gives two branches in the
First Brillouin Zone (Fig  1<2), The lower branch corresponds
to W— and is called the Acoustical Branch and the upper one
¥, is called the Optical Branch, Since it is the vibrations
within the body of the crystal which are being discussed and
not surface effects, the surfaces are removed by imposing -
periodic boundary conditions k = it/2a, If k=0 the

following relations are observed:
1

;o = (2£ . - -
() pax = (] 5 w_ =0 (9)
when k = + 1/2% (boundary condit}on)
= (22 - (2LY
(V=) nax = ( M o O g = (im) (10)

Between both branches W, and W_ there is a region of
frequencies which are not allowed to pass through the linear
chain The minimum width of the band of "forbidden

frequencies” is at the boundary of the Brillouin zone and



has the value
- - 1_1N% '
= (v )mln w--)ma,x - [Zf(m—M)] (11)
which increases with the ratio of masses M/m of both
atoms, while the width of the optical branch, measured
by the difference (W )max - (W
M/m,

Some idea of the physical significance of the existence

) ._ 1is inversel roportional
+ min prop

of the two branches may be obtained by looking at the
amplitude of vibrations of very small wave vector k, In
the limit of k=0, it may be calculated that for the

acoustical branch XM=Xm and for the opfical branch

Xy
m
Xm M

This'implies that in the acoustical branch the two
types of atoms may be considered as vibrating in phase
whereas in £he optical branch they vibrate out of phase,
keeping their centre of mass fixed,

If the atoms are electrically charged (i,e, an ionic
crystal) the vibrations of the optical branch will be
associated with an oscillating electric dipole in the crystal
which can interaét with the electric component of electro-
magnetic radiation, Because»of»this infrared absorption
is good evidence that sodium chloride really contains
Na+ and C1~ ions, With some ﬁathematical complexity

these arguments can be extended to three dimensional systems (3),



FIGURE 1.2
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FIGURE 13
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Varigtion of dielectric constant with zero damping



12 INTERACTION OF ELECTROMAGNETIC RADIATION

WITH MATTER

The interaction of lattice vibrations and electromagnetic
radiatiop manifests itself in a large number of effects
which collectively provide one of the principal sources
of detailed experimental information on phonon dispersion
relations, The optical properties of crystals are due
primarily to the interaction of light waves with the optical
branches of the phonon spectrum, Lattice waves and
electromagnetic waves can interact only when their respective
wave_vecfors and frequencies are equal, Since the maximum

-1

“lattice frequency is about 1013590 sy the magnitude of the

1 and

vave vector (4 =k = W/C) should be only about 300cm~
this is negligible compared to the total range of @
from the zone centre to the zone boundary which is about

108cm™1

~Thus the wavelength of the radiation is very much
longer than the interionic spacing and the wave vector
associated with the electromagnetic field in the infrared
region is therefore essentially zero, These correspond to
the conservation of energy and momentum,-i.e,
hv (9) = hW(K) | (1)
hg = hk (2)

The optical lattice vibrations of large wavelengths can be
coﬁsidered on n macroscopic bases (5), Such optical
vibrations are important chiefly in ionic crystals owing

to the strong electric moments associated with the motion, It
is’ known .in the electromagnetic theory of light that the
squareiof the refractive index is equal to the dielectric
constant; the phenomenon of dispersion follows directly

from a frequency-dependent dielectric constant, In ionic



crystals two contributions to thé dielectric constant

are distinguished:~ +the electronic part and the ionic
part, The former depends entirely on the response of the
electrons to the field and is denoted by &(») since it |
remains almost constant up to frequencies in the optical
‘region of the electromagnetic spectrum (W/Zva101ssec—1),
The other contribution, the ionic part, comes from the
felative displacement of the positive and negative ions,
Resonant frequencies are associated wiih the electronic
polarisation (W’uv in the ultraviolet) and with the ionic
polarisation (wir in the far i,r_.), The value of the
aielectric constant in the low frequency region W<<Wif

is denoted by éo and is known as the static dielectric
constant, The dispersion formula then is most conveniently

written as follows (4):

2
e(W) = &l=) + T (5;3) = 3&”)) (3)

where WT is the infrared dispersion frequency at which

the refractive index and the dielectric constant become
infinitely large, In practice this is measured as the
absorption frequency of a thin film of the crystal, and is
the frequency of the transverse optic mode, Function (3)
is shown in Figqure 1.3, The'curvé represents a typical
dispersion effect, with zero damping associated with the
resonance‘at W=WT_ At this frequency €(W) exhibhits an infinite
discontinuity and remains negative up to W=WL, where W

is the frequency of the longitudinal optic mode,  Thus
in.the ﬁacroscopic theory of Huang (5), the independent

vibrational modes can be taken as transverse and longitudinal



plane waves of different wave-numbers and directions

of propagation: all the transverse waves vibrate with

the i,r, dispersion frequency Wi and all the longitudinal
waves vibrate with the higher frequency W., A consequence
of the dielectric function (6) is that electromagnetic

waves will not propagate in a forbidden frequency region

and thus
’ 2 2 2 - 2 g(o
VoS < W< WS o= W, E%;% | (4)
- which defines WL, The frequencies WT'and WL differ

because in a transverse wave the electric field vanishes

everywhere and the vibration frequency is solely determined

10

by the local elastic restoring force whereas in a longitudinal

wave there is an electric field which contributes an
additionalvrestoring force, This difference was first
péinted out by Lyddane and Herzfeld (6) and Frohlich and
Mott (7), A.Since the dynamic equations of lattice motion
reveal tﬁe frequency of WL to be that of the Longitudinal
Optic Mode (LO) in the limit of long wavelengths, equation

(3) may be written as

) = e(w) ML=V (5)
elW) = el=) | . L 5
WTZ - WZ ‘
and that :
2 : |

W . s%m; :

—% - elo - . (6)

WL; :

Equation (6) is called Lyddane-Sachs-Teller relation (8),
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13 INFRARED REFLECTANCE SPECTROSCOPY

To obtain absorption spectra on which to Base a
structural analysis, it is essenﬁial to have a very
thin section of a single crystal to allow the intensity
of absorption to be measured accurately, Generally for
ionic crystals the thickness has to be less than 1p and
"this is difficult to attain, Measurements of the
réflected radiation from optically polished surfaces
of bulk specimens caﬁ,however, be used and the reflected
‘spectrum converted into an absorption spectrum. (9), It
is known that surface reflectivity and internal absorption
become very strong in the vicinity of fundamental oscillator
frequencies, but whereas the absorption band is reasonably
we}l centred on the oscillator frequency, the reflectivity
band can be highly asymmetrical in the region of resonance,
This is because for most crystals the dielectric constant
(W) is in general complex and is the square of the complex
refractive index whose real part is the refractive index
commonly associated with refractometry and>geometrical
opticsy its imaginary part is the extinction coefficient
that describes the dissipation of energy from an electro-
" magnetic wave as a function of frequency as it proceeds
through a crystal, The extiﬁction coefficient K, is related
to the more familiar absorptionscoefficient, a appearing
in Lambert's Law T = e ®* where T is the fractional trans-
mission and X is the sample thickness, The refractive
index n, and the extinction coefficient K, are the optical

constants, functions of frequency, Fresnel's equations
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provide the connection between the optical constants and
the reflected and transmitted intensities of a wave as it
encounters the boundary between two dissimilar media such
as air/optically polished crystal surface, The reflected
and transmitted intensities are measurable quantities, the
optical constants are nonmeasurable quantities which have
direct physical significance,

N2 = (n - iR)? = (W) = 5y (W) = e (W) (1)
where n and K are the conventional refractive index and
extinction coefficient respectively, The real and
imaginary parts of equation (1) are

2 _ k2= e (W), 2nK = =,(VW) (2)

n
When an electromagnetic wave is reflected, the reflectivity
and the accompanying phase shift are not entirely independent
quantities, The coefficient called 'reflectivity' r(V)
is a complex physical quantity connecting linearly the
electric field amplitude of the reflected wave to the ampiitude
of the electric field of the incident wave, thus
Eref = r(W)Einc (3)
Such a relation is one example of various physical phenomena
which can be treated using linear response theory (10, 11),
Kramers and Kronig(12) have formulated a whole family of
relations which show that the real gnd imaginary parts of the
refractive index and those of the dielectric constant are
related rather than independent quantities, Physically
they represent two aspects of the same phenomena and quantitatively
the relation is so close that a knowledge of the real part
can be used to yield the imaginary parts and vice-versa,

They are known as the Kramers-Kronig relations and the

following is the statement of the relations, The amplitude
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and phase of the complex reflection coefficient are

related by (13, 14) ,
o(V) = ﬂf“ In/r(W)/av; (4)
o .

"‘ W - W.2
1

Therefore, from a measurement over the frequency spectrum,
which needs extrapolating the experimental values to
W2 and W=0, of the amplitude of the reflected wave, the

- value 9(W) can be obtained from the equation

i i® _ n-1 - iK
|r(0)je™ = aFT - ik (5)

The real and imaginary parts of the dielectric constant
and those of the refractive index are given by equations
(1) and (2),

Another method of studying the reflectivity data is
known as the Classical Dispersion Analysis which has been
associated with the names of Helmholtz, Lorentz and Drude (15)
The method regards the crystal as an assembly of one or more
sets of damped oscillators, each of which is defined by its
three 'dispersion parameters' which are its resonant
frequency Wj, strength 25 and width Yj' The assumption
is that each mode can be excited independently pf the other
normal modes, F?om classical dispersion theory of crystals

‘(16) the refractive index n and extinction coefficient K are

given by the equations:

2 _ g2 _ . 4% 2 W2 - w2
n° - K< = ¢+ &4np W, (6)
°o 3 33 (v.2-w2)2 + y.2y2 |

J J

nkK =22tp§wj2 Y]’w . (7)

J . (‘W:.Z_w2)2 + Y-2W2

J J
where the summation is over the lattice oscillators, Since

each peak in the plot of &" vs energy in the K-K analysis

represents a resonance, the dispersion parameters can be
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obtained from the K-K analysis df each peak and these
adjusted quantitatively in the measured reflection
spectrum until the closest fit is obtained, spitzer
-and Kleinman (15) employed a trial and error technique
which was later found unsuitable by Jaspere, Kahan,
Plendl 'and Mitra (17), Other techniques for the
Classical Dispérsion Analysis of the I R, reflectance

&ata have been developed by various researchers, (13, 19),




14 SINGLE CRYSTAL LASER RAMAN SPECTROSCOPY

Raman spectroscopy is a scattering process in which
the incident radiation of angular frequency VW, interacts
with the crystal to create or destroy one or more lattice
quanta (phonons) and the energy to W gained or lost is
compensated by a decrease or increase in the frequency Ws
of the scattered light: (Ws = W, + W), This phenomena
pfedicted by Smekal (20) was later demonstrated by Raman (21)
in 1928, - The same effect was observed in quartz later by
'Landsberg dndlMandelstam(22) working independently, This
effect differed from the earlier known radiation scattering
effects for particles (Tyndall) and for molecules (Rayleigh)
(23,24), Nevertheless the understanding of the nature of the
Ra@an effect is inseparable from a knowledge of the nature
of Rayleigh scattering, The theory of light scattering is
based on the fact that the incident light wave with electric
vector E, oscillating with frequency W and represented by -

E = E_ cos2xWt (1)
where E  is the amplitude and t the time, induces an
oscillating dipole moment P in the molecule

P=[a]E = [dJEOcOSZth | | '(2)
" where[a] represents the polarizability, Thus the scattered
radiation arises from electromagnetic waves emitted by the
vibrating dipole, the intensityjbeing dependent on the
polarizability which in a molecule is due almost entirely
to the displacements of the electrons under the influence
of the oscillating field of the incident light beam, From
classical electromagnetic theory(25), the total intensity

or the average rate of total radiation is given by

15
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I =1—6—”3‘iw41202 (3)
3¢ '
where ¢ is the velocity of 1igh£ and Po is the amplitﬁde
.of P, i,e, a Eo' The term W4 implies that I varies
Arapidly with frequency,
Since the irradiated molecule may itself be executing
periodic motion‘(perhaps thermally excited) the molecular

?olarizability a will vary with time and may be expressed

to a first approximation by

- da
a=a * |75 Q, + .. . (4)
: ° dQ1)0 1 .
‘for small oscillations about the equilibrium position, 9,

is a displacement co-ordinate, that is, its value is zero
in the equilibrium position, The polarizability in the
eﬁuilibrium configuration of the molecule is o, and therefore

da
(dQ1)o is the rate of change of polarizability with Q.

Since the molecule vibrates with frequency W the displacement

1’
Q1 is also a function of time so that

Q1 = Q1° cos (2mwt) ‘ (5)
wvhere Q1° is the maximum value of the displacement from

equilibrium and thus is the vibrational amplitude, Hence

ﬁocos(ZxWot) [jao +_(%%;) Q, ¢°S(Zﬁw1t)j] (6)

a
. o [ 49— |
anocos(ZﬂWot) FE Q (dQ1)o (cOSZKwot)OOS(ZﬂW1t)

P

P

Using the trigonometric identity'
¢0s a cos B = %m{fos(a+6) +, cos (a—B)j}

equation 7 becomes

= ] : 1% ofda
P = anocos(waot) + 2E0Q1 (dQ1)b 605[21(W0+W1)t (8)

+ cos[Zﬂ(Wo—W1 )t]

(7)
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Equation (8) shows that the induced dipole moment can

be regarded as the superposition of three periodically
changing moments having frequencies VW _, (WO+W1) and

(WO-W1), The first term in equation (8) corresponds

to scattering without change of frequency and in phase

with the incident light, i e, coherent Rayleigh scattering,
its intensity depends only on the molecular polarlzablllty,
'The second and thlrd terms correspond to scattering with

, change of frequency, i,e, Raman scattering; +the high
frequency term, by analogy with fluorescence is called

rthe Anti-Stokes line and the low freqﬁency term the Stokes
line, Thus while the polafizability of a molecule gives
rise to Rayleigh scattering, it is the changes of
‘?olarizability during molecular motions, that are responsible
for the Raman effect, Rayleigh scattering is an elastic
'process while Raman scattering is inelastic, Raman effects
are relatively inefficient processes since about 1073 of
the intensity of the incident radiation appears as Rayleigh

while approximately 107°

as Raman lines, Classical physics
is unable to offer explanation as to why the anti-Stokes
lines are weaker than their Stokes companions; From the
application of quantum mechanics to molecular motion, it is
known (26) that for any molecdle there is a large number of
possible ‘energy states each cﬁaracterizable by suitable
‘labels, In thermal equilibrium the molecules of a gaseous

sample will be distributed among these possible levels

according to the function

- -E/KT
Ny = N (9)
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where NE is the number in the stéte E Thus under the
influence of the electromagnetic field the nhmber of
molecules available for Stokes scattering will‘beylarger
~than that for anti-Stokes scattering because of this
Boltzmann factor, since only excited molecules can give
anti-Stokes scattering,

Generally, the induced dipole moment need not point
in the same direction as the incident electric vector,
The polarizability is a tensor becausé‘the induced dipole
~and the field strength are vectors and the two are related

as follows:

P = q_ E +a E_ + a_ _E
X XX X Xy'y Xz z
P = a E_+ E_ + a_ E 9
y yx'x - Yyyy  %yzz (9)
P = o E +a E +a E
z zZX X zy' y zZz 2z
where the coefficients o x? axy etc are the polarizability
tensors, The polarizability a can be resolved into two

parts, a symmetric or isotropic part as, and the anisotropic

part a® such that a = a® + a2 , (10) .
S _
wvhere 3a” = (axx + oy + azz) , (11)
a2 2 2 v 2
= - .+ - + -
and 2[a"]" = [ogymay )™+ (ayyma )7 + (o, me) |
) 2 2 2
*6la " ta ®ta, )] (12)

Hence the total polarizability is given by the sum of two

matrices:

GS +“a aa aa c“s 0 0 aa ] aa a
TOXX XX Xy Xz , XX XX Xy Xz
a s a a. ] a a
a o +a a = 0 a 0] + 1 a a a
yx Yy yy yz yy yx yy Yz
a s a . S a a a
+ 0 0 a v
¢ zx : @22 2z » ‘ ¢ 2z zx & zy ZZ

(13)
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The values of a° and (aa‘)2 are the invariants of the
polarizability tensor, The matrix elements aij’ although
dependent on the directions of the co-ordinate axes within
Athevmolecule, are independent of the directions of E and P,
Thus in a molecule there exists a set of axes ‘such that

all the off diagonal elements of the polarizability tensor
are zero, From the symmetry of the unit cell of the single
crystal the Raman tensor may be aligned with the crystallo-=
graphié axes for orthorhombic and higher symmetries (27),
 For less symmetrical crystal classes, orthogonal axes are
chosen, Damien, Porto and Tell(28) have introduced a
hotatidn by which the spectrum is defined by four symbols,
Thus i(yz)j implies that the light incident along the
i=direction with the electric vector in the y-=direction

i; scattered and the Raman light is observed from the
j—direétion‘with the analyser so placed that it passes
light with the electric vector along the z-direction,

Group theory predicts the number of frequencies which
are Raman or I R, active for all molecules provided that |
the shape of the molecule or its 'point grqup' is known,
For each normal mode those polarizability tensor components
which change during the vibrational motion are'also

predicted by Group Theory,
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15 'SELECTION RULES

The basis of infrared spectroscopy is thé absorption
of photons by matter, which is a resonant process, The
first requirement is that the energy of the photons match
the energy difference betweén the initial state $, and
the final state wf,involved in the transition, The
transition moment for infrared absorption is given by:

bip = Jyguey a0
-where wi ﬁnd ¢f are respectively the wave functions of
the initiél and final state; p is the electric dipole
moment of the molecule as a function of Q which is the
normal co-ordinate of the vibrational mode, The integral
is to be extended over the whole co-ordinate range, Since
the dipole moment of a molecule is a vector quantity, the
symmetry properties of i are those of a vector, in particular,
it goes into minus itself if the molecule is subjected to a
symmetry operation such as inversion or reflection in an
appropriate plane, The condition that the integral for
the component Ky (where i denotes x, y or z) shall not

vanish is that the integrdnd shall be totally symmetric

hibydp
i,e,vshall be transformed into itself by all the symmetry
operations of the molecular point group, Since wi’ the
ground vibrational state, is known alwayvs to be symmetric (29)
it followé that the product “imf must be totally srmmetric,
This can only happen if both factors belong to the same
symmetry,species, For a transition to occur, it will
suffice if this is so for at least one of the components of

n, However, be always belongs to the same symmetry species
as does the vibration itself(29), Thus the infrared

absorption selection rule for fundamentals can be stated

as follows(30),



A fundamental is permitted in infrared absorption
only if its species is the same as that of a£ least one
of the components of the electric dipole moment,

The species of the dipole-moment components are the
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same as those of the corresponding translations and are given

in the point group character tables,

Raman spectroscopy depends on a scattering process,
éo that the intrinsic dipole moment |t of the molecule is
not what is considered but rather the dipole moment P which

| is induced in the molecule by the electric field E of the

incident radiation, This is given by’
P = aE - (2)
where a is the molecular polarizability, For a

fundamental Raman transition the transition moment is given
by

P, ij%iawadQ = E fr.ab,dQ
The polarizability tensor a is conveniently represented

as a 3-by-3 matrix,

a a a
xx yx ZX

a a a
Xy Yy zy
a a o
xz Yz 22

Since the matrix is symmetric it has only 6 independent
parameters, The selection rule for Raman scattering can
therefore be stated as fol]ows;

A fundamental is permitted in Raman scattering only if
its species is the same as that of at least one of the
components of the polarizability tensor,.

A component “ij transforms in the same way as does the

product of translations Ti and Tj' The species of the
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components of aij are also given in the point-group

D

character tables so that it is an eaéy matter to read

off the;selectionvrules for vibration of any species,
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16 RULE OF MUTUAL EXCLUSION

One of the satisfying features of vibraﬁional
spectroscopy is the extraordinary complementarity of
infrared absorption and Raman scattering, due partly to
the contrasting sensitivities of the two methods to ionic
and covalent bonds and partly to the contrasting
symmetry pfoperties of the two operators, i_e the vector
E andvthe ellipsoid a, This complementarity attains its
most rigorous expressions in centrosyﬁmetric molecules,

The rule'éan be expressed as "For molecules with a centre
‘of symmetry, transitions that are allowed in the infra-

red are forbidden in the Raman spectrum," and conversely,
"transitions that are allowed in the Raman spectrum are
forbidden in the infrared," (30) This is because for a
transition to be allowed, the corresponding transition-
moment integral must be non-zero; +to be non-zero, it

must remain unchanged on application of all symmetry
operations appropriate to the molecule. Quantities
fulfilling this requirement are described.as totally
symmetric, The inversion operation i will always send

a vector into minus itself and the polarizabiiity ellipsoid
into plus itself, Thus iffwf and Mi are such that
<mf/p/¢i> remains unchanged §n application of 1,'<mf/p/wi>
must go into minus itself and.vice versa with the result that
the transition y; = ¥, must be forbidden in either the Raman
or Infrared, This rule is however, not inviolable since
some breakdown may take place when spectra are recorded

on liquids or solids when molecular complexity increases,
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17 NON-CENTROSYMMETRIC CRYSTALS

A vibrational mode, phonon, in a crystal‘can be both
Raman and Infrared active only in non-centrosymmetric
crystals, Of the 32 classes of crystals, ten have
centres of symmetry and the rest lack centres of symmetry
~and hence are piezoelectric, Fundamental Raman vibrations
which are also infrared active are 'anomalous' in that
mbre first-order Raman lines are observed than predicted
by factongroup selection rules, Thié experimental
observatioh'has been explained by a detailed treatment
of the‘perturbation of lattice waves by the radiation, (31,32),
It has been found that in pieioelectric crystals each
Raman-active fundamental predicted by factor-group analysis

leads to a pair of Raman lines at frequencies W o and wTo
while only the band at WTOappears in infrared absorption,

Even though‘they correspond to the same mechanical

vibrational mode, the two offspring phonons scatter at
different frequencies because the macroscopic electric

field associated with the longitudinal phonon serves to

stiffen the force constant of the phonon and thereby raise

the frequency of ihe LO over that of the TO, This phenomena
is discussed by Born and Huang (4). for cubic diatomic crystals
and ‘has been generalised by Loudon (27) and others (33),

Two modes were observed by Couture-Mathieu and Mathieu (34)

for the cubic diatomic crystal ZnS, instead of the one
predicted by the theory when the photons are neglected,

Poulet (31) subsequently explained the measurements, The

" separation in frequency is determined to an extent by the

dipole-dipole interaction, In simple cubic systems the
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LO-TO splitting is very large, However the situation
" is far more complicated in uniaxial crystals as it becomeé
necessary to consider simultaneously two indepéndent forces:
the long~fange electrostatic forces responsiblé for the
LO-TO splitting and fhe short-range interatomic forces,
~which exhibit the anisotropy of the force constants and
which require the phonons to follow group theoretical
sélection rules, (27), In examining the Raman spectra of
ZnO, Portq (32) emphasises the consefvation‘of both energy
and momentum in the Raman spectra of solids, From factor-

group analysis a doubly degenerate phonon E, is both Raman

1
and I,R, active, When i,r, active in the x-direction the
polarizability tensor a__ # 0, This component can be
obﬁained if the incident light is in the z-direction and
the observation is made in the y-direction, A phonon will
be produced in the yz plane with x polarization, This
phonon will have a propagation direction perpendicular to
its polarization and will be a transverse optical mode (TO),
However, if the observation is made in theAx—direction a
phonon will be produced in the xz plane with x polarization,
This observed phonon will be both transverse, ﬁropagation
perpendicular to polarization, (TO) and longitudinal (LO),
Hence in the z(xz)y spectrum only one line is observed, the
TO phonon,-while in the z(xz)x épectrum two lines are
obtained, the TO and LO phonons, Lyddane-Sachs=Teller

relationship (35) expresses the relations between the LO and

' W 2
. LO
€ = e‘f’t’( /WTO)

where eo is the static dielectric constant and fm is the

TO,

»



high-frequency dielectric constant,
iMany reviews have been written on the Raman effect,

However Placzek's_(36) work is still regarded as a

standard text on the subject for the pre-~laser period,

The advent of the laser adrenalised research in Raman.
spectroscopy and the book by Gilson and Hendra (37)

treats the subject in detail,

26
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18 GROUP THEORY AND CRYSTAL VIBRATIONS

The internal oscillations of any physicai syétem whose
components are linked by simple harmonic forces (i,e; forées
proportional to displacement) may be analysed into uncoﬁpled
normal'modes,v "Each of these forms a complex pattern of
vibration at a definite frequency, By 'uncoupled' is
meant that if such a system is set oscillating in a particular
nofmal mode the motion will continue in this mode and no
other mddes.will be excited, Group théory may then be
@pplied to determine the numbers, symmetry and degeneracy
of the normal modes, In the application of group theory to
’crystals it is convenient to deal with finite rather than
infinite groups, This is because real crystals are finite
in’size, The space group describes the internal structure
of the crystal rather than its size and shape, This group
includes translational operations as well as the point
symmetry opefdtions, But these two kinds of symmetry
operations do not, in general commute, so that in a given'
space group it is necessary to select those‘operations which
represent pure translations, They form a subgroup of the space
group, The existence of a translational subgrdup'implies
“that the crystal may be built up by repeated bas%&_primitive
translations of some recognizable unit called the bravdis
unit cell, - Since it is only tﬁé modes of zero wave—vectof
i,e, the ones corresponding to the centre of the Brillouin
zone, that may be optically active as fundamentals, consideration
to the vibrations of the Bravais unit cell rather than the
crystal as a whole is justified, The group of symmetry

operations which remains after primitive translations have
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everywhere been equated to the identity operatioh is

called the FACTOR GROUP, A factor group is always

isomorfhous witb one of the 32 crystallographic point
groups and therefore the irreducible representations of
a factor group are the same as those of its isomorphous
point group, |

Bhagavantam and Veﬁkatarayudu(38) and Halford (39)
have been pioneers in-the.developments of methods for
the determination of vibrational modes which are optically
active, In the first method the motions'of the crystallo-
graphic unit cell are considered while in the other method
attention is focussed on the motions of individual molecules
within the crystal, Hornig (40) has shown that starting
from the method of Halford the results of Bhagavantam
and Venkatarayudu could be obtained, However both methods
have been shown (41) to be derived from a treatment which
considers the motions of a crystal segment composed of an
arbitrary number of unit cells and subject to the Born-
Karman cyclic boundary condltlons (42),

The method of Bhagavantam and Venkarayudu, later
modified by Mitra(43), when applied to crystals in which
discrete polyatomic ions or molecules can be distinguished,
gives the optical activity and symmetry of the internél
vibrations of the discrete polyatomic units and the external
or lattice vibrations between the discrete structural units |
of the crystal, The external modes which occur at lower
frequencies than the internal ones can be further subdivided
into Translatory and Rotatory types, which in the limit of
vanishing forces among the groups correspond to pure |

translations and rotations respectively, The rotatory:
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lattice modes are often referred to as librational modes,
and may be associated with any polyatomic grbuﬁ in a
crystal, -

Using the symbolism of Mitra, the procedure'conéiSts
of first determining WR’ the number of atoms in the Bravais
cell invariant under the symmetry operation R, The
character Xj«ni) of the reduciblevrepresentation with the
cartesian co-ordinates of the atoms of the unit cell as a
basié are given by

xj'(n;)' = Wy (£ 1+ 2 cos §p) (1)
where ﬁh is the rotation angle for the operation R and is
&efined as follbws,

a) Where E is a proper rotation_@ = 0°

b) (+) used for proper rotations G.s g = -

c) (=) used for improper rotations Sn"g = —gg
d) 6, is an improper rotation with § = 0,

e) i is an improper rotation with § = 180°,

The characters Xj'(T) of the reducible representation
with the translational movements of the Bravais cell as
a whole as a basis are given by

X;1(T) = £1 + 2 ¢os 8 L (2)
These characters could, however,_be obtained from character
tables as the sum of the corresponding characters for the
components of the translational movements, Tx' Ty and Tz'
along the cartesian axes,

The characters Xj'(T')‘of ﬁhe reducible representation

with the translational lattice modes as a basis are given

by



'XJ."(T') = LWp(8)=1] [+ 1 + 2 cos fR] | (3)
where WR(S) is the number of discrete structural groups
invariant under the operation R (rotation of the group
about its centre of mass or reflection in a plané passing
through its centre of mass does not constitute movement
when the group as a whole is being considered),

The characters Xj'(ﬁ') of the reducible representation
with the rotational lattice modes as a basis are given by
X;'(R') = [Wp(s-P)) X' (P) | | (4)
where WR(S-P) is the number of polyatomic structural groups
invariant under the operation Rj Xj'(P) i§ equal to (1 + 2
Cos ﬂh) for non-linear polyatomic groups, or + 2 Cos ¢R for
the operations C(ﬁh) and S(@h) for a 1inedr.polyatomic grogf,
or zero for the operation Czﬁﬁ)auulok,for a_linear poly-
atomic group,

The reduction of the various reducible rgpresentétions
to irreducible representations to obtain the symmetry
species of the normal modes of vibration of different kinds
can be carried out by means of the equation: |

Ne = § Shy Xg(R)X,'(R) R )
where |

NK is the number of times a particular'irredugible
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representation.PK is contained in another representation of [ﬁ,

N is.the order of the group and hj the number ongroup

operations contained in the j th subgroﬁp;. XK(R) and

Xj'(R) are respectively, the characters of the group operation

R in the representations [y and 7,
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The computations required are rather tediogs SO0
that the introduction of a set of tables de?elofed by
Adams and Newton (44) has been of great help, These
give the‘irreducible representations for each set of‘
Wyckoff (45f sites in all the 230 space groups, . Table
1 illustrates the use of these tables for the A2MX4
complexes end-provides a key to the symbols used,
| ‘The alternative method developed by Halford uses

the 'site' approximation in which the local symmetry of

a moleculaf group in the unit cell is considered, The

molecule is located on a point which is left invariant

by some operations of the spece group,  Those operations

may be shown te constitute a group which is called the

Site Groﬁp, and is a subgroup of hoth the molecular and

the crystallographic point group, There is a relationship
Between the representations of a group and those of its
subgroup wﬁieh is expressed by the Correlation theorem (46),
This states that any basis for an irreducible representation
of a group is also a basis for a represenﬁation (not
necessarily irreducible) of any of its subgroups, Thus

the representations in the unit cell may be obtained from
those of the site group by a reverse use of the theorem,

An illustration of the theorem is provided by considering

the vibrations of the WO4 uni£ in CaWO4 which crystallises in
the space group I 41/a (C4g) and has two formula units per
unit cell (47), The isolated WO, units have T, symmetry,

The vibrations of one T, WO, unit spans A + E + 2T
(Table 1¢2), These vibrations associated with the

isolated molecule are perturbed to account for ﬁheir

environment in the crystal since each W
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Table 1.1 Example of the Use of the Tables of

Adams and Newton for the Factor Grdup

Analysis of the A MX4 Complexes

2

Space Group D;g No, 62 (z = 4)

Point Group D,,
Wyckoff »
51tes Ag B1g B2g B3g Au :B1u _B2u B3u
A(1) - 4cC 2 1 2 1 1 2 1 2 (1)
- A(2) 4Cc . 2 1 2 1 1 2 1 2 (2)
M 4C 2 1 2 1 1 2 1 2 (3)
“X(1) 4cC 2 1 2 1 1 2 1 2 (4)
X(2) 4c 2 1 2 1T 1 2 1 2 (5)
X(3) 8a 3 3 3 3 3 3 3 .3 (6)
Total n; 13 8 13 8 8 13 8 13 (7)
(1)+(2)+(3) j
=T+ T! 6 3 6 3 3 6 3 6 (8)
T o 0 0o 0 0 1 1 1 (9)
(8)-(9) T* 6 3 6 33 5 2 5 (10) -
R 1 2 1 2 2 1. 2 1 (@11
(7)=-(8)=(11) ‘ A | o »
n', 6 3 6. 3 3 6 3 6  (12)
n, = total number of zone—centre (k=0) modes,
T = accoustic modes (translations)
T' = translatory lattice modes
R = rotatory lattice modes (in complexes with structured
cations and anions, these are denoted by R, and R_
‘respectively,
'n'i= internal modes of polyatomic groups,
"y 2 2 2 N
.Selection rules: Raman: A X", Y, z B2 Xz
: g g
B1 Xy B3g yz
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Table 1.2 Correlation Diagram Between the Unit Cell
Group, Site Group and Moleéular’Point Grdﬁp

in'Calcium,Tungstate, CaWO4




atom lies on a site of Sy symmefry, " In this site'the
vibrations span 2A + 3B + 2E, Since there’are‘tﬁo units
of W04 in the unit cell, each fepreséntation of S4Imust:
cover vibrétions from both WO, units so that the
representations spanned by both WO4 units are 4A + 6B + 4E
in §,, These then correlate with the unit cell group as
shown in Table 1.2, - The’ measure of the influence which
the surrounding lattice, in its equilibrium configuration,
‘exerts on the molecule is known as STATIC FIELD EFFECT (48),
It may give rise to shifts and splittings of frequencies,
the latter if a site group of lower symmetry than the
‘molecular group leads to removal of degeneracies, The
interaction of the number of molecules in the unit cell
gives rise to the 'Dynamic Field Effect' (48), A complete
list of Correlation Tables is given in Appendix X-8 of the
book by Wilson, Decius and Cross (9),

The group theoretical analysis, however, does not

34

indicate the extent to which the molecule and its environment

deviates from the molecular point symmetry, If this deviation

is small, the vibrational spectra of the molecule may, for
all practicai purposes, be the spectra expectéd of an
isolated molecule, As the deviations increase ﬁwo effects
becpme apparent, Firstly, Because of the lower symmetry
the selection rules may changé:and a band may be observed
which corresponds to a vibration, For example, the A1
stretching vibration of a tetrahedral XY, molecule is Raman
active only but both I R, and Raman active in C,_ (A1),‘

Secondly, the results of site symmetry lowering'may be the

. ——— s e\



splitting of degenerate vibra%iohs, This effect
together with the change in selection rules is observed
in the study of theAibn [Ni(Cﬁ)#]z- in various salts,
In Na [Vi(CN),]3H,0, the E, vibrations are split into
' 1

~two c1€ar1y‘fesplved bands [2128 and 2132em ' for w(C-N)]

(49),
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CHAPTER 2

- 21 A2MX4 Complgxes

A= Cs,ANMe

4

where Me = CHy; M = Cé, Zn, Cu; X = C1l

The crystal structure of C52ZnCl4 h;s been reported (1)
to be isomofphoﬁs with that of Cs200014 which has four molecules
lin the orthorhqﬁbic unit cell of space group ana-(D;ﬁ) (2,3),
Cs,CuCl, has a similar structure (4-%), The tetramethyl=-
ammonium‘gomflexes are isostructural and are similar to their
‘caesium anaipgués except that there is evidence of orientational
disordering of both the cations and anions (5-10),

In all these complexes there are A cations and discrete
[MX4]2— anions which are distorted from perfect tetrahedral
geometry, - This geometry in the solid state depends on many
factors including crystal field stabilization, ligand-ligand
repulsion, Jahn-Teller distortion and van der Waals forces,

The distortion for the zincate and the cobaltate is apparently
mainly due toﬂcrystal packing effects and these anions are
reported to possess either Cé crystallographic symmetry (11,12)
or approximately D2d symmgtry (17,27), Because of the inherent
Jahn-Teller distortion, the [CuCl4]2- anion is very much distort-
ed from perfect tetrahedral geometry and is often referred to

as the iflatten_ed' tetrahedron wifh nearly or exactly D2d
symmétry, - This is intrinsically more stable than a complex

with either Td (resular tetrahedral) or D4h (square planar)

geometry (13-15), For complexes of type A20u01 a distorted-

4’
tetrahedral anion of D2d symmetry is expected when A is a large

bulky cation which prevents the [CuCl4]2- anion from interacting
to produce distorted square-pyramidal or octahedral .co-ordination

(16),



The vibrational spectra of tﬁese complexes have.been

- extensively stﬁdied,. I,r, data both from powde?éd solids
(17-20) and single crystals (21)‘have been reported, Raman
spectra of thé aqueous solution of the tetrachlorozincate and
that in the solid state as tetraalkylammonium, éaesiuﬁ and
‘sodium salts have been investigated (22-26) but single crystal
Raman spectra ha?e been reported only)for Cs20u014 (27) and
C$2anl4 (12,27). Although the single crystal Raman and

i, r, spéctfg of Cs,CuCl, and Cs,ZnCl, have already been

| reported (12,21,27) it was decided to investigate the Raman
spectra of both complexes together with that of C5200014

' eépecially at 77°K to benefit from the decrease in line width
and the increase in the signal to noise ratio, It was hoped

that additional information would be obtained to enable more
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complete vibrational assignments to be made and this would be

of great assistance when interpreting the spectra of the

(NR4)2MX4vcomp1exes where R = Ci,, C,Hg,

RESULTS AND DISCUSSION '

The Raman spectra of the three complexes were recorded at
77°K for the six nou-equiValent tensor components,  Typical

of the results are those of Cs CuCl4 which are shown in Figure

2
2«1 from which it is evident that the spectroscopic data is
excellent Tﬁe spectra could easily be recorded from 1O‘cm_1
and are ty?ical of the orthorhombic crystal system, Those
spectra originating from scattering from the diagonal tensor

components give the symmetric'Ap'modes of the point group D2h

of which:the,tensor has the form,




FIGURE 21
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Raman Spectra for.,C52Cu CI4 at 77°K .
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The iﬁtensity of a Raman band is proportional to the square
of‘its tensor component and this implies that scattering from
the diégonal tensor components, while producing bands of the
same symmetry and [requency, will result inyaivariation in
intensity of the observed bands, This is clearly demonstrated
by the spectra in Fiéure 2.1, |

The next nearest aﬁd other neighbour interactions in a
crystal, together with the primary co-ordination sphere decide
the site symmetry of the ion, In these compiexes, the
[MCl4]2; anions occupy -sites having ohly’a planevpf symmetry
(C_s site symmetry), in consequence of which the double and:
triple degeheracies of the vy and ~ of the Vg and\QL‘modés
of a tetrahedral configuration would be completely lifted,f
Deviations from perfect tetrahedral geometfy .may also re@ovev
the degeneracies, The four fundamental modes of vibration
of a perfect tetrahedron are:
symmetric stretch v, of symmetry species A,
symmetric deformétion, PN of symmetry species E and anti-

symmetric strgtch anddéformation V3 and vy respectiVeiy,

both of symmetry species F2, |
All four are Raman-active but only the’2Féadré i,r, ac%iVe;

The factor group analysis 1is summarise& ihtTable 20i,.
and from it the number and symmetry species of ﬁhe Rdman active
internal and lattice modes are given by reﬁreSentations~(2-1)

and (2+2),

6Ag + 3B, +t 6B, + 3B (2¢1)

I‘interna,l ig g 3g :
rlattice é 7Ag +‘5B1g " 7B2g’+ 5B3g CL (2-2)



Table 2+1 Factor Group Analysis' of A2M014 Complexes

. 16
with space group Dgh

> W oW W >

D2h n, T T R,
o 13 0 6 3
‘g 8 0 3 3
2g 13 . 0 6 3
2g 8 0 3 3
. 8 o0 3 3

By, 13 1 5 3

B,y 8 1 2 3

B, 13 1 5 3

-—

[\S TR )

N W AW W W O

=]

Table 2.2 Correlation Table for AZMC14 Complexes with

16
Space Group D2h
Ion Ton Site Unit Cell
Tq D>a Ly Don

2F

2E

3B

.38

1\\\\\\ ,////’///6Ag
e - By

6B,
g
3A,

6B1u

2u

B3u
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The Raman frequencies, recorded at‘77°K,‘polarizatioﬁ
‘intensity data and symmetry assignments for the ihrée
cesium complexes are giveh in Tables 2¢3 ~ 25, In’makiﬁg
assignments of the bands, group theoretical predictioﬁs; the
expected frequéncy range of the various Td modesvahd fhe
vintensities of the bands are taken into account, .'From

previous studies (17) it is known that both \,, and V5 occur

1
arbund 300 cm_1 while Vo and v, are found in the region 140 em
. .

4

1

to 115 cm™ Fpr each of the cesium cdﬁplexes three bands of
Ag symmetry é?ecies are found in the 300 cm_1 region cérrespond-
ing to one from vy and two from vy as predicted from the site
 gfoup analysis shown in Table 2.2, Similarly three bands of

, Ag symmetry species are also found in the region for Vo and Vg
one of which is a,\;zcomponent and the other two are Vg
coﬁponents, The‘coﬁponents of the Vs mode in the i,r, arise
from an i,r,éinactive mode of the isolated tetrahedron and are
thus observed as weak bands in the lowver frequency region where
v, and v, occuf (21), Accordingly the bands around 140 cm_1
are assigned to the vy modes while those of.the lower frequencies,
about 115 cm—1, are assigned to v, components,  Similar
arguments could be used to distincuish the‘v1 component fnqm Vs,

- since the vy components in the i,r, also arise froh an i r,
inacﬁive mode of the isolated tetrahedron and would be observed
as weak i,r, bands, However, fﬁe vy modes have not been
definitely observed in the i, ,r 6 spectra, The three bands of

Ag symmet;y in the Raman spectra have very comparable intensities
so that it is difficult to distinguish the v, from the v3;

1g énd B3g
to make the distinction, but they are observed as.vaiy weak bands

The B modes arise only for the v3»and could be used
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Table 23 Raman Frequencies (cm—1), Recorded a£ 77°K
Polarization Intensity Nata and éymmetgj |
~Assignments for Cs2CoCi4 .
Freguency Scattering Geometry ' Assignment
em™ ! x(yy)z x(yx)z z(xx)y z(xz)y y(zz)x ylzy)x
318 32 4 T ,5 16 5 Ag+B1g-+B2g+B3g
303 | 19 0 3 5.» I 0 Agi*gzg
285‘  1?6- 16 96 30 71 18 Ag + Ezg
142 51 9 112 20 15 9 Agf§2g+23g
._127' g 778 27 46 30 © 56 | 25 A*B By,
113 107 | 0 60 0 A 50 80 A-g+-l-3-3g
108 0 o 0 84 0 0 By,
105 0 90 0 0 0 0 By,
89 0 5 0 0 4 11 By *By,
.80 55 14 0 0 14 14 AB
75 0 0 0 10 0 0 By,
70 11 Q v 0 13 16 A By
59 ‘27 T 9 5 0 13 ég+§2g+§3
46. 25 0o 29 32 12 13 ég+223+§3g
42 0 37 0 0 0 O By,
31 20 o o . o v 0 4,
21 0 1 9 9 30 12 A +B, +B
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Table 2«4 Raman Frequencies (cm-1)i‘Recorded at 77°K,
Yolarization Intensity Data and Svmmetgx
"~ Assignments for CszZnCl4 7 4
Frequency Scattering Geometry ' A Assignment
cm_1 x(yylz x(yx)z z(xx)y z(xz)y y(zz)x ylzy)x
0 81 6 106 1 8 1 A +B
? 1_. 3 3 9 3 g Big
+n
290 0 0 12 B0 AT By tBy,
286 158 34 14 0 166 30 Ag
275 1106 23 55 12 170 21 A,
- 8¢ 112 16 A +B_ +B
.138 | ‘~9, 15 4 5 | g Pog Pag
. g § . +
125 33 | 33 21 8 23 40 B1g+82g B3g
122 28 0 48 2 20 0 4,
/ ' . ' +B. +B
1}4 52 92 24 44 47 31 Ag 12 Bag
106 0 0 0 0 22 46 B |
g
86 0 9 2 3 0 0 B1g+B2g
75 '14 0 10 1 19 8 Ag+B3g
+
68 0 16 6 5 12 T BBy By
54 9 0 2 0 16 0 Ag
: : . 6 4 A +B, +B
45 .19 | 12 T . 3 1 o g B1g" Pag
0 ' - A _+B
4 30 12 5 V2A 31 25 g Big
29 11 2 9 1 10 0 Ag
23 0 14 1 | 9 9 5 B1>+ 2 B3g
17 45 9 25 3 51 11 A

[ T
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Table 2¢5 Raman Frggpencies,vRecorded at 77°K,'

Polarization Intensity Data and Symmetry

Assignments for Cs,CuCl,

2 4
Frequency : Scattering Geome+try ‘ Assignment
em™ ]  y(xx)z yvixy)z z(yy)x z(yz)x x(zz)y x(zx)y
302 178 0 182 15 250 6 A,
298 0 4 0 0 0 0 B,
284 .0 0 0 0 0 2 By,
282 .56 0 14 0 0 0 A
'258 - 0 o 0 o 0 T By,
252 82 0 0 0 54 2 A
148 . 58 0 3 0 5 0 A
140 . -0 0 4 89 4 0 By,
B 1 46 6 0 3 0 A +B
135 | 7 | ¢ Big
126 -0 0 0 0 0 3 B,
18 72 0 114 0 1 4 A
106 20 0 2 0 8 6 A +B
: T K T
89 11 0 8. 0 0 25 By,
78 . 134 0 8 0 67 5 Ay
74 0 9 0 0 0 0 . B,

15]
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Table 2+5 (cont'd)

Frequency = 4Scattering Geometiy "~ Assignment
Cem™ ] : y(Xx)z y(xy)z z(yy)x z(yz)x x(zz)y x(zx)y
70 . 0. 0 0 79 0 0 B3g
65 49 . 0 2 0 25 4 A,
61 0 4 0 0o, 0 0 :3
A g
52 . 12 3 28 7 v40 -0 Ag
48 0 0 0 0 0 2 B,g
44 33 7 63 0 6 0 Aé
41 0‘.. 0 0 0 0 9 | B2g
39 0 0 68 0 61 0 Ay
36 0 0 -0 - 0 0 .18 B2g
35 0 4 0 104 0 0 By,
34 138 o 90 0 9 0 Ay
30 . V 0 0 0 0 0 0 B1g
26 - 0 4 0 17 0 0

9
m™
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and occur in the same region and coﬁld, in some cases,

be leakages from the intense Ag modes Force.coﬁétant
calculations would prove very ﬁéeful in solving this problém,
The Raman fréquéncies, recorded at T7°K, together with the
polarization infenéity data and the symmetry assiénmenfs

- for the tetramethyl (TMA) complexes are given in-Tables 2+6-
2.3,

The‘earlier Raman studies on Cs ZnCl4 by Beattie and

2
co—workers (27) 1nterpreted the observed spllttlng of the
_\3 mode in terms of tetragonal (D2d) distortion in the [ZnCl4]2
anion, although Jahn-Teller effects, which are responsible for

the distortion inv[CuC14]2— anions, do not occur in complexes

'éof metal ions with d1o configuration (28), Wong, however,
recgntly attributed the cause of the splitting to a planar

(C.) distortion of the [2nC1,]°” ions in Cs,ZnCl, (12),

" The assignments of the frequencies observed to the various‘
internai modes'for the cesium complexes are given in Tables 29 =~
2-ﬁ while those for the (TMA) complexes are given in Tab1e5'2.11 -
2:14, |
Tﬁe spectral features of the cuprate complexes differ
from those of tﬁe zincate and cobaltaté complexeé in thatiin.
~both the stretching and bending regions the peaks afe better
. resolved and separated in the cﬁprates than in the others,
This might reflect the diffcrencés in the nature of the
distortions of the anions, From the correlation table (Table
2-5) it isvobserved that For the copper complexes the triply.
degernate-‘F2 mode in Td (tetrahedral) symmetry splits into an
E and a B2 mode when compressed along one of the 34 axes to

form a species of D2d symmetry, The amount of splitting is

reported to be proportional to the extent of the compression (29),
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Table 26 ‘Raman Frequencies (cm—1) Recorded at 77°K,

Polarization Intensity Data and Symmetry

Assignments for (NMe4)2CoCI4

. Prequencies ‘ Scattering Geometry Assignments
— v y(xx)z y(xy)z x(zz)y x(z2x)y z(yy)x z(yz)x
324 0 0 o . 0 10 0 A
303 0 0 3 0 6 0 Aé>
280."’.,  4 11 48 10 4 28 A
137 ' f;" 20 19 32 18 82 0 APBy 4B,
135 0 0 0 0 0 80 By
126 , 0 0 0 22 0 0 Byg
123 32 24 0 0 0 0 A By
118 0 0 0 0 37 0 4,
95 | 0 0 85 0 15 0 4,
- 86A K 0 0 70 0 0 0 A,
83 - 37 0 0 0 0 0 Aé
75 0 . 0 0 15 0. 0 'Bég

64 0 0 60 . 16 1 15 A *B
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Table 2-T. Raman Frequencies (cm—1) Recorded at 77°K,
Polarization Intensity Data and Svﬁmet;x
Assignments for (NMe4)2ZnCl4 _
- Frequency Scattering Geometry Assignment
em™ ! - x(yy)z x(yx)z z(xx)y z(xz)y y(zz)x y(zy)x
1 0] 0 10 4 8 6 B, +A
313 : 3 g
306 ' 0 0 8 6 8 T B2g
296 ' O". 0 8 7 17 8 B2g
142 35 150 14 117 16 A,
269 70 0 66 12 0 0 Ag
131 27 0 35 0 59 0 Ag
. X +
129 0 0 .0 27 0 25 B2g ng
1?6' VO 31 0 0 0 0 B1g
122 0 45 0O 41 4] 31 B1ngZQ+B3g
117 - 36 0 52. 0 0 0 Ag
112 "0 0 0] 1 0 1 B +B
; . 9 1 28 P3g
104 12 0 17 0 0 0 Ag
88 0 0 16 0 0 0 A
79 0 0 0 0 16 0 A,
76 38 0 o 0 0 0 A,
67 37 0 40 0 0 0 Ag
58 33 0 30 0 10 0 A,
49 0 0 0 0 8 0 Ag
45 0 5 12 15 0 7 B1g+B2g+B3g
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Table 2¢8 Raman Frequencies (cm;1) Recorded at 77°K,
Polarization Intensity Data and S?mméffy
Assignments for (NMe4)2CuCI4
Frequency Scattering Geometry ‘Assignment
em™ x(yy)z x(yx)z z(xx)y z(xz)y y(zz)x y(zy)x
311 12 4 10 .O 13‘ 3 B3g+B2g
302 19 7 23 10 -O 0 B1g+B2g
295 o o0 15 7 16 8 By,
283 109 10 82 12 158 14 Ay
278 180 46 159 28 117 15 Ag
237 0 0 0 8 0 0 B,
233 31 . 10 26 4 37 4 A
159‘ 0 15 58 45 13 26v B1g+B2 +B}g
140 445 22 99 57 35 33 Ag+82 B3g
133 28 0 0 0 14 0 A,
0 5 1 60 0 1 0 +B
12 57 7 | 7 g B
114 0 0. -0 17 0( 0. B2g
104 26 0 0 0 17 0 ‘Ag
96 33 10 40 0 31 0 A
66 o 0 9 0 26 0 'Ag‘
58 0 10 35 .0 0 0 A,
v54 ) 40 15 0 16 55 15 Ag+B2g
50 46 16 35 0] 0 0 Ap
39 11 16 25 19 42 14 AH+B1’%B2g
¢ - +
33 | 0 0 63 0 25 16 Ag B3ﬂ
' 1 A +B
24 17 5 39 11 53 ? g Pog
21 50 17 81 11 46 12 A
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Assignments of the Bands in the Low

Temperature Spectra of Cs20001

4

Frequency

cm

Site Group Td

mode ) mode

318

318

318

318
308
308

285
285
142
142

142

127
127
127

113
105

113
108
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Table 210

"Assignments of the Bands

in the Low

Temperature Spectra of 032Zn01 N

114

N
Joi]

4
Frequency Crystal Site Group ‘Ta;
cm','1 mode mode mode
0 A o
301 g N .
) P2 - \
301 B
. . 1g} AN - ‘FZ(‘,B)
oo BBg /////////(
290 | B2g} . K ,
275 - A : .
. 75 o |
286 A ‘ '
g A' A (o)
- B R : ‘ 1
) “2g/ ‘
8 A '
13 g A ‘
138 B . -
) 3¢ A" FZ(”4)
125 B1g / ;
125 }B2g> N |
A ’ .
122 ‘g |
114 B, | T~
8 - E(vz)
g : ~ Al .
B

56



Table 2:11 . Assignments of the Bands in the Low

CuCl,

Temperature Spectra of 052 4

Frequency - Crystal Site Group D2d

cm o mode mode mode

302

g A A—

298

W W W

284. B
282 A
258 |

B
252 A
- 148 | A

B

140

B
135 B
135 A
126 . B
A
B

118

106

!
o




Table 212 Assignments of the Bands in the Low

Temperature Spectra of (NMe4)2Co(314

[SY)
n

-
[

Frequency Site Group. Td' ;
em . mode ~ mode
A o
324 ¢ % o |
- B2g , \
- B
_ 3 } A" Fz(v3)
3g /
303 A : :
g Al
o BZg} |
280 A
g } IS Ay lv,)
- B , ‘
2g
, L
137 g A ,
137 Bog \
137 1g AN 9(\)4)
. 135 B3g = '
5 _
126 » 28} At _ ‘ A
123 A ‘ :
g .
118 - A § |
g A S ,
B .
B
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Table 2¢13 ‘Assignment of the Bands in the Low

Temperature Spectra of (NMe4)2ZnCi4

Frequency ‘ Crystai Site Group o Td
Cem™] : : mode mode mode
13 A
313 g } Al
306 Bzg \
313 B 8
- ;g} | A ¥, (vs)
1g . - . !
269 A .//////////
~9 ’g ‘(} A' ’
- B2g : | v .
278 A ‘ C S
, g — Al- Ay (vy)
- . B : .
2g
31 A : .
131 s |
29 B2g \
129 B )
e | A" F (o)
126 B1gj /
122 B N |
2g §' A"
11 A
7 g ) |
122 B
Bg} —_—  am -
122 B ‘
112 B, } C / _
. g Al
10 A a
104 . |




Table 2¢14  Assipnments of the Bands in the Low

Temperature Spectra of (NMe4)2Cu014'

60

Frequency . Crystal Site Group - Dsa

em™! - mode mode mode mode
B
311 e —
0 B, — T~
302 . 1g i
302 B — \
—/
283 Ag /Fz(VB)
B .
237 Zg\A! B2
. A '
233 . ‘
295 B
28 T av A, A (vy)
' B
150 3e T M
/ )
140 A, F,(uy)
0 ‘B //////,
' 28 TT———— B,
A '
133 g
140 — . s
120 B, __— ‘
1g | \E(”Z)
114 B, —
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The site, Cg, further splits the E mode. Thus for the
: 2~ . ; .
[CuCl4] anion, there is a large 32~E-splitting with a
smaller A'(E) - A"(E) splitting resulting from the static
crystal field, However when tlhe v, (and v4) mode of the

3

tetrahedral symmetry splits into (BZ E) modes under Dyqs it

"

is not obvious which of the two should be at the higher

frequency, From the correlation that, by further compression

of the D2d symmetry to a square planar configuration, tﬁe B2

mode becomes A2u which 1s a bending mode in D4h symmetry, the

B2 mode 1is expected to be of lower symmetry than the E

vibration (30), To calculate the amount of splitting it is
necessary to consider both the Raman and I ,r, multiplet components,
However a rough estimate can be obtained by éonsidering ohly

the AF modes since one each derives from the B, and & modes,
3 ,

e DN

There is thus a separation of 30 em™ ! between 4 _(E) and Ag(BZ)
(&)

for V3 for the cesium and 50 em™ ! for the THA cuprate complexes,
The corresponding separation for the Vg modes are 13 cm_'1 and
7 cm—1 for the cesium and THA salts respectively, The
presence of the D2d anion symmetry is confirmed even in
solution by the observation of strong i r,6 bands near 230 cm_
-1

1

and 240 cm~! and weaker ones at 119 cm | and 84 cm~ ! when salts
of the [CuClA]z_ anion are dissolved in non—co—orainating
solvent (20), Although the [CuCl4]2_ anion in the THMA complex
is similar to that of the cesium complex different ordering of

the B,-E modes were made by Lane (21,29) from i.r, results,

2
McGinnety, nevertheless, suggests that the splitting might be
due to a more complete breakdown of the isoiated anion
approximation (31),

In the case of the zincate and cobaltate complexes, the
distortion is ﬁowards Cg symmetry which is tbe same symmetry as

that ol the site,  Hence the A'(Fz) and A”(F2) separation

1 itti : anying the
could be used as a measure of the splitting accompanying
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distortion, Here also separation between the‘A (A') and

>

‘~Ag(A") modes give a rough estimate Qf the snlittihg;v Owing
to the low site symmetry there is a lot of mixing of the '

1 J

modes,  The splitting of vy is found to be 26 cm ' and

24 em™" for the cesium and TMA zincate complexes, The v,
splittings are 16 em™! and 9 em™ respectively for the cesium and

TMA salts, For the cobaltates the v, splittings are 10 cm™ '

and 11_‘cm-'1 and the v, splittings are 15 em™ ! and 14 em™! for
 the ceéiﬁm'and TMA complexes respectiveiy, Thus the greater
distortion.in the éuprates is manifested by larger splittings
of the‘\,3 modes,

| The lattice modes are generally much weakerAfhnn the

~internal modes and are often found below 100 cm-1,

The
bending region is often complicated by mixing with the lattice

modes In Cs,CuCl, the band at 106 en™! of both A_ and B

4 g 2g
symmetry species is assigned as the B2g component of Vg and
also aé a lattice mode of Ap species, In the THA eomplexes

the cation rotatory modes should be taken into account and'_

these are given by the additional representation (2-3)

rot = + o+ .
ria,tion : BAg 3B1g BBZQ

- (243)

Thus in the lattice region of the TMA complexes a total of
thirty-three bands are expected but most of them could not be
observed, The& are either too weak or possibly more than. one
band occuré at fhe same frequency,

In general there were some spectral differences between

the cesium and the TMA complexes which mainly arise due to

the factithat the TMA complexes are reported to be disordered
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at room temperature, Even at 77°K, the lack of efféctive
" polarization as compared to that in the cesium céﬁpiexes
might suggest that some disorder still remains, At room'
temperature the TMA complexes show none of the prediétea
splitting of the internal modes though they do so at 77K,
The temperature dependent spectral changes observed in the
TMA complexes can be attributable to #he orientational
disorder of both the cations and anions in these complexes,
Thus at room temperature a situation exists whereby there
are a numberrdf sites on which the cation or anion may reside -
al; having the same energy and it is this fact which gives

‘rise to the 1argé thermal parameters reported in the x-fay

- studies of these complexes, On lowering the temperature,

these thermal pafameters decrease and the system gradually
beéomes ordered and thus all the bands predicted from a
factor group analysis based on the proposed space group are
observéd, The broad hands observed at room temperature are
due to a breakaown in the zone-centre (k = o) approximatibn'
with the result that all the modes in the Brillouin zone are
allowed to intéract with the incident radiation, The spectra
observed at room temperature are analogous to sélution'spectra,
“ The effect of lowering the temperature in the cesiﬁm complexes. .
Vis only to make the bands much sharper and this is expected
from consideration of the Boltzﬁdngdistribution which is

'kT' dependent,
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2¢2 (NEt4)2MX4 Complexes

M = Co, Cu, X = C1, Br, Et = Csz'

(NEt4)200614 has been reported to be isostructural
with (NEt,),NiCl, and to belong to the tetragonal space
group P42/nmc‘(Dlg) with two molecules in the unit cell
(32), The bromide complex is assumed to have é similar
4)20u014,
Here too there is evidence of orientational disorder of

'structure but there is no structural data for (NEt

both the cations and anions, The [MX,]%” anion is
distorted from the tetrahedral geometry but unlike the
‘ (NMe4)2MC14 complexes it is not flattened but tetragonally
elongated, giving in the case of the (NEt4)2V1014‘f0r-
instance, two angles of 106¢83° and four 110+81° for the
[NiC1,7°" ion,

Some groups of researchers have reported the i ,r, .
transmission spectra of (NEt4)2MX complexes (17-19) but
there are some dlscrepan01es hetween the published frequen01es
and also as to the number of bands observed for the metal-
halogen stretching vibrations for some of the complexes,
The powder Raman spectra of (NEt4)ZCu014 has‘beén reported
(22) together with that of the nickel complex (23)and in the
latter three bands at 271 cm_1,'100 em™! and 88 cm™! have
beén assigned to Vi Vg and “é respectively,

In this work single crystal Raman spectra are reported

for the complexes (NEt4)200014, (NEt4)ZCOBr4 and (NEt4)20uCl4

all recorded at 77°K,

RESULTS AND DISCUSSION

Owing to the higher symmetry the factor group analysis
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of Dj) is simpler than that for the orthorhombic D
complexes and is summarised in Table 2-15; A éorrélation‘

diagram for the anions on D,, sites is also shown in Table
216, f,Thé number and symmetry of the Raman-active internal

: and'latﬁicé modes are given by the representations (2+4)

and (25)
I‘internal = 2A1g * 1B1g * 2B2g * 2Eg (2-4)
r_la,ttice = Ag * A2g * 2B2g ¥ 4Eg (2-5)

The rotaf@ryllattice modes of the cation are given by the

additional representation (2.6)

rcat‘ = A2g + B1g + 2hg . (246)

From the correlation table, Table 2-16, it is seen that
in the i,r, spectra only one component each of v and Vg
should bg present in each of the Asu and Eu spectra while
‘none of eijher vy and Vo will be observed, Thus Ramap
spectra are the only sources for the observation of the
vy and \, modes of vibration,

The Raman frequencies, recorded at 77K, theipolarization
iniensity data and their symmetry assignments for the |
complexes (NEt4)2CoCI4, (NEt4)ZCoBr4 and (NEt4)2Cu014 are
given in Tables 217 - 2«19, The assircnments to the
internal modes of the tetrahedral [HX4J2— anion are given
in T&blé 220, Only the EH component of g could not be
observed for the cobalt complexes, The Haman frequencies
together with those from the i,r, spectra already reported
(29);for (NEt4)200014 are given in Tablg (2.20) to enable
the effects of the correlation coupling to be observed,

The correlation field effects in these systems are still

‘difficult to observe since for v, and v, the i,r, components



Table 215 Factor Group Analysis of (NEt

)My
Complexes with Space Group Dlg o
.D4i1 g T T R, R ni; -
1g 3 0 1 0 0 ?
2g ? ° ° 1 i O
1g 2 0 0 1 0 1
T L
g 8 o 3 2 1 2
. ‘2‘4 0 0 1 0 1.
20 4 1 1 0 9. ’
1u 3 0 1 0 ° 2
. - 0 0 1 2 0
u 8 1 2 2 1 ’

I I B S S I R I S

Table 2+16 Correlation diagram for the [MX4J2— ions

',in the (NEt4)2MX4rComp1exes
Free ion Site Unit Cell.
Ta D24 D4n
A, 24, _—— Mg

1~ . _
////////////I 231u
B1g

E B «::::::::::::
. 1 A

Tu




Table 217 Raman Frequencies (cm—1) Recorded at 77K,

‘Polarization Intensity Data andevmmetry i

" Assignments Cfor (NEt4)2CdCI

4 .
. Frequency . Scattering Geometry Assignment
em™] X(zz)y x(zx)y y(xx)z y(xy)z
272 48 14 2 2 A +B
135 ' ',O -0 45 20 ‘B1g
130 oo 0 30 B,y
127 .23 30 72 0 A ME
?jO Qv, Ov 53 0 : B1g
69 0. 0 19 0 E1g
58 0 0 25 0 B1g
‘ 0 0 j0r
5.6 0 7 jg

Table 218 Raman Frecuencies (cm~1) Recorded at 77°K

Polarization Intensity Data and Symmetry

Assignments for (NEt4)2CoBr4

avanen

Freguencx Scattering Geometry Assignment
em™! x(zz)y x(zx)y j‘xx)z y(xy)z -
172 100 18 40 4 ABoy
101 0 0 38 31 B,
95 0 0 26 25 By
90 57 13 27 20sh Ag
79 : 57 16 12 5 AH
0 15 0 o E,
(A 0 ) .18 10 -Bzg |
65 ,; 31 53 17 10 | Eg+?2g ' '
51T 11 8 0 E +By,
41 - .. 68 27 0 0 A

20 0. 19 27 12 I +B.



Table 219 ‘Raman Frequencies Recor..ed at 77K,
Polarization Intensity Data and Symmetry -
Assignments for (NEt4)20uCL4 ‘
Frequency Scattering Geometry Assionment
cm x(zz)y =x(zx)y z(yy)x z(yz)x
280 20 11 50 ‘16
273 0 0 15 0 |
. ) , o \)1 + \)3
262 0o 0 4 5
237 0 0 0 7
1347 8 5 12 10
124 0o 0 18 0 vy * vy
114 10 25 21 35
89 0 0 7 0
75 10 6 0 0
7 0 0 0 10 |
. Lattice
69 0 0 5 0 '
61 13 0 0 0
35 0 0 0 11

68
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Table 2:20  Assignments of the Bands in the Low
Temperature Spectra of (NEt4)206Br4
and,(NEt4)200014 '

Free ion - Site - Crystal Frequency

. ' mode
Td D2d. D4h (Nht4)2CoCl4 ) ,(NEt4)2g°Br4
' A ; 272 172
vy A——-A — 13 o
) . 1u , ,
o A, 12 . 0
S A'/ 1g ‘ 7 ’ 9
v, - E | Tu
B : 135 101
\B' — & o |
: 1u
: __ B 272 172
. p.— 28 "o !
03 - : ‘
E - -
E/ g
T E, 299 -

B | 130 | 95

‘,,,//’”// 2T A,y 133 -

g E, o127 -
'i?’““‘**—E - 127 e
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are inactive, There is, however, a splitting of 8 em™ !
between A1g(A1) and B1g(B1) components of u2(E), The
splitting of the

4 cm—1,

4 mode into (B2+E)'is found to be §n1y
It is not possible to calculate the spliﬁting
for 93 sincé the,Eg domponent could not be obéerved,
However from the amount of splitting of the vaaﬁd Vg

it can be conciuded that there is very little perturbation
‘dug to the site and the factor group, The vy mode has
been caiéu1at¢d to be at 260 cm™! from a complex
transmission sﬁéctrum of a thin (NEt4)2CoCI4 crystals’
'abOVe 400 cm-'1 in which a group of three sharp weak bands

1

were observed at 593, 556 and 537 cm These were

assigned to two-phonon combinations of Co-Cl stretching
’ ?odes, being 2v3, v1+n3 and 2y, respectively, (34), Owing
to the heavier mass of the bromide, there is a éhift to
‘lower frequencies in the spectra of (NEt4)2CoBr4, |

| The crystals of the copper complex were of poor

quality so that the spectra were not very good, Four -
1

bands were found in the region between‘237 em™! and 280 cm™!,
Under the site group analysis for the tetragonal complexes of \//
space group‘Dlg'only three bands are predictéd,‘one'fér the

vy component and the remaining two for the V3 cémponents,

The presence of the extra band would indicate a structure

other than Dig, Clark and Dﬁnn (17) had also observed

" three components of Vs in the i r_ powder spectrum of

(NEt CuCl The results of other workers (19,20) however

are compatible with its being isostructural with the cobalt
‘and nickel complexes, The assianments of the bands are

therefore made for the recions where the various vibrational

'modeé of the tetrahedral molecule are expected;



The lattice region in thebcobalt and copper complexes
showed fewer bands than predicted, =In fhéd -
bromide complex there is a lot of ﬁixing of the modés:

The copper complex showed only six bands in +the 1at£ice
- region, The disorder in these complexes at'foom
temperature is manifest by the fact that the lattice

region in the room temperature spectra is featureless,

EXPERIMENTAL

Crystals,of 052M014 and (NMe4)2MCI4 complexes were
grown by slow evaporation of saturated aqueous solutions
containing the appropriate molar ratio of the constituent

chlorides, The tetraethylammonium complexes were

71

prepared according to the literature (35) by mixing anhydrous

-ethanol solution of the metal halides and the ethylammonium

~ halides,
The spectra were recorded at room temperature and at
77°K at 2 em™! resolution for most and 5 em™' resolution
S . + -t
for a few, The various exciting lines of the Ar and Kr

lasers were used:

A 488+0nm for Cs22n014, (NMe4)2ZnCi4 f

476+ 1nm for 05200014, (NMe4)2COCl4, (NEt4)2CoCl
496+ 5nm for . (NEt,),CoBr,

647f1nm‘ for Cs,CuCl,, (NEt4)ZCu014

568+2nm for (NMe,),CuCl, at L,T,

647°1nm for (Nﬂe4)20u014 at R,Tf

4
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CHAPTER 3 - ABMXSI COMPLEXES




CHAPTER 3

A MX. COMPLEXES

35 -
A=2Cs, M= Co, Ni, Cu, Zn; X = C1l, Br; Rb CoCly and

3

- (DMA) 5CuC1

5

where DMA =‘-‘(CH3)2NH2

Introduction

Despite the stoichiometry of.thgse complexes, which
highﬁvsﬁggest pentacoordination they are all reported to
contaiﬁ-isplated MX42_ tetrahedra with free halide ion in
the lattice (1),

Up to the present, the vibrational studies of the
A3MX5 complexeé have been confined to the i,r,'épectra
(40 - 700em™') of powdered samples (2,3). The single
erystal work reported is that of the reflectance specfra

3
were observed in the M-X bending region although only one

of Cs
is piedictéd,

The aims of the present studies, like those of the -
previous chapter, were to employ polarised Raman and i,r,
- studies of oriented single crystals to make unambiguous
assignment of the multiplet components arising from thé
distortion, the site and factor group splittingé of the
' internal modes, It is also intended to carry oﬁt Kramers-
- Kronig analysis on the reflec%ivity data to resolve the
‘uncertainty as to which of the two bands in the M-X bending
region should be assigned to the Eﬁ component of Vg It
‘has been suggested that the other band is a lattice mode
of a r#ther high frequency, Another objective is to

extend the vibrational studies to cover other complexes,

in the A3MX5 series,

76

09315 (2) where two bands of almost similar intensity



With the exception of (DMA) CuCls, all the complexes

'in the series are isostructural and crystalllze in the

tetragonal space group I m ¢ m (D4h18),'Z =4, (4-8),

7

”C5300C15 has been subjected to very detailed crystallogéaphic

'Studies'(4,6) which reveal the presence of CoCl42- groups
- in approximately tetrahedral configuration, The fifth
. chlorine atom is ﬁresent as a free Cl” ion and is far
"reﬁoved‘from the cobalt atom, The Co-Cl bond length is
.‘72i252°A'§hd.§he C1-Co-Cl angles are 106+1° and 111.2°,

_The deviation. from perfect tetrahedral symmetry is seen to

involve angular distortions rather than bond stretching or

2= .. -
4 unit thus apprqaches D2d

‘symmetry with two pairs of equal angles, each angle in the

'contraction, Thé CoCl

i‘ pair being related by a crystallographic plane of symmetry,
The crystal structure data for CsBCuCI5 is incomplete
"(7), but from the similarity of its i,r, spectrum to that -
of Cs20ﬁ014 (2)'it is reasonable to assume that it also
contains isolated CuCl42_ units, For tetrahedral Cu?+
(d9) complexes, Jahn-Teller effects are expécted to produce
extensive deviation from Td symmetry, _

053N1015 is stable only above 690°K and frombxffay' a
1”diffraction patterns on samples quenched from a temperature
. above 417°C to room temperaturé, the compound was found to
Bé isostructural with CSBCOCIS' (7)

Willet (9) reports that (DMA)quCIS crystallises in
the less symmetric space group P n m a (22h16) Z = 4 and

also contains discrete CuC14?~ and a lattice chloride ion;
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The Cu-Cl bond distances in this.complex are all

equal and two of the Cl-Cu-Cl angles are 98° wﬂilé.
the other two are 136° and thus this unit has the
‘largest reportéd distortion from Td symmetry of the |
 chlorocuprates(II), ‘The DMA groups are all involved
in hydrogen bonding of the type N~HeeeCl and this
causes the lattice chloride and one of the DMA ions

'fo bg disordered, This complex exhibits thermochromic

behaviour; being yellow at room temperature but turning

green when éboled to liquid nitrogen temperature,

Results and Discussion

The results of Factor Group Analysis on the complexes
with space group D4h18 are given in Table 3«1 and from-
it the number and symmetry species of the optically
active internal modes and lattice modes are given by

the representations 31 and 3.2

r

Plattice

=2A, + B, _+2B, +2E + 24, +2E  (3-1)

internal 1g 1g 2g g 2u
(3.2)

= A + 2B, + 4B + 34

. + -
1g * Big 2g u © 6E

2 u
The correlations between the internal modes of ‘
vibration of the MX,” unit with the modes of isolated
Td and the factor group are identical to those in Table
2416, |
| The Factor Group Analysis for the (DMA)BCuCI5 complex
‘based on the proposed structure and treating the DMA ions
as point groups is éiven in Table 3+2 where R~ gives the
symmetry.species of the rotatory lattice modes associated
with the CuCl42— ion, The torsional vibrations of the

DMA ions is given by the representation (3.3)
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(c B v~ B v

Table 3-1 Factor-group analysis for A3H015 complexes
with space group Dli

D, n, T ™R o o'y activity
Ay, 3 1 2 2 x2 + y2,2°
Ayg 3 2 1

B1g 2 1 1 1 x% - y2
By, 4 2t 2wy

E, 6 3 1 12 - (xz,y2)
Ay, 2 1 T |
Ay 6 1 3 2 o

1u 3 12~

u ° Q”?'   ';5':f é5)1:':LV:J‘f';  2' - ‘(Xsy)  ,f.
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TABLE 5-2- Factor group dnalysis for (D'?-"A)BCuCl5 '
kaZﬂ oy 1I  I ‘E a g'i | activity :
e 14 7 1 3 6 %%, ¥°, z°
B, 10 5 2 1 3 xy
By, 14 T 1 6 xz
E3g 19 5 2 1 3 Yz
rléﬂ‘ .13v' 8. ' 2A 3
B 17 1 100 1 6 z
13 1 8 2 3 ¥
17 1 10 1 6 x
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V.t = + + '
\r" = 44, 5Big * 4By, T 5By, * 5A, + 4B

+ 5B

Since the Cu:étoms are located on sites of Qs.symmetry,
 thé site gfoup analysis for this complex is ;dentical to that
}given in Table2.2for CszN014 complexes havihg the same
space group,
Single cfystals of good optical quality were obtained.

for Cs,CoCl. and Cs CoBr5 which permitted a cohplete polarised

37 5 3
r, and Raman studies to be undertaken, Representative

i,r,
spectra of fhe chloride complex, recorded at 77°K are gi?en
-invFigures 31 and 3.2, They show the i, r, refléctance
spectra recorded for both the ordinary and extraordinary rays,
together with their respective variation of the real and
imaginary parts of the dielectric constant with frequency as .
calculated‘froﬁ Kramers-Kronig analysis, The Raman speptra'
of the four pertinent tensor components are shown in

vFigure 3;2, " The Raman intensity data for both complexes

are given in Table 3+3 and the observed frequencies and their
symmetry assignments are shown in Table 3-4, Thesé
frequencies,'which were recorded at 77°K in order to benefit
from the decrease in spectral band width, differed only

by about 4cm~! from those recorded at room temperature,

The symmetric stretching vibration P has no i,r,
component-and therefore, unlike the A2M014 complexes, its
assignment from the Rdman data is straishiforward, The
symmetric bending vibration v2 is split under D2d symmetry
into Al and B

1 1
‘ments are also straightforward, The asymmetric¢ stretching

and have no i,r, components, Their assign-

and bending vibrations, Vg and vy are split under D2d and

have i;r, components From the Raman data only two E, modes
. ia
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FIGURE 3.2
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- TABLE3e3 Raman po]arizatibn.intensity‘data (arbitrary unﬁts)
for Cs CoCls and Cs.CoBr

Frequency - Scattering Geometry , . Assignment.
cm-] I yfxx)z x(zz)y ylxylz x(zx)y ‘ {‘ ' |
“§a35 o 'LJ g 24 5 178 - E,
| o 2 , 8 2 60 ) B
I R 0 4.0 B,
65. 5 0 1 0 Ay,
83 B 5 0 a5 E,
% .. 27 0 138 6 By,
s e 16 5 30 o dq,
1 . 0 0 o 1m0 E,
L 142 f_ o 65 0 5 0 o Blg
B T I L Ly,
1 0 0 12 | 5
Cs‘3co§3£5 A 5 14 8 36 ‘ B,
1 SR 5 2 R
. | 2 10 6 23 ' E,
54 S B T
59 | ‘ 0o 14 ” -0 3 E,
63 a0 9 1 0 | B,
67 46 12 185 2 By,
83 - 77 168 13 16 Ay
90 14 49 12 68 Eg
00 127 5 136 By

81 67 6 15 10 arg
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TA B L E 3+4. Observed vibrational frequencies (cm_ ) and ass1gnments for
' 05300015 and Cs. 3CoBr recorded at 77° K

5
iFree Ion ' © Unit cell C53C0C15 - Cs,CoBr
T2 R o
( - : —
A2u | 320 : 248
SRR E,* 316 S 282
(T, :
V3\%2 i
L : Eb, 313
B, - -
e lalY CUT e e : 289 ' 181
E B] 142 : _ 100 .
B A ’ 125 83
[T ig . - -
e Ay 132 | 75
SR E, ‘ 128 90
ulT) - E_ | 130 90
, g o
B - -
2g -
. B, 92
B, ' 9% - ’ : 67 -
"2 L .
%Zu_ 88 'l | 54
E 83 . 59
g .
. E - 82 64
u
L . B ) - i 54
. 72
. Lattice y g ‘79
" Modes 2u | ,
A-A]g - 65 31
E 66 42
u ) .
By - ' 51 | 63
g |
E 44 ‘ 2
g ‘ :
E_ 31 ‘ , 26
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could be observed and the mode at 313<v:m-1 is assigned to

Vs, while that at 130cm™! is assigned to vy, for the chloride

complex, Apart from the EZg modes and, for Cs CoBrS, the
wveak Eg dompohent of Vg all of the internal modes and eleven

. of the sevénfeen predicted lattice modes were observed for

. bothAcompleXesyl From the infrared the‘two predicted A2u and
: Eﬂ modes associated with both the v3‘and vy were c1enr1y~ |

obserfed and there is no difficulty in a351pn1ng the bands
at 3200m gl and 316cm ol to V3. The A band at 1320m =1 s

| also ass1gned to Vg without dlfflculty, The only .
dlfflculty in assignment of the observed bands to the crystal-
components.pf tﬁe free ion modes arose for the oidinary ray
spectra, Here two bands were observed, at 128cm™ " and

-1 -1

136cm™' for Cs,CoClg and at 90cm™! and 92em™! for Cs.CoBr

3 3 5?
one of which could be assigned to the Eu component of Vg
while the other is a hieh frequency lattice mode, For both
compléxes the spectral features in these regions were typical

" of those arising from the interaction of a weak oscillator

on the high_fréquency side of a strong’oscillator thereby
causing inversion of the latter (10,11) and therefore, in
order to'subsfanﬁiate this a Kramers-Kronig anélyéis‘of the
reflectivity data was undertaken, The results, for Cs300015,
shown in Figure 31, give the.variation with freqﬁency for
both the real €' and imaninnryJe" parts of the dielectric

- constant, The plot of €' with frequency for the ordinary
ray clearly shoaws two bands in the 13Ocm_1 region but in the
e"‘speétrum, in which the frequency and intensity of the calcul-
ated maxima reflect, respectively, the true freduency and

strength of the oscillators, only one peak at 1280d—1 was

observed, TFailure to observe a peak at around 136cm™
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indicates the weakness of the high frequency mode,.

[The frequencies of 136em™ ' and 920m—1 quoted férthe>E¢

modes in the chloride and bromide cohpleXes respectively

‘were taken at the minimum of the main reflectance bénhs

(11)], Since in both complexes the A, compoﬁents‘

of vy is of medium intensity and for the tetragonal

53 M = Co, Ni) both the

A2u,ahd Eu,components of v, appear as strong reflectance
’

complexes (NEt4)2M014 (Et = C,H

maxima (12), the main bands at 128cm”
1

for the chloride
and 90cm™ jfor the bromide are assigned to v, and the

weak high frequency bands at 136em™" and 92em™! for the
‘chloride and bfomide complexes respectiyely aré‘aSsigned
~to the lattice modes, Generally lattice modes in complex

halides are rarely found much higher than 1206m-1,

The
existence of this one at 136cm”1 could be explained from
éonsideratién of the structure of the complex, The 1a£tice-
~is cémposed'qf layers of CsZCl and Cs(CoCl4) which alternate
so that it is likely to have a lattice mode involving
displacements of atoms in the Cszcl 1ayeré only, Thus

this mode is confined entirely to the free chloride ion

and would produce a higher frequency than if the massive

e
4

From the assignments in.the spectra of 05300015 it is

CoC1 ions are involved,

~observed that, in the absenceibf the frequency for the Bég
‘components of Vg and vy an indication of the degree of
splitting is given by considering the frequencies for AZﬁ
and Eu? There is only a splittin.ﬂ_r'of'd-cm-'1 for each ofv
vy and vy, Thus it is likely that the splitting is due to
the factor group instead of the distortion from,peffect

tetrahedral geometry,
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For thosevcomplexes where single crystals could
not be obtéined, namely Cs3l"'1015 (M = Ni, Cu,FZn)‘ahd
RbBCoCls, Réman.spectra of powdered sémples were
recorded both at 3OC°K and 779K and the observed
frequéncies £ogether wvith assignments based on the
single crystal.d@ta for Cs3CoCI5 are given in Table 3.5,
The spectral features for Cs,MCl, (M = Ni, Zn) and
Rb309015‘Were very similar to the powder spectrum of
Cs3CoC1§‘énd thu; substantiate the x—fay studies which
indicate fhéi these complexes are isostructural, It is .
knowﬁ'(7) that, because of the enhanced crystal field
- stabilization dﬁe to octahedral coordination iri‘d8 systems,
Cs3NiCIS'undergoes a solid state transformation at 690°K
decomposing to CsCl and the octahedral complex'CsNiCIB,

according to the equation

Cs,NiCl, _below 6907K . 50 07 4 OsNiC1, (34)
_‘above 690°K o '

blue yellow
The results of the Raman spectrum are given in Table 3-5,
The Raman spectrum of CsBNiClS_showed none of the bands

reported (12) for CsNiCl in particular the'intense-E2g

33
mode at 195cm™! was totally absent, This negligible lack
of decomposition can be attributed to the fact that the
"quenched sample was stored at T7°K and only briefly allowed
to reach room temperature for loadins into the cryostat,
The Raman svectrum of CszCuCl5 differs markedly from
those of the other complexes in that three bands of medium
intensity are observed between 24Ocm-1 and 300cm_1, The

relative intensity and frequency of these bands are very

similér‘to those found in CsZCudl4 discussed in Chapter 2
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- Table 3.5 OUbserved Raman frequencics (0n~1), recorded

at T7°K, and proposed assignments for A,HC1

3 775

complexes,

Cs3CoC15 ' 033MiCl5 Cs3ZnCI CstuCIS b CnCls Assipgnment

5 3
| 314 298, 250 | vy
283 289 297 o273 2739 vy
137 - 142 115 112 Vo
123 . 128 133 135, 131 125 A
o1 A | 119 Y

91 103 102 - 102 ny

84 T 81 - 85 - 5 |
66 65 65 79 55  lattice
48 55 50 60 51 modes
42 49 43 48 14

33 A 2 33 2
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and (DMA)BCuCIS'suggesting that Cs30u015 is not tetragonal,
-accordingly the vibrational assignments givenrin.TaBie 3v5

are based on those for the orthorhombic complex Cs
1

2 4-
§p1itting of the v, Raman active crystal mode

CuC1

" The 48cm” .

is larger than that found for Cs,CuCl,, indicating

substantial distortion of the CuCl,°” ions from tetra-

.. hedral symmetry,r ’

| ' ?he Raman spectra of the (DMA)BCuCl5 complex were
recorded for the six non-equivalent scaftering geometries

]j at 300°K, 19§6K and 77°K and typical of the results obtained,_-

‘ the 2% tensor components are shown in Figure 3-3, . At

" 300°K, the lattice region, below 100cm-1, is featureless

. and this is due to the orientational disorder of a DMA and

‘the free cliloride ions which cause a breakdown in the zone
cegtre approximation (k = 0), This effect is lésé pronounced
for the ordered Cu0142‘ vibrations and three distinct broad
bands are obsérved at 281cm—1, 236em™ ! and 139cm”]
corresponding fespectively to the (w1+v3), Vs, and (v4+w2)
vibrations of the tetrahedral anion, Préliminary
differential thermal analysis and broadline n m, r,
experiments (9) indicate that two minor phase cBanges occur
" below 300K and these have been attributed to hindéred
rotation of the methyl groups and order-disorder phenomena
in the N-He+.Cl hydrogén bondind'system, The spectrum at
195°K, apart from some additionai weak bands between 130cm™ |
‘and 90cm™ ! shows little evidence of this ordering but at
T7°K signifiéant changes are observed; the bands at 281cm_1
and 139(:&1-1 are split into several components, new bands

aﬁpear between 200cm™' and 150cm™ and in the lattice

;=1
region, eleven sharp bands are observed down to 28cm ',
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FIGURE 3.3 -

350 300 - 250 200 150 100 50 cm™

: : Aﬂmn—..m.nu_..‘...,m.vﬁ.n.n....ﬁ for ( DM:AY) W‘OC.O.W.m.,H 300, 195 and 77 %’



These shgrp spéctral features aré certainly indiCaiive

of substantial ordering of the DMA and chloridédiSns ét.
77°K,  Further analysis of the databrrovides little
information as to the exact location of these ions in{the
lattiée, va they were situated on the elemenfs ofr
symmetry required by the proposed spaée group, then the

T 4o 24Ocm-1, where the crystal modes

region from 320cm
6f yi-and vy are observed, should be similar to that
found-ihvfhe Raman spectrum of CsZCuCi4 recorded at 77°K
where thréélmajof peaks are observed, This is, howevér,
not the case in (DMA)BCuCI5 since there are at least four
bands'of mediuﬁ to strong intensity in this regiohvwhich
suggests enlargement of the proposed tetramolecular unit
cell af 77°K, The observed Raman frequencies for this
complex recorded at 77°K, polarization intensity for the
six scattering geometries used and the proposed vibratiohal
assignments'are given in Table 3.6, Despite care in
alignment of the crystal axes and repeéted measurements;"
iﬂ can be seen from the intensity data ﬁhét polarization
leakage between diagonal and off-diagonal tensor components
was very larée and .this prevented accurate symmefry o
assignments, In most cases, therefore, the assignments
~are limited to the crystal components of the CuCi42—
"vibrations and the lattice modés, Large polarization
leakage of this kind is normally not encountered in ordered
crystals and must, therefore, be due to inherent disorder
.still remaining at 77°K causing’scrambling of the polarized

radiation, Similar effects have been observed in the

i,r reflectance (13) and the Raman spectra disguséed in

-Chapter 2 of (NMe4)2MCl4 (M = Co, Zn, Cu) complexes recorded

at TTYK, .

92
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Table 3.6 Observed Raman frequencies (cm-1), recorded
at 77°K, polarization intensity data (arbitrary
units) and vibrational assionments forv(DﬂA)3Cu015

Freauency Scattering Geometry 4 Assignmentl

’ z(xx)y z(xz)y x(yy)z x(yx)z y(zz)x y(zy)x| |
312 0 0 26 25 6 )
302 70 17 70 0 0 0 -
294 142 30 97 34 94 30 37V
282 203 59 192 T4 157 44
241 56 21 65 24 57 15 Mg
195 25 4 17 8 0 0
186 12 o 9 8 0 0
167 118 4 12 23 0 0
160 28 7 15 22 14 12
146 0 0 9 18 12 0
136 0 4 20 20 0 0 vy
126 0 0 37 16 0 0
120 0 8 0 o 0 0 "
115 13 0 42 21 30 9 2
105 5 0 23 15 0 0
- 96 13 0 18 20 0 0

83 . 61 12 28 20 0 0

78 0 0 0 0 31 11
722 58 23 55 26 0 12 lattice

58 45 16 51 7 139 26

51 121 22 85 29 0 22

43 .33 10 48 30 41 20

A1 o 0 0 38 0 0

35 20 14 85 43 85 22

32 0 0 0 30 0 Y

28 0 9 34 14 0 0
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Experimental

Crystals of 05300015 and Cs3CoBr5 were obtained from
aqueousAsolution by the method of‘waeli and Vells (4), -
‘using a six-foid excess of ‘the cesium halide for~theFCHforide
' ’Complex:dnd a 1:1‘m01ar ratio for the bromide coﬁplex,

,'(DMA)BCuCl5 crystals were obtained by slow evaporation, in
. .an N2 atmosphere,‘of an ethanolic solupion containing
'vstdichibmetriQ quantities of the constituent chlorides,
Al the'fémaining complexes were preparedrby fusion of
‘;s£oichiometrié‘quanfities of the alkali metal chlofide and
the anhydrous transition metal dichloride contalned in an
JeVacuated silica tube; the melting p01nts for the Cu, Ni
‘and Zn, complexes were taken as 491°C, 547°C and 601%C
‘reSPectively (14) while that for Rb300015 was 600°C (5),

In the case of Cs NlCl the tube was removed from the

5’
furnace at 500°C and immediately quenched to 0“C,

The.laser'éxcitation frequencies found to be most suitable

for recording the Raman spectra of these complexes were

496,5nm  for Cs,CoBrg, 472,7nm for Cs 00015,‘476,5nm for

3

C53N1015 5 and Rb3CoCls,

the 568 ,2nm line was used at 300K while at low temperatures

3

aﬁd 488 ,0nm for CSBZnCI For (DMA)30u01

5
“a change to the 514 5nm line was necessary due to the thermo-
chromism exhibited by this complex (9), the same excitation
"frequencies.were used to record the Raman spectra of Cs3CuC15

at 300K and TTYK,
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» _ to .the space group Pbca (=D2h
‘ the unit cell. (8,9), (CH,NH

CHAPTER 4

(ChH2n+1NH3)2MCI4 Complexes

M=Cu,Mn, n =1, 2, 3,

iIntroduction

The complexes of the above general formula have been
studled in solid state physics and chemlstry because of their
1nterest1ng layer—structure with hexa-coordlnated metal ions
(1), lumlnescence phenomena (2) and qua31 two-dimensional
magnetic orderlng at low temperatures, (3,4,5) |

Two. slighfly different structural types at room
' témperature are reported; a more symmetric one for the
manganese'complexes which leads to the spéce group Cmca -

(= D2h18) with two formula units in the primitive cell (6,7),
an& a less symmetric one for the copper complexes leading
'5) with four formula units in

CuCl however, is .an

3 3)2 4’
exception sincé it is'isostructural with (NH4)ZCuCl4 and -
crystallises in the space group D2h18 (10), |

In the copper complexes there are sheets of nearly square
planar'Cudl42- ions separated from each other by twb layers
-+ of alkylammonium groups, The bond lengths of the CuCl42—
units in the methyl complex are not known but thoée in the
isos£ructura1 (NH4)20uCl4 are not equal, two are 2.30 % and
- the other two are 2+332 R, In the ethyl complex the bond
lengths are almost equal (2277 R and 2.28 ®) while they are

all equal.in the n-propyl complex (2:29 R). . These planar

97 -

iops‘are.held together in sheets which are mainly perpendiculgr

to the planes of the ions by long CuCl bonds of 2:793 %,
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2.975% and 3+04 R for the methyl, ethyl and n—propyl
Acomplexés respectively, Thus the Cu atoms have a (4+2)
distorted octahedral configuration, The chlorine atom'

" at a long dlstance from the copper atom belongs to the
square co-ordlnatlon of a neighbouring copper atom (see
Eigure,4i1) The only forces holding successive copper-
’chlérine sheets together are van der Waals forces between

A  tefmiqél carbon atoms of the aliphatic chain, Because

of this'fhe'crystals have excellent cled#ages parallel

“_ fo the planéé‘of the sheets, In the ethyl complex the
long CuCl bond is tipped T7+3° away from the z-axis while
 the Cu-Cl bond in the plane is tipped 5¢1° out of the plane,

; The significant difference between the structure of the
methyl complex and those of the ethyl and n—proﬁyl complexes
seems to be a slight shortening of the four equatorial Cu-Cl

; -bohds and a considerable lengthening of the two axial Cu-C1
Bonds in the latter, Thus the former is orthorhombically -
distorted and the latter tetragonally distorted from the
regular octahedral geometry, .

There is a possibility of hydrogen bonding arising from
the location of the alkylammonium cations in the structure,
"Holes" are formed at both sides of the sheets by éight
neighbouring chlorine atoms and into these the NHBQgroups sit,
The nitrogen atom, however, lieé.particularly close to one
‘chlorine atom to malke it possible for a strong N-He..Cl type

~of hydrogen bonding, The stereochemical confipguration,

‘however,-éasts some doubt on this interpretation since, owing
to the disorder in the aliphatic chain, there are no hopes

of locating the hydrogen atoms directly,
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 CuClL.

* The CuCl¥~ Ion and Its Packing in (C;H.NH,):-



100

O0f the manganese salts only the structure of the
n-propyl complex is known in detail at room t;hﬁératﬁré,
This crystallises in the orthorhombic space group Cmca
(= D2h18),ﬁith 2=4, (6), In this structure there is a
two=dimensional metal-halogen framework forméd by MnCl6
octahedra sharing corners, Such an arrangement could be
compared with’a plane in the perov§kite structure, the Mn
atoms occupying the B-sites and the A-sites in the cavities
’betweén‘the octahedra occupied by the NHié groups, By
this, adjééent éheets are effectively isolated from each
other, The interesting electrical and magnetic properties-
"of these compiexes may be dependent upon the SPacing between
the metal ions (11), The two non-bridging Mn-~Cl distances
.are shorter than the four bridging ones which lie
approXimately in the plane of the Mn, giving a coordination
 sphere around the Mn of approximately D4h symmetry, This |
structure is basically similar to the K,CuF, structure (12),
The existence of N-He«+Cl hydrogen bonding causes the déformed
octahedra to be tipped 8¢0° away from thé z—-axis, -

In both the copper and manganese structure there is a
strong tetrégonal pseudostructure and by small shifts of the
mean(pdsitions of all the atoms except the hydrégens, whose.
positions are not definitely known, it is possible to generate

the tetragonal space group D4h17

with one formula unit in

the primitive cell, a structure similar to K NiF, (13),
Structural phase transitions have recently been observed

in thb. bis(alkylammonium)manganese tetrachloride compiexes

(14, 15, 16), There is a high temperature phase transition

from orfhorhombic to tetragonal at 393-6°K, 424+4K and 446+1°K
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for the methyl, ethyl and n—pfopyl complexes respectively,
A theoretical analysis based on the Landau-fypé-gfoup"’
symmetry (17) has been carried out to investigate the
vsymmetry'andvlattice dynamic aspects of this t;ansiti;n,
which’princiﬁally is of the order-disorder type (14),

The room temperature phase is thus a frozen high temper-
ature structure in which no disorder remains, Other
Strqétural phase transitions are reported for the methyl
compléx‘afllow,temperatures, (18), |

The cdﬁéer cémplexes are thermochromiec changing colour
from light yellow at room temperature to green at low
Vvtemperature, .The transition is near-4Q°C for both the
methyl and ethyl complexes, although.from DTA studies the
transition is very breoad covering a temperatufe range of
nearly 50° (19) for the ethyl complex, The low temperature(
structural properties are not known,

Though this series of complexes has attracted
considerable interest , it is mostly their magnetic‘properties
which have been investigated (2,3); littlé attention has
been given to their vibrational spectra, The far i . r,
reflectance épecfra (HT and RT) of (MeNH3)2MnC14~haVe beeﬁ
reported but no assignments could be made owing to twinning
and phase change effects (18), From the mull i;r, spectra
Adams (20) observed the v(Cu-Cl) at 284 cm™' and 279 cm™!

and (Bt-NH,) ,CuCl 6 respectively,

3)2 4 3)2 4
Willet (21) however, considering the effective Cu0142-

for the (MeNH CuCl

geometpy in the ethyl complex to be'Dzh, observed the three

i,r, frequencies for the B1u’ B2u and Bzu'modes which arise

and Eu modés of D4h symmetry when thellatter is

from ﬁhe A2u



lowered to D2h'l Single crystal Raman spectra of |

‘(MeNH3)ZCuCI4 has also been reported (22), B
In the present studies Ramén speéira have been.

recorded for the three copper complexes at RT, |

‘,ﬂ195°K'and 776K_but owing to fluorescence, the Raman

spectra of the manganese complexes could not be recorded,

The far i,r, reflectance spectra have been recorded at
the three differenﬁ temperatures at two orientations,
E//X and E//Y for those complexes which érow‘ as

‘large crystéis,

102
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RESULTS AND DISCUSSION

Factor group analyses for the two struétuéélgﬁypés;
namely D;ﬁ and D;g are presented in-Tables 4«1 and 4%2“
respectiveiy, These analyses assume the alkylamménium
-catipns to be‘point groups and neglect any roiétory
lattice modes associated with the MCl4 groups,  This
latter omissioh arises because of the quasi 2-D cross-
'1igked layer structure of the MCl4 groups such that any
torsional motion around the M atom will, in fact, constitute
a bending type of vibration, The translatory lattice modeé
) dre'includéd (as opposed to treating these systems as a
. 3N~3 phonon prbblem) and may be regarded as viBrations
of the alkylammonium groups against the semi-rigid metal-
halogen lattices,

. For the room temperature form of (CH3NH3)2CuCI4 and
the manganese complexes, which have the space group Cmca
;E), it can be seen that the optically active vibrations

of the metal-chlorine layers are given by the representations

(D

(4¢1) and (4.2):-

= + 3B, + 2B, + 4B
BAg 3 1g

’rRaman

T. = 4B, + 3B, + 3B (4+2)

Tu 2u 3u

while the franslatory lattice modes and those rotatory
lattice modes associated with the alkylammonium groups are

given by the representations (4<3)and (4.4):-

‘ =" + + ] + 2B + 3B + 3B + B
rtra.nsla.tory 2Ag B1g B2g 2_3g 3 1u 3 2ul 3u
= + 2B, + 2B + B + B
I‘r'_crl;a,tory (cations) Ag 2 1g 2g }g 1u
| | * Boy t 2Bgy

(4:3)

(4-4)
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Table 4.1

'Factor Group Analysis For the (C H2h+1NH ) MCl4 Cbﬁplexéé';

of Space Group D2h (Cmea),

W W ow > W Wowm

$~.m~ e o b

nj- T, T, -T R n'
. 5 0 2 2 1 3
1g 4 0 1 1 2 3
2g 3 0 1 1 2 2
g6 0 2 2 1 4
u 4 .0 2 2 2
w8 1 4 3 1 4
PR | 1 4 31 3
sg 51 2 12 3
Table 4¢2
Facéor Group Analysis For the (CnHZnH)ZMCI4 of Spaée Group
X D15 (Pbea),
n, P, ™T, T R n,
2 ‘9 o 3 | 303 6
1g 9 0o 3 3 3 6 :
S I R
3g 9 o '3 3 3 6
a 12 0 6 6 3 6 ;
1u  1'2 1 6 5 3 6
2u 12 1 6 5 ‘3 6
6 5 3 6

o T =

W
s

12 1
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For the other complexes having the space group Pbca
.(D;g) the equivajent representationsAére giVen.byv(4?5), (4.6)
and (4.7), v ' '

Fipterndl,z 6Ag + 6B1g + 6B2g + 6B3g + 6B, * 6B, (4.5)
* 6?3u
rtranslaﬁory = BAg + 3B1g + 2B2g f BBBg + 5B1ﬁ (4'6)
* 5B2u M 5B}u
Trotatory(cations) = g ™ 3By © 3By, F 3B3g + 3B, (4-7)
o + 3B,, + 3By,

In view of the pseudo-tetragonal structure of all these
complexes,Ait is worthwhile including the.group theoretical
' {predicti0ns~f0r K2CuF4 which consists of 2-D cross-linked layers
of‘.CuF6 octahedra, This complex has the tetragonal space group
. I4/mmm (Dl;) with one molecule per Bravais unit cell and the
optically active modes of vibration are given by the.
representation (4.8)

24, *+ 2B, + 3Ay + 4E |  (4-8)

Considering only an isolated MX, unit of square planar (D4h)

geometry, five non-degenerate and two degenerate fundamertal

.modes are expected as shown in Table 4¢3 below,

Table 43 D4h Square planar MX4
- Symmetry A1g Ay B1g Biu B2g E, B,

Activity "R IR R Inact, R IR IR
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The M atom. occupylng the centre of the square represénts a
‘centre of symmetry so that the rule of mutual exc1u51on '
applies, A qharacterlstlc Raman spectrum of MX4 Squgre

- planar moléculé has an intense totally symmetriC’stretéhing'
mode (Q& A ),’a‘weaker 'out-of-phase' symmetrié streﬁchr

-(v5 2g) and an 1ntense in plane deformation (v The

3 1g)
frequency of the 'out-of-phase'stretching motion of the two
pairs’df opposite X atoms is expected to be very close to
that of fhe.gymmetric stretching mode, | If a simple valence
b force field;iﬁithoﬁt the introduction of interaction terms.
is.aséﬁmed, the frequencies of the two fundamentals would be
.tﬁe same, Thefé is no Raman-active 'out%of-phasé' deformation,
One of the E modes, v, is the only infrared-active
stretching'mode, The other E  mode (v7) is an in-plane
deformation while the other i,r, -active mode A (v2) is an
-out-of—plane'deformation,
| Typical spectra that were obtained are shown in
Figures (4+2) and (4-3) which are, respectively the Raman and
i . r, spectra of'(CHBNH3)ZCu014 recorded at 500, 195 and T7°K;
also in Figure (4¢4) are shown the Raman spectra for (C2H5NH3)2
CuCl4, In TaBles‘(4-QQ - (4¢1)) are given the‘obéerved Raman
" frequencies and polarization data for the copper complexes
recorded at various temperaturés, Table (4+1%) givés the
observed i,r, frequencies of (CHSNHB)ZCuCl4 at 300, 195 and
T7°K, The observed i,r, frequencies for the various

‘manganese complexes recorded at the various temperatures are

given in Tables (4+13) - (4-15),
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EIGURE WﬁN

300°K

250 200

150 ) 100 S0

. o
Raman spectra {2z tensor component] for (MeNH, ),CuCl, recorded at 300 K, 195'K and 77 K

1 Y A

EIGURE mww

300°K

Fa— I

A

o

A .-

120 160 200 20 280
- _emd , -

Infra-red reflectance spectra tor fozxuvw

. z i i i
320 360 400 40 80 120 160 200 240 20 320 360 400

.

.. : cm-!
CuCl, (two different orientationswith E//qb) recorded at- X0'K, 1%6°K and 77°K
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FIGURE 44

77°K

_Nmo Noo dmo ﬂoo mo
cm-l .
Raman spectra(zz tensor component) of Hmﬁzxw_thQN.

at 300°K, 195°K and 77°K
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RESULTS

Table 4+4 'Intensities of Raman Frequencies (RT) for (MeNH3)2Cu014

cm ‘y(iz)x;y(zy)x z(xx)y z(xz)y x(yy)z x(yx)z

281 32 33 22 103 30 103 g;?,yz,zz)(xy,xz,yz)
243 . 45 35 75 18 57T 25 243 281
T 13 69 117 - 9 - 177 167
167 . - 70 - - 69 94 47
94 | 25 55
55 - 128 23 49
49 o | 95 |

47 B - .15

Table.4-5 " Intensities of Raman fréquencies (RT) for (EtNH3)2CuC14

em™ y(xx)z y(xy)z x(zz)y x(zx)y

277 - 18 16 - 20 (x%,5%2%)  (xy,yz,xz)
249 41. - 26 20 - . - 249 : : 277'
173 - 105 50 50 25 173 173
.58 R 65 58 56,23
56 . 6 ‘

23 ' , 10
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Table 4.&  Intensities of Raman Frequencies (RT) for (n—PrNH3)2CuCI

4
em™! x(zz)y x(zx)y z(yy)x z(yz)x
278 4 ' 9 ‘- 4 (y2,z2) - (Zx;fz)
247 8 4 71 10 247 278
. 189 - - - 9 172 189
472 . 20 20 53 19 89 172
8 - -3 . 55 4
s 32 - - S a7 25 ;
47 15 . - - - 41 | |
4 19 - - 7 25
s - - 13 9 |
’v[Table 4.7 Intensities of Ramén Frequencies (195°K) for (MeNH,),CuCl,
; em . z(yy)x z(yz)x y(xx)z y(xy)z x(zz)y x(zx)y
284 160 - 118 58 55 72 128 (x%,¥%%) (xz,2y,xy)
246 153 88 132 46 98 51 246 284
198 - 54 32 198 188
192 59 56 ‘ 192 168
188 . L 1 49 46 38 - 179 152
179 165 134 190 79 155 74 168 70
168 80sh  80sh 50 82 T3 156 64
156 | SR 152 . 60
152 27 - 17 124
124 13 | 74
7O 1w 70
70 28 99 _ - 64
64 | 9 80 " 60

60 24 23
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Table 4.8. ‘In{;ensities'qf Raman Frequencies (195:’K) fcgr (EtNHB)ZCu014
| em™! x(zz)y x(vzx)yvz(yy)x'z(yz)“x y(xx)z ylxy)z

279 | 10 . 20 - 2 26 83 - ‘(x2,y2‘,z2)(xy,ixz,yz) | :
348 20 - 171 10 71 14 248 279
190 19 | 190 185

185 . 16 177 169

177 35 . - 81 15 125 50 . 136 -

169 14 - 125
136 13 - 108

s s o

105 | N 38 o . 53

67 : 10

- g L

Table 49 Intensities. of Raman Frequencies (77°K)i'fbwr (MéNH3)2CuCI4

em™ ) x(zz)y x(zx)y z(yy)x z(yz)x y(xx)z y(xy)z

285 51 72 | 9 - 24 (x%,5%)2°) (2x,y7,xy)

281 14 15 ' 248 285 281 285

248 75 21 44 21 24 6. 211 197 197

211 22 7 | 9 192 188

197 8 6 9 180 168 168 168

192° 8 ; , 155 . 141

188 | s 106

180 121 27 36 27 -39 71 88

168 32 . 3t 5 10 1 75

155 14 3 N 10 .
141 | 5 4 K

106 7 10 4 g

88 13 B

75 24 15
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173

Igblg_iiﬁé Intensities qf‘Raman.Freqqencie§ (77?K).forﬁ(C3H7NH3)2
. ' CuCl4
em™ x(zz)y x(zx)y y(xx)z%y(xy)z z(yy)x z(yz)y
273 51,_' 78 58 59 56 - (x2,y2,22) (2x,xy,72)
244 92 87 60 114 92 244 273 273 273
204 41 19 24 204 194 194
199 27 32 199 189
194 13 23 173 170
189 .28 25 170 167 167
| 121 91 164 164 164
170 - 130 148 111 76 56
R 3 70
164 73 64 73 50 -
76 - 32 18"
70 12 |
56 | 11
50 18
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Table 4+1F 'Intensities of Raman Ffequencies for (EtNH3)00014 77°K

-1

cm z{yy)x z(yz)x y(xx)z y(xy)z. x(zz)y x(zx)y

283 18 103 20 81 10 18--(xz,yz,zz)(yz)(xy)(zy;
249 99 10 73 14 126 27 249 283 283 283
196 50 8 40 8 18 16 196 188 188 188
188 . 19 6 180 176 176
180 151, 25 118 24 86 39 145 166 166 166
76 21 110 94 |
166 . . 29 23 6 1 97 66 - 66
145 - 2 15 7 . g4 45- 45 -
110 o 13 6 T3

or 11 3 - 56 °

4 5 | | |

73 55 - 13 14 - 6 8

.66 | 6

56 5 4

45 10 3 |

Table 4-12; xF@y*I R, Ffequenéies (cﬁ—1) fdr (MeNHB)ZCuCI4

~  RT 195°K TT°K

CE//X E//Y B//X  EB//X 8//X  EB//Y
288 288 292 " 292 312 301
194 188 208 202 295 213
164 = 164 166 134 216 184
90b . 90 164 168 178
60 | 90 148 163

60 126‘ ' 99

90 69

59 62
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Table 4+13  Far I R, Frequencies for (MeNH3)2MnCi4 (cm_1)

RT TR L
B//X BT E/X B//Y .
240m . ésﬁm 240m 244m -
170v.b, 160v.b, 174 228
150v.b, 112v.b. 180
110b-  100b
At RT;‘gpaft from‘the two frequencies at 240m~" and 236b cm—1,
from 200'cﬁ71'downwards,the peaks are very broad,
Table 4-14  Far I R, Frequencies for (EtNH,)MnCl, (em™')
RT 77°K
B//X E//T B//X  E//Y
224 220v.b, 232 230
162 152 v.b.  178sh 192sh
100 o 172 180sh
4 140sh 164
112 148
100 112
T4

Table 4:18 Far I.R, Frequencies for (C,H.NH,),MnCl, (em™)

- RT (77°K)
E//X E//Y E//Y
No resolvable 236sh

peaks - very broad 214
band from 240 - 154
170 cm-1, Lattice 198
region - very 126

broad - peak at 104sh
84 cm™! 94
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INTERPRETATION OF THE SPECTRA

"a, Internal modes of the MCl4 groups - the rooﬁftémperdtﬁre
Raman spectra of all the three cbpper‘éomplexes are'vefy‘
similar, the main features being two dlstlnct peaks in- both
the dlagonal and off-diagonal tensor component spectra
_These spectra are not characteristic of square planar MX4
- because of the 2-D sheets of linked CpCl42_ anions with an
effecﬁive octahedral co-ordiﬁation for the copper atom, It
is not easy to decide when a complex is truly square planar-
‘as OPPosed<tb a sfrongly tetragonally distorted octahedron,
However, the tendency to achieve six-fold co-ordination arouﬁd
fhe metal atom is even more pronounced for Squaré planars
Cu(II) dg; In this case the influence of an asymmetrical
d-electron arrangement can lead to severe distortion of the
octahedron,

Earlier work (22) on (CHBNH CuCl4 described the various

3)2
vibrational modes in terms of a 'sheet' having D4h symmetry,

Accordingly the peaks at 243 em™! and 177 cm”]

in the robm.
temperature spectrum of this complex were ﬁentativelj assigned
to the terminal and bridging Cu-Cl stretching modes respectively;
peaks at 281 ém—1‘and 167 em™! were assigned to the olt=0fm
" phase terminal and bridging Cu-Cl stretching modeé respéctively,
From the similarity of thé spectra of the thrée copper
complexes, it is apparent that fhey are isostructural so that
- similar assignments could be made for the ethyl and n-propyl
copper complexes., Willet (23), however, describes the
effective‘geometry of the CuC142- unit in the ethyl as an
orthorh&mbically distorted octahedron, i,e, D2h'j Apart from
an additional peak at 189 cm"1 for the n-propyl qopper complex

- - : -1
almost the same frequencies, i,e, 277 cm 1, 249 cm 1 and 173 cm
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are found in both ethyl and n-propyl complexes, The
" number of peaks found at room temperature in théqRamAn
spectra of the three copper compiexes are more in keeping

with the factor-group analysis prediction for the spadé

, 1

The Raman spectra at low temperature are complicated,

At 195°K new peaks appear in the Raman spectra, In the

"vsPectré of the methyl complex the two peaks above 200 cm"'1

observed in the room temperature spectré shift upwards by

1

3 em™~! while the two found at 177 em™ ! and 167 em™ ! remain

unchaﬁged, The reverse of the methyl complex is the case

' of the ethyl complex, Here the peaks above 200 em™! do not

shift while those at 173 em™ !

by 4 em™ !

shift to a higher frequency

More new peaks appear in the spectra of the three copper

. complexes at T7°K and the following general features are

1

observéd,v In the methyl complex the peaks at 284 ¢m ' and

246 cm™! found in the spectra at 195°K remain unaltered but

two more peaks appear in the region above 200 cm-1, . The
ethyl -and n-propyl complexes, apart from producing new peaks,

shift all the peaks observed at -78°C by an average of 4 cm-1,

- Interestingly, at -196°C, the highest frequency peak, which

in the spectra at other temperatures was the same in all the

off-diagonal spectra, appear at 285 cm™! in the x(zx)y and

z(y,)x orientations while in the y(xy)z orientation it is at

281 cm-1, Such a feature is not observed in the other compleies,
- For tﬁe copper complexes, the far i r, reflectance spéctra

could be‘recorded only for the methyl analogue, " At room

temperature, the spectra of the two orientations gre‘identical
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and apart from a distinct peak at 288‘cm-'1

y the reméining

- spectral features are rather broad, On recdrdihgtﬁheisﬁectré
at 195°K new peaks appear and.the two orientations begin‘tb
differ since there are more peaks in one than in the‘o%her,

" However, the feaks are rather broad, They thevér Eecome

~ very sharp in the spectra at 77°K and the two spectra are

very different, There are too many new peaks in the spectra;
in additionlto the lack of effective polarization, to enable
unambiguous assignments to be made, Willet (23), however,

, . e . ) ’
reports that the planar CuCl,”" of D, symmetry in (CZH5NH3)2

1 with a shoulder at 294 cm-1,

CuCl, shows a peak at 278 cm~
corresponding to the B,, and B3u band in D,,, and a weaker
absorption at 182 em™ ! corresponding to the out-of-plane Biu

bgnd, The_B2u and B3u modes arise from the;splitting of the Eu
que in a D4h geometry while the Al mode in D4h becomes B1u |
iﬁ'D2h geomefry,

The far i r, spectra of the manganese complexes show very
broad peaks at RT, Here also the two orientations are éimilar,
Earliér work (18) on the far i, r, reflectaﬁce spéctra of the

(CHBNHB)ZMDCI complex explain the broad features observed in

4

the spectra as a consequence of the increased number Ofkloﬁg
wave-length modes due to the doubling of the unit:cell as the .
high temperature tetragonal phase is "frozen" to fhe room
temperature ordered orthorhombié phase, Twinm ing makes

. polarization effects useless, The peaks are better resolved
in the low temperature spectra and more new peaks are observed
which is hot surprising since it is reported (\8 ) that there
are furﬁher structural phase changes at low températures, No

éttempt has been made to assign the peaks owing po the complexity

of the‘spectra,
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LATTICE REGION

In both the Raman and i,r, spectra of the éoaﬁléies;‘ -
the main feature of the lattice régionvis the evidence of
"orientational disorder at ‘room temperature, There,aré{
practiéally no defined pealks at room temperature:.' Diétinct
sharp peaks are observed only at low temperatures, ~ The lattice
region is composea of translatory and rotatory modes, “
~ In these (RNH,) ,MC1, complexes, together with the
:(R4N)2MC14-épd (DMA)BCuCI5 complexes pre#iously discussed,
'folarizatioh aiffefences at 300°K are almost non-existent
reflecting thevorientational disorder that is present,
'Héwever, at certain temperatures below :300°K and‘brovided
 no first order phase transition occurs, the atoms in these
complexes should, theoretically, be located on those positions
consistent with the space group inferred from rodmvtemperature
~X-fay studies, If this is the case, then the vibrational
data obtained should be comparable to that for Cs,MCl,
complexes where spectral features are sharp and polarization
leakage between different scattering geometfies is almost
negligible, However, in these (RNH3)2M014 complexes, this
is in no way tﬁe case; even at 77°K, when the Sysfems’shouid
"be almost 100% ordered polarization leakage is extgnsive making
anything other than tentative vibrational assignmeﬁts extremely
difficult., = In view of this anomaly it is worthwhile commenting
upon the possible causal effects, |
(a) Misalignment of the Crystal axes: This, the most common
‘cause of polarization leakage, seems unlikely in view of
our érevious experience and the fact that almost identical.
results were obtained on frequent re-recdrding of the spectra,

Crystal twinning has not been reportéd and not observed

‘under the polarizing microscope,
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(b) Lack of ordering at 77”K: The thermal parameteré
listed for the alkylammonium ions are small so that
orientational disorder of thésevioﬁs at 77°K should be

"negligible, '_'

(¢) Phase tfaﬁsitions: 'From‘n,m,r, studies two minor

.transitions‘occur below 300°K corresponding to hindered
rotation of the methyl groups and the onset of ~N-He..Cl

~ hydrogen bonding, While these transitions may not
céﬁsé_étructural phase changes, they could be responsible
for the §Qor polarization data obtained for these complexe$,
If the fiﬁal positions of the hydrogen bonds and the
relative conformations of the methyl groups are not
periddic, that is there is a degree of 'randomness', then
this will impart a heterogeneity to these complexes which
may be sufficient to cause scrambling of thebincident
polarized radiation, |
This explanation of the extensive polarization leakage-

observed in these (RNH,).MC1l

.3)2 4

mentioned must be regarded as being speculaiiVe, It is

and the other complexes previously

obvious that further structural studies are necessary, In
particular, temperéture dependent X—ray'determihationS'wbuld
establish whether first order phase transitions occur and

neutron diffraction studies would reveal the exact;posiﬁions

. of the hydrogen bonds,



42 Thermochromism in the Coppef Complexes

Thermochromic behaviour has been observed in SOmé 
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of the copper complexes studied, both in those containing

distorted ﬁetrahedra CuCl42_ and those containing Squére

planaf CuCl42_{

Thermochromism may be defined as the reversible
change'in colouf of a compound when it is heated (24),
" The colour change in inorganic solid eomplexes is usually
very nbfiéeablg and sometimes occurs over a narrow
temperatureffangé, The transition may be due té a
§trﬁc£ura1 pﬁase change in ligand geometry or a change
'in the number of molecules of solvent in the co-ordination

sphere (24),

Of the complexes containing distorted tetrahedral

2=
4

ﬁetrachlordcupiates(ll) are thermochromic changing

CuCl anions, tetramethylammonium and tetraethylammonium

colour from yellow at room temperature to green on-cooling,
Another compiex containing distorted tetrnhedra110u0142— 3
which is also thermochromic is (DMA)BCu015, |

- A1l the square planar CuCl42* complexes studied, i,e,

(C£ﬂ2h+1NH3)ZCuCl4 are thermochromic in the solid state,

turning from yellow at RT to areen at low t emperatures,
“Extensive studies have been carried out on theseisystems by
Willet who reports that the transition temperature is

o] . )
near =-40°C for (MeNH3)2CuCI4 and (LtNHB)zCuC14, (19)

Two types of thermochromic behaviour are reported (23),

In one.class are those in which there is phase transition

which involves a change in the co-ordination geometry around

- the coppér ion, The driving force for the changes being
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the changes in the N-He-+Cl hydrogen bonding s cheme

"~ caused by the thermal motion of the organic catidn:.

In the 6ther’class there is no phase éhange but the

'~ thermochromism is associated only with the temperature

:dependence of the line widths of the electronic

- absorption bands which might be due to vibronic coupling,
According_té Willet (23) when tﬁeré is no possibility

of hydfogen bonding between the cation and the Cu0142_

anion,’the‘trang C1-Cu-Cl angle is always less than 132°

‘and beéomesviérgef as the extent of the bonding increases,

- In the-(RNH3)2CuCI4 complexes where Cu(TII) assumes the

(4+2) co—ordlnatlon the trans C1-Cu-Cl angle is very

~ large, See Table445below,

. Table 4.6 Trans Cl-Cu-Cl angles in CuCl (23}

~ [(cH

Compound 4', trans C1-Cu-C1°A
Cs20u014 | g . © 124
[(cH,;),N],CuCl, S | 128
. .-"‘ - ‘ ) 6
3)2NH2]30u015*(DMA)BCu015J‘ 13

,Frﬁm the above it is evident that thcre is hfdrogen

-~ bonding in. the DMA complex and Bence this may cause phase’
- changes to occur, However, to date, no standard changes
have been reported, There is evidence to support the

claim that the thermochromism in the complex {(C2H5)2NH2}2CuCl4
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involjes,a‘phdse change (23),

The thermochromism in the complexes coﬁtaiﬁiﬁé séhére
planar CuCI42- is thought (19) to regglt from a chdngé in
- the co-drdination geometry of the copier ion,‘changiné from

Dyp 10 Cpos but only slight changes are observed in the

electronic spectra,
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3 COMPLEXES

CHAPTER 5 - PEROVSKITE-TYPE NaMF
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CHAPTER 5
'NaMF, Complexes (M = Mn, Co, Ni, Zn)

The sﬁrucﬁure of complex halides having the general
Jfo?mulg AxMyX3x’ in which the ratio of the haloéen to-the
alkali metal is always 3:1, consists of a close-packed
'array of A and X atoms provided they are of approximately
equal size, One of the largest groups of the AMX3 complexes
. is thé,cubic'perovskite-type compounds whose atomic arrange-
" ment was first found for the mineral perovskite, CaTiOB,
which j;lpéeﬁdocubic, The real symmet;y.of Ca,'I‘iO3 vas |
. later found to be orthorhombic with four molecules in the
unit cell and space group D;g (Pbom), (1-3),

In the cubic AMF3 complexes, the A ions are 12-co§ordinated;
there are six F atoms in the same plane and two sets of three
F atoms above and below all at equal A~F distances of aA/E
whére a is the cubic unit cell dimension, The M ions at'the
corners of the unit cell occupy the octahedral holeé with M—F
distances of a/2, All MF6—octahedron share corners -and form
a three-dimensional linear framework; it is found that the
Bravais cell constitutes the cubic unit cell itself, Thus
- the A cation is normally found to be somewhat larger‘than the
M cation, They are indeed, restricted to di-valent cations, :

M2+, and are stable almost exclusively to the first tran51t10n

series only,

In order that the ions A, M and F have contact the following

equation should hold

RA:+ Ry J§ (Ry + Ry ) | ' (5¢1)

~where R,, Ry and RF are the ionic radii, Goldschmidt (4) has
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shown that the cubic perovskites'are stable only if‘a
tolerance factor, t, defined as | o

RA'+ RF

t é'?bzRM+RF;’ | ( | . (5.2)
" has an approiimate value in the range 088 +to 1-00;

If the»tqlerance factor becomes smaller an orthorhombic
version of the perovskite lattice is formed, while larger
folerenCe factors than unitylead to various kinds of hexagonal
perovékites

At room temperature, the strictly cubic strﬁcture is
adopted by complexes such as KNF3 where M = Mn, Fe, Co, Ni, Zn

and Mg (5), RbMF, where M = Mn, Co and Zn and 1\1}141\1}5‘3 with

3
M = Mn, Co, Ni and Mg, (6~8) 1In all these the cubic close-
packed lajers of AF3 are formed provided the M2+ ions are not
so small as to contract the octahedral framework, too much,
Very few perovskite-type oxides have the simple cubic stfucture
at room temperature though many assume this structure at higher
temperatures,‘ Since the perovskite structure is a very
tightly packed one, it is considered to be a favouraﬁle structure
at high pressures and many perovskite-type oxides which are not
stable at atmespheric pressure have been stabiiised‘with‘the
perovskite structure at high pressures (9,10), A

It has been reported that the room temperatu;e'cubic
perovskite structure of KMnF3 fransforms at 184vK to an
orthorhombic phase with a unit cell containing four formula
units in the space group D;g (Pbnm) (11), This is
isostrucfural with the ternary oxide GdFeO3 reported by
Geller t12), There is a tetragonal pseudo cell with ®/a >1

in which the MF6 octahedra remain essentially regular except
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that they are tilted and twisted relative to the cr&stal

i axes, Figure 5f1 shows the GdFeO3 structure 'ATﬁé ”
structural phase change in KMnF, is caused by the décréaéé
in unit cell size with temperature and there is a 51m11ar
' decrease in unit cell size when the potassium ions in KMF3
~ complexes are replaced by the smaller sodium ions

(R N + = 0e 98 k; Ret = 1. 36°%) . Not surprisingly Rudorff
(8) has reported that the sodium fluoro complexes NaMF

3

(M = Mn,rCo, Ni, Zn) have the GdFe0 type of structure and

3
crystallizef#ith four molecules in the unit cell with the
qentrbsymmétfic space group D;g (Pbnm) , ~ However, .essentially
the same structure can also be described by the'éentrosymmetric
space group C, (an21) These two space groups have the

same crystallographic extinctions and detailed structure study
is required to distinguish between the two»possibilities,

The tolerance factor for the GdFeO3 type of structure fails

in thé fangé‘0-78 to 088 and the tolerance factors for the
NaMF, complexes do fall in this range, i.e, NaMnF, (9-78),
(0;82), Fluoro-

NaCoF, (0.81), NaNiF, (0-83) and NaZnF

3 3
perovskites with tolerance factors less than 0-78 have not
been observed, The distortion of the MF octahedra in the

NaMF series is such that the three-dimensional linking of

6
the octahedra is not linear bﬁt exhibit angles of‘about 150°
at the fluorine atoms, |

In the literature there are conflicting reports concerning
{the structures of the NaxlI‘3 series, Most distorted perovskites

retain a strong pseudocubic character and this frequently

makes it difficult to determine the true unit cell and the
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— Structure of GdFeO,.



129

[y

symmetry of perovskite-type phases. NaNiF, and NaZnF

3 3

have been reported to be tetragonal (13) while NaCoF, and .
NaZnF3 are reported by others not even to be of perovskite-
type (14), Two different groups of workers have recently

*

re-examined the crystal structures of NaNiF3 and NaCoF3
(15, 16, 17), Okazaki and co-workers (15,16) found NaNiF3
and Na,CoF3 to belong to the space group D24 (P212121), The

_ space group has been found for CaSnO3 (18) from its single
crystal study but a detailed structure determination is
lacking, The more recent studyrby Carter (17) did not
éonfirm the D24 space group assignment but supported the

space group of D;g,reported earlier by ﬁudorff (8), The
Renniger effect or multiple Bragg.scattering is suggested by
Carter to be a possible explanation and this occurs when the
Bragg condition is simultaneously satisfied for two or more
reflections (18), It has also been shown recently that
polysynthetic twinning can be responsible for additional

weak reflections, which could lead to an erroneous space group
assignment of D24 (P212121)~(19), Further study on CaSn0,,
is therefore necessary, NaZnF3 and

NaCoF., and NaNiF

3
undergo structural phase changes above room temperature

3

\,
Na,ilgF3

(20,21) which almost precludes obtaining single crystals of
these materials, _

Up to the present the Vibrationél spectra of the distorted
perovskite fluorides have been little studied, The infra-
red absorption and reflectance spectra of the cubic perovskite
fluorides have received extensive attention (22-27), The
work done on the sodium perovskite fluorides include the
infra-red spectra of NaCoF, (28), that of NaNiF, and NaCoF,

(29,30) and that of NaMaP,, NaCol,, NaNiF;, NaMgF, and NaZnF,

(27).,
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The aim of the éresent studies was to employ both
the Ramén and infra-red reflectance spectra of single
crystals to distinguish unambigbusly between the two
spacé groups reported, The reflectance spectra Qoﬁld

»

be analysed by K~-K relationship and classical analysis

to obtain the true oscillator frequencies, The two
space groups differ in the sense that D;g is centro-

symmetric and hence the rule of mutual exclusion would

’ apply, The other space group D 4 is non-centrosymmetric

2
wvhich would be confirmed'by the observation of the longitud-

inal optic and transverse optic modes (LO-TO splitting),

RESULTS AND DISCUSSION

Two different space groups have been suggested (17,15,16)
‘for these sodium perovskites which have orthorhombic
tetramoleccular unit cells,

The factor group analysis for the centrosymmetric space
group D;g is given in Table 5-1, From this analysis the
i,f, active modes of vibration are given by the represent-
ation (5:1) and therefore twenty-five bands should be observed
in the infra-red spectrum:

T = 7B1u + 9B, + 9B

i,r, 2u 2u

The Raman-active modes are given by representation (5¢2) and

(5-1)

hence twenty-four bandé are expected in the spectrum:

I‘Ra,ma.n - 7Ag * 7B1g * 5B2g * 5B3g , (5-2)

The other suggested space group is the non-centrosymmetric

24—P212121 and will give rise to fifty-two vibrations in the

i, r spectrum (27); - the number and symmetry species of which

D

are given by the representation (5+3):

+ 18B, + 18B (5+3)

r'. . = 16B 3

i,r 1

.
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In the Raman spectrum fifty-seven bands are predicted (27)
and the number and symmetry species of the Raman-active modes
are given by representation .(5+4):"

= 5A + 16B, + 188, + 18B3 » (5+4)

rRaman 1
The infra-red reflectance spectra wére recorded for all the
complexes NaMF3 where M = Mn, Co, Ni and Zn at both room
temperaturé and liquid nitrogen temperature, For the
manganese and cobalt éomplexes it was possible to identify
all the three axes under the polarising microscope and thus
enable recording of the spectra of the three different
orientations with the electric vector parallel to each of
the axes a, b and ¢, in turn, Only one of such orientations
could be recorded in the case of the zinc and nickel complexes,
‘This was due to the difficulty in identifying the other axes
and thus the spectra obtained contained a mixture of the
two orientations:

From the spectra recorded for all the complexes’there
was one orientation whose spectra was very similar in all
the complexes as shown in Figure 5.2, Thus it can be
assumed that they are all isostructural,

.The crystals of NaMnF3 had one face large enough to
enable the room temperature reflectance.spectra in two

1 on the

differeng orientations to be recorded above 400 cm”
Perkin-Elmer 577 spectrophotometer which is fitted with a
polariser, The reflectivity data obtained at room

tempgrature for the manganese complex and for the cobalt
complex were subjected to the Kramers-Kronig analysis 4o

obtain the true oscillator frequencies,

From the initial K-K analysis (29) a trial set of

dispersion paramaters, Y 4ij and Yy the frequency,
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strepgth and damping constant respectiveiy for each of the

j oscillators and together with the high fréquency;dielebtric
constant e wpré obtained and these were adjusted to produce
'the best fit to the experimental data, These.aré shown

in Figures 5+3a and 5¢4a for Na,MnF3 and for NaCoF3 respectively,

The plots of the variation with frequency of both the real

¢' 'and imaginary e¢" parts of the dielectric constant are

shown "in Figures 5¢3b and 5¢3c for NaMnF3 and Figures 5+4b and

5¢4c for NaCoF It is noted in the plot of e" with

30
frequency for both manganese and cobalt complexes that the

1 1

bands at 208 cm” ' for the manganese and at 225 em = for the

cobalt which are at the high frequency side of strong

éscillaﬁors are weak oscillators and cause inversions of thev
latter (32) in the reflectance spectra, In the reflectance
bspectra there are shoulders on the high frequency side of the

bands at 402 94 en™ !

1

, 281.97 cm™! and 373,19 em™! for NaMnF,

for NaCoF3, These shoulders are not

observed in the ¢" spectra in which the frequency and intensity

and at 326,61 cm

of the calgulated maxima reflect réspectively the true frequency
and strength of the oscillators, . They must therefore be very
weak oscillators, However the addition of these very weak
oscillators to represent the.shoulders in the reflectance spectra
improved the classical fits to the reflectance spectra (33),

The final set of dispersion parame{ers for the various‘
orientations of the cobalt and manganese complexes are ziven
in Tables 5¢2 and 5¢3 respectively, In Table 5¢4 are the
observed infra-red frequencies, recorded at 77°K for }IaNiF3
and NaZnF3, These were not subjected to X-K analysis and the
frequencies quoted were taken at the minimum of the main

reflectance band (32), To enable comparison to be made with

the Raman spectra, the i,r, frequencies recorded at 77K and
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Figure 52
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Figure 5.4
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Table 51 Factor Group Analysis for NaMFB with
lSpace Group D;g ~ Pbnm (z = 4)

D,y n, T T R a n, '
Ag T 0 2 0 3 5
B1g' 7 0 2 1 1 4
ng 5 0 1 1 1 3
Byg 5 0 1 1 1 3
A 8 0 1 0 0 7
B, 8 1 1 0 0 6
By 10 1 2 0 0 T
B3u 10 1 2 o 0] 7
Table 52 I R Freouencies, Strength, and Damging'

| Constants, Recorded at Room Temperature for NaCoF3
v(em™ ) 4mq y(em™ 1) viem ™) Amg v(em™)
frequency Strength Damping Prequency . Strength Damping

89.88  2-1500 8+8355 12732 05966 - 7-9070
15170 13198 10.7833 | 169-06 0-6120 98942
217-64 04671 59335 191+21 - 01285 76787
225-68 0-7445  12-0045 24649 2-.0536 25.6614
29192 0:6238  17+1563 B, = 3785687
v(cm—1) 47 Y(cm~1)
149+59 00197 12-9299
16570 1-1868 121647
211+53 0.0081 115367
230~23 0-2459 101358
235497 0+2331 10-7993
204-65 1+0754 190477
32661 0-0827  37-1374
o) = 3.908339
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Table 53 I R, Frequencies, Stréngth and Damping

Constants Recorded at Room Temperature for

NeMnF,
“vlen™) 4w v (em™ 1) v (em™ 1y 4mp Y(cm_1)

Frequency Strength Damping Frequency Strength Damping

52419 13.7045  10-4711 10218 0.9522  10.4942
128.28 147788 843395 15588 045976 1244316
190497 0-9390 5.8071 184447 041139  12+4259
208-36 046844  13:2373 228460 103049  25.5243
27354 0-6897 140295 '
373+19 045351 1244370 |
415445 0-0263  38.1128 E; = 2.708617

Ry L(;'m'i) 4mp e (CM"I)
11573 0+1745 508613
144456 0-9751 113346
205408 0.2289  "6+609%
222+78 041518 7+8895
28197 0:9451 123270
29950 046151 273671
402494 0.7369 168386
440428 0+0994 79-4643

E_= 22693124
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Table 5.4 Infra—-red IFrequencies (cm—1) Recorded

at 7T7°K for'NaNiF3 and NaZnF3

\NaNiF3 NaZnF:

. 3 .

cm” ! | e
104 B - 38
141 . ‘ - 118
162 | 141
179 BT 163
204 192

234 | 196

237 S 02 ¢

254 a2
287 S - 223
299 o, S , 276
7T e 283
328 R 308
353 . ' - 347
. 382

Table 55 Infra-red Freauencies (cm_1) Recorded at

‘ 17K for NaMnF3
‘Qﬁ:l e} - em
118 101 48
139 156 130
147 160 188
189 188 194
208 240 206
227 354 238
263 268
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‘obtained from the K-K analysis for NaMnF3 are given in Table
55, The frequencies for NaCoFB, recorded at 77"K are given
in Table 5+6

From the number of bands obtained in the various complexes

it seems reasonable to suggest that the space group is not D 4

2
P212121, Twenty-two bands are observed in the i,r, spectra of

*

'NaMnF3 and twenty~five bands are predicted from the factor

16
2h-

is in closer agreement with the space group D

The number observed

16
2h-

observed in the different orientations have not been assigned

group analysis based on space group D

The bands

to their symmetry species, The difference between the room
'temperature spectra and that at 77°K wés ﬁhat the bands in the
latter spectra were better resolved, Some of the bands were
broad ahd asymmetric and this right consist of a number of -
bands having similar frequencies This and the fact that some
of the bands may lie above 400 em™ ! might explain the missing
bands from the predicted number, It is of interest to note
the rather unusual spectral features observed for NaZnF3,

This complex has been reported (20) to undergo a phase transition
from a tetragonal to an orthorhombic structure at 956°K, As

a result, attempts to grow this complex from the melt give
fise to a polycrystalline boule, An alternative method of
flux growth according to the equation 2NaCl + BZnF3 =

2NaZnF, + ZnCl,, wvas attempted and small crystals of poor

3 2
optical quality were obtained, However, these were too
small for infra-red reflectance work, Surprisingly the boule

contained a cleavage plane, a certain direction in which when

aligned with the electric vector gave rise to the infra-red
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Table 5+6 - Infra-red Frequencies (cm_1l_Recorded at
- 77K for Na,CoF3 ‘

ey =1 ’ | . =1

.em €1, em
138 130 o 50
168 2 150
206 / - 200 204
228 : 264 o 218
240 - 288

304
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-reflectance spectrum shown in Figure 52, Spectra recorded
at right angles to this plane were clearly mixtures of the
other two orientations, These spectral features were also
found in qther_boules of NaZnF3 and must, therefore in some
way reflect the mechanism by which the phase ;ransition occurs,
- It is.possible that the orthorhombic structure is formed by
random torsional and twisting motions about a fixed direction
in the tetragonal crystal, |

The Raman spectra could be recorded for only the manganese
complex, The very deep red colouration of the cobalt complex
made it impossible to record its Raman spectrum, The difficulty
in locating the position of the axes in the zinc and nickel
‘complekes cbniributed to the unsuccessful.attemfts to obtain
thefr Raman spectra,

Th; freqﬁgncies (cm-1) recorded at 77°K for-NaHnFB,
polarization intensity data together with the symmetry assign-
ment based on space group D;i are given in Table 57, The
spectra obtained for the diagonal tensor‘components, recorded
at T7°K are shown in Figure 55, Seven bands are observed
in the diagonal tensor component spectra This number ig
more than that predicted for.the space group 324 but is in
good agreemént with the factor group predictions based on D;g,
Though fewer bands are observed in the off-diagonal tensor
components spectra, the number observéd are far fewer than
that predicted for D24 but closer to that predicted for D;g,

" In all sixteen bands are observed in the Raman spectra of
NaMnFq recorded at T7°K, In the space'group D;g‘é total of
twenty—-four is predicted while in the D24 space group a larger
numbér of fifty-seven is predicted, Thus the number of bands

observed does not support an orthorhombic structure based on
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Table 547 Raman Frequencies (cm—1)L,Recorded at 7T7°K,

Polarization Intensity Data and Symmetry

Assignment Based on Space Group D;g of NaMnF3

321

Frequéncy . Scattering Geometry h N : Assighment
em™ ! vixx)z y(xy)lz x(zz)y x(zx)y z(yy)x =z(yz)x
4 0 6 0 102 0 Ay
313 k 0o 0 0 0 0 8 . By
306 0 o 0 8 0 0 Byg
298 0 121 16 7 0 0 By ;Bag
275 94 0 163 o 21 0 Ag
254 166 0 52 0 .: 9 0 A
231 0 4 0 0 0 0 Byg
216 6 0 3 0 20 0 4
205 0 12‘ 0 0 0 'p By g
186 Rk 10 2 0 147 0 A,
164 0 0o 0 0 0 47 By,
157 0 4 0 0 0 0 B,
148 35 o 53 0 53 0 A,
145 0 290 0 0 0 0 Big
102 o o 0o a7 0 0 By
95 21 0 38 0 123 0
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_the.space—group D24.

Since the space group D;g is centrosymmétric, the rule
of mutual exclusion should apply so that there should be no
coincidences between the infra-red and Raman frequeﬂcies,
Comparisoﬁ’of the frequencies from the léw teéperature i,r,
spectra with those of the low te@peratﬁre Réman spectra of

NaMnF3 reveal no appreciable coincidencés, There are only

~three bands in the Raman spedtrum which have frequencies

almost coincident with three frequencies in the i,r, spectrum,

They differ by onlf_1 cm'_1 each, This near coincidence
could be explained by the fact that the resolution in the

Raman spectra was 4 cm—1,

It is therefore a fair éonclusion
that there are no coincidences and hence the centrosymmetric
space éroup D;g is confirmed for the sodium perovskite
complexes,

In the noh—centrosymmetric Space group D24 the observation
of the longitudinal optic-transverse optic splitting should be

observed, Attempts to observe this LO-TO splitting were

unsuccessful,

-

The assignﬁent of the Raman bands to the symmetry species
'of'space.group D;g is quite straightforward, | This was aided
by the fact that polarization effgcts vere perfect, The only
difficulty -arose with the band at 298 em™' which in addition
to its beinngf B1g symmetry species was also assigned to B3g
species although there was some leakage in the diagonal zz
components,

qum'both the Raman and i,r, results of Na,I‘-InF3 it is
evident that the spectra are more complicated than that:of
KMnF3 at low temperature with which it is isostructural, In
the iﬁfrared transmission spectrum of KMnF3 at 77°K (34) only

. C o Y b e d 41 . :
four bands were observed which indicated that the triply

144



deggnerate modes in the cubic system were not'split;
Many more bands are'obserVed in the i,r, spectra of the
sodium perovskite fluorides, The difference in the
spectra of KMnF3 and those of the sodium perovskite
fluoridesAmight be due to the fact that in the KMnF3
complex the MnF6 octahedra are not distorted while, for
example in the NaNiF3 complex the Ni-~F-Ni band is not
linear but bent conspicuously (8 ), The NaNiF, does not
form a regular perovskite but shows a deformed structure
resulting in a complication of the spectra, It is there-
fore difficult to describe the variéqs vibrational modes
since they will be mixtures of benéihg and stretchihg,

Thé features in the lattice region wﬁich generally‘ié
the‘region below 120 cm_1, make it hard to break up the

spectra into 'internal' and 'external' vibrations, It is

‘better considéred as phonon spectra,

EXPERIMENTAL

All the sodium perovskite fluorides were prepared frdm
the melt, s Stoichiometric amounts of 'Optran' grade alkali
fluoride and the transition metal difluoride were dried and
put into a cérbon crucible which had been cleaned with aqua
regia and dried 'in vacuo', The carbon crucible containing
the mixture was put into a platinum tube which was then sealed
ét both ends before going into the furnace,

The crystals obtained were cut along the axes and polished
on the'Logitech polishing machine using solder laps and a series
of diamond paste abrasive down to 1j mesh,

The 4883 .0 nm line of the Ar+ laser was used as the exciting

line for recording the HRaman spectra of NaMnFB,
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CHAPTER 6 - K,ZrF
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CHAPTER 6

K2ZrF6 and K2HfF6 Complexes

Complexes of the general formula AMF, (A = alkali
metal) are known for all the elements of Group IVA and

IVB, With the exception of Kzsz6 and K HfF the

2 6’
presence of the octahedral MF62— ions in the solids has
been eétablished by X-ray studies and they differ only in
the pécking arrangements of their lattices (1), However,
when M is zirconium or hafnium other co—ordination.
numbers occur, The structure of the hexafluorozirconate (IV)
anion varies with the nature of the cation and each of the
salts of the hexafluorohafnates(IV) is isostructural with
the .hexafluorozirconate for the corresponding cation and
"has very similar lattice dimensions (2,3), Lithium
hexafluorozirconate(IV) has a hexagonal lattice and contains
ZrF 2=

6
shown to have the trigonal form of the K2GeF6 structure (2),

ions (4), The rubidium and cesium salts have been

Potassium hexafluorozirconate(IV) on the other hand,
crystalTises in the orthorhombic system with space group
Cmem (D2h17) having four molecules in the unit cell (3),
These potassium complexes do not contain discrete ZrF62"
units but instead each Zr atom is bonded to eight fluorine
atoms which surround it in a dodecahedral arrangement
having the point group sz, Two edges of each ZrF8
dodecahedron, on opposite sides of the Zr atom, are shéred
with adjacent dodecahedra, thereby forming chains along
the ¢ axis, There are, therefore, four bridging fluorine
atoms in each ZrF8 polyhedron, The structural unit can

be thought of as a combination of two trapezoids and the
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fluorine atoms which form one of the trapez01ds act as
brldges in the structure of K ZrF6, The lattice parameters
for K2ZrF6 are a = 6588, b = 11-48 and ¢ = 6-942, while
those for.K2HfF6 are a = 6.583, b = 11+4% and ¢ = 6-89%
(2,3), e

Previous infra-red and Raman studies have concentrated
on those hexafluorometallates with discrete MF62~ units
(5-9) and, for most of them, the i.r, active metal-
fluorine stretching frequencies have been observed by
Peacock and Sharp (5), Recehtly the single crystal infra-
red and Raman spectra of some of the Group IV complex
) ﬁexafluorometallates were reported-by Forrest and Lane(10),
Less work has been carried out on the vibrational spectra
of K2ZrF6 and K2HfF6 and the data so far obtained wefe
from powdered solids so that accurate symmetry assignments
could not be ﬁade‘ It was therefore decided to use single
crystals to study the infra-red and Raman spectra of
K ZrF6 and K HfF6 thereby enabling more reliable assignments

2 2
to be made,

-

Results and Discussion

" The results of the factor group analysis on K2ZrF6
and KéHfF6 complexes are given in Table 6-1, In performing
‘the analysis it was assumed that the Bravais unit cell,

which is bimolecular, contained four potassium éations and
one (Zr2 12)4- polyhedral anion, From the analysis there
should be twenty bands in the i, r, spectrum of which fourteen
are internal modes associated with the (Zr2F12)4_ anion

and the remaining six are lattice modes  The number and

symmetry species of the i,r, active modes are given by

the representations (6+1) and (6+2):
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Table 61 Factor Group Analysis for K2ZrF6 and K2HfF6
-D2h n, T T! R a ni' Activity
Ag 9 0 - 2 0 3 7 x%, y%, 2°
B1g 7 0 2 1 1 4 . Xy
By 4 0 0 1 1 3 - Xz
B3g T 0 2 1 1 4 yz
Au 4 o 0 0o 0 4
B, T 1 2 0 0 4 z
gZu 9 1 2 0 0 6 y

3u 7 1 2 0 0 4 X

‘Table 62 I,R, frequencies (cm-1) for K ZrF6 recorded at 77K

2

BZu -B1u or B3u

86 112

106 - 154

182 182
'gOO . 238
300 368

322 ' 400

390
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1-‘in‘berna,l = 4BTu * 6B2u * 4B3u (6-1)

= 2B, + 2B. + 2B

I‘external 1u 2u (62)

3u

while those for the Raman active internal and external
modes are given by representations (6-3) and (6.4):

= TAg + 4B + 3B

I‘internal + 4B (6-3)

g 2g 38 ,
(6-4)

= + +
2Ag 381g Bzg + 3BBg

These representations include three Raman active rotatory

I‘externa,l

. + .
lattice modes of symmetry B1g B2g + ng which would

correspond to torsional motions of the presumed (Zr2F12)4—

anion Hovever since the ZrFg polyhedra form infinite
chains ﬁlong the ¢ axis, the torsional vibrations normallyb
associated with isolated polyatomic groﬁps cannot take place
and these are better regarded as low energy internalltwisting
modesl

| The optical quélity of the crystals obtained was poor,
and vhile both the Raman and the i.r (40 - 400cm™') spectra
could be recorded for KZZrF6 only the Raman spectra could be
- recorded for K2HfF6, Owing to the morphology of the KZZrF6
crystals obtained, only two orientations could be recorded
and the i r reflectance spectra obtained, recorded at 77°K
‘are shown in Figure 6+1, from which the complexity of the
spectra is evident, The poor optical quality of the crystals
is reflected by the amount of polarization leakage (indicated).
between the two spectra, The frequencies of the bands.
observed are given in Table 6+2, In view of the fact that
seven bands are observed in one of the spectra, these are
assigned to the B2u modes of vibrétion since eight bands of
this symmetry species are predicted as opposed to six in the

other two orientations, the other spectrum contains either the

B1 or By, modes A K-K analysis of the reflectivity data
" .

was carried out and is shown in Figure 6e1; little additiecrnal
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information can be gained from the results owing to

-1

the'polarization leakage but the B bands at 154 cm

2u
and 182 cm._1 are definitely separate modes and not the
result of inversion'caused by a weak osciilator, The
observéd frequencies are in good agreement with those
previouély reported (9) from powdered samples,

?he frequencies observed in the Raman spectra of
KZZrF6 recorded at room temperature together with the
polarization intensity data and symmetry assignments
are given in Table 63, Owing to the lack of polarization
effects in the Raman spectra of K HfF6, only the frequencles
are given in Table 6.4, The Raman frequenc1es of the
.two complexes are very similar with those of the hafnium,
‘complex slightly higher than those of the zirconium complex,
This is a typical consequence of the lanthanide contraction,
Nineteen bands are observed in the spectrg of K2ZrF6 and
bﬁly nine are observed for K2HfF6, Here too, owing to
pqlarization leakages, unambiguous symmetry assignments
are difficult to make and too many Ag species are found,

The most intense bands occur at 528 c:m"1

for the zirconate
and 538 cm-'1 for the hafnate and are assigned to the
terminal stretching modes \q of species Ag? Since in the
ZrF8 polyhedron there‘aré both t erminal and bridging
fluorines the vibrations involving the bridging framework
will consist of both bending and stretching motions and
this will result in a group of vibrations having a mixture
of these charabterisﬁics, From the Raman results the
frequencies can.be grouped and thus allow the type of
| -1

vibraéions to be assighed, The two bands at 440 cm and .



Table 6+3

. -1 . .
Raman Frequencies {(em '), Polarization

Intensity Data and Symmetry Assicnments,

,‘Recorded at Room Temperature for K

ZrF

155

2776
-1 _ ‘ Sym@etrj

cm x(yy)x x(vzl;_ z(xx)z zlxy)z v(zz)y v(zx)y | Assignment

524 177 76 220 53 180 75 Ag

440 10 4 15 - 13 - Ag
| 433 10 4 By

383 8 | By

372 27 9 31 7 25 12 AgtB,,

349 19 7 46 -9 18 10 Ag

314 10 15 By

261 6 |

235 5 Big

231 . 11 15 Ag

204 64 29 15 4 75. 32 Ag

165 10 4 Ag

155 10 5 Ag
1138 9

122 > 19 35 Ag

119 4 G Big Bog
1111 27 Ag

102 26 T 7 Ag

§0j 5 Big
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Table 6.4 Raman frequencies (cm-1) for K HfF

2 6
538 - ’v, strong
460 | medium
388 medium .
357 veak | |
325 weak
275 : weak
2438 weak
220" ‘ v, strong

171 ‘ weak
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: 4}3 cm_1 are assigned as the bridge strefching modes of
vibration vhile those between 261 cm™' and 231 em”! are
terminal bend and those - between 204 ~ 138 cm_? are

the bridge bend modes of vibrations, Those bands below
11Ozcm-1 are assigned as lattice modes and the remaining
bands are complex mixtures of terminal bend and bridge
bend and stretching, Similar assignments can be made
~in the case of the observed i,r, frequencies, These
assignments are made with reference to those made for the

eight-co-ordinated anion TaF83- (11) in Na TaFg although

3
the TaF83- anion is in the form of an isolated square

. Archimedian antiprism (12) whereas'ZrFé4— dodecahedron
involves fluorine bridges. The strefching mode vy occurs
at 622 cm™' (11) for the TaFg>~ anion and this higher value:

is not surprising since the average M-F bond strength will

be less in ZrFg'™ than in TaFg ™,

Experimental

Crystals of K ,ZrF, were obtained by slow evaporation

2 6
of saturated 40% hydrofluoric acid solutions containing
stoichiometric quantities of potassium fluoride and
zirconium dioxide, The solutions were in platinum
crucibles, Similar method was used to prepare K,HfF,
but the crystals obtained were of poor optical quality,
Polarised Raman spectra were recorded at room temperature

using 180° scattering geometry with the 6410 nm lines of

the Kr' laser as the exciting source,
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CHAPTER 7

Perchlorates: M(C10 61,0

4)2 :
(M = Ni, Co, Fe, Mg) and Ni(NH3)6-(0104)2

1, M(C10,),

INTRODUCTION

-6H20

.

Wyckoff has reported that the perchlorates of general

formula M(C10 *6H,0 with M = Ni, Co, Fe and Mg are

4)2
isostructural and crystallise in the orthorhombic space

7
2v

The divalent metal atom is octahedrally'surrounded by the

group C (Pmn) with two molecules in the unit cell (1),
six water molecules and the perchlorafe anion has tetra-
hedral symmetry with C1-0 distances of 1;46°A and 150°A,

Howvever, recently these complexes have been reported to
undergo phase transition from pseudohexagonal to monoclinid
structur; at (230 £ 15)°K (2),

The infra-red and Raman épectra of several perchlorates
have been studied by various workers both #s powder and.in
solution (3-9), The i, r, -inactive v, mode of T, symmetry
was obseryed in the i, r. spectra and in addition, the
degenerate 2 and Vg modes were observed to be split, These
observations have been interpreted as due to the loss of the

T, symmetry of the perchlorate anion in the solid,

d
The present studies-aim at obtaining the single crystal

Raman spectra from which an indication of the nature of -the

loss of the T, symmetry would be évident, It is also hoped

d
to observe the spectral changes occurring as a result of the

reported phase transitions,
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RESULTS AND DISCUSSION

The free perchlorate anion has nine modes of vibration
givihg rise to four fundamental frequencies, These have
been established from Raman spectra of dilute solutions
and ocgur at 935 em™ ! (v1), 462 em” ] (vz), 1102 cm-'1 (VBX
and 628 cm (v4) (10),  Though the perchlorate ion has
very little tendency to form complex compounds with metal
ions, perchlorate complexes of transition metals are known
(11), The appearance of the forbidden transition in the
i,r, spéctrum and the splitting'of the degenerate modes
_could'arise from three poséible causes:

(a) distortion of the 0104- tetrahedron in the crystal
lattice,
<(b) a non-uniform field due to the water molecules around

the cation, 4 .
(c) Covalent bonding of the perchlorate to the meﬁal

through one or more of the oxygen atoms,

Since the differences in the reported C1-0 distances (1)
are'too small to cause any appreciable effect on the spectrum
and forbiaden transitions have been.observed even in the i, r,
spectra of anhydrous perchlorates (12), it would appear that
(a) and (b), listed above, arenot respon51ole for the addltlonal
spectral features, Finally, if the perchlorate anion is to
function as a unidentaté ligand, then the co-ordinated
oxygen atom will no ionger be equivalent to the other three
and the effective symmetry will be lowered to CBV' The
symmetry will be further lowered to C2v wvhen two oxygen atoms

become co-ordinated either to the same or different ions,
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. The correlation between the unco-ordin@téd (Td),
unidentate (C; ) and bidentate (cév) €10,” anion is given

-in Table 71 together with the selection rules, Considéring

only the stretching modes of C1-0, vy and Vs there should be,

in the Raman spectra, two bands for the unco-ordinated anion,
three and four bands for the unidentate and bidentate anions

respectively, The frequencies observed in the Raman spectra

of Co(ClO4)206H20 and Ni(ClO4)2-6H20 recorded as single
crystals at room temperature with their assignments are

givén in Table 7+2, 1In both complexes the vy band occurred

as a broad, weak band without anyvsplitting, The weak
intensity could be due to the fact that it is observed as a
The broadness could

A

strong band in the i, r, spectra (8),

well be due to the overlapping of unresolved bands,

splitting.bf 6 cm"1 is observed for vy in the cobalt complex

whereas no splitting of v, occurs in the nickel complex,

In the spectra of the nickel complex there is a shoulder at

922 em”! which is of medium intensity, This is assigned to

an overtoqe of the Vo mode since the high intensity Vo has

a component having the same symmetry as the tofally symmetric
fundamental Vi whose freguency is observed at 935 cm—T,

This overtone, 2v2 appears with a medium intensity due to

Fermi resonance due to the close proximity of the vy frequency,
Similar bands have been observed in the Raman spectra of

KC10, (13,14) and in that of Ni(NH3)6-(C104)2 discussed below,

The band observed at 70 cm-'1 in beth complexes 1is

assigned as lattice mode,

It is known that covalent perchlorates are unstable

(12,13) so that bonding of this type could not wholly account



Table 7.1

State of
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e Bffective
ClO4 Symmetry
\)1 \)2 (\’3,\)4)
Unco-ordinated  Tg T1(R) E(R) F., (R,IR)
Unidentate Cay T1(R,IR) //ﬁi\ T(R,IR) 2(R,IR)
Bidentate C, A(R,TR) K, A, A1(R,Inl)5/\\§3
(R,IR) (R) (r,1r) (8,1
Table 7«2 Raman Frequencies (cm_1) and Assignments, recorded

at RT for Co(Cl0,),«6H;0 and Ni(C10,),6H,0
Co(C10,),+6H,0 Mi(C10,),<6H,0
el . Assignment em™ ) Assignment
1092 weak,broad Vg 1110 weak,broad vy
938 very strong vy 935 very strong My
. = ' 922 medium 2v2
632 medium - Ny
628 medium vy
626 medium vy _ :
463 medium v,
468 medium Vs “
70 broad, weak lattice 70 broad, weak lattice
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for fhe splitting df the degenerate modes,' It is

thefefore likely that the small bond length differences,

tégether with the other two factors, the extent of whose

effects are not known, are the cause of the problem,
Attémpts to record the low temperature $ingle crystal

Raman spectra in order to observe the phase change were‘got”

»possible since the fragile needle-like crystals crumbled

when cooled, However, the specfra could be recorded at

273°K and were found to be very similar to those obtained

at room ﬁgmperatufe,

2

* .

Ni(NH3)6o(CIO4)2

Ni(NH3)6-(ClO belongs to the series of complexes

4)2
of general formula Me(NH3)6-X2 where Me = Co, Ni, and

X = C1, Br, BF,

and crystallize in the cubic system with the regular space

’ ClO4 and PF6 which are all isostructural

group og (Fm3m) (15), The lattice comstant for Ni(NH,),e

(C10 is 11+219°4,

4)2 |
- Owing to their high symmetry many spectroscopic studies
have been,carried out (16-21), However, Raman studies are
less numerous (20) and so far no single crystal work has been
undertaken owing to the difficulty in obtaining single crystals,
In this work single crystal Raman spectra of Ni(NH3)6-
(CIO4)2ﬁpfe obtained with the aim of'observing the splitting,
if any, of the degenerate modes of the internal vibrations

of the tetrahedral anion CLO4~,

RESULTS AND DISCUSSION

The Raman spectra were recorded at both room temperature
and liquid nitrogen temperature and the observed frequencies

together with their assignment to the tetrahedral modes of
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vibration are given in Table 73,

The room temperature spectruﬁ was very similar to that
of Ni(H20)6-(Clo4)2 except for the presence of some bands
due to the internal vibrations of the [Ni(NH,) ]?” ion (21),

1

The most intense band is at 923 cm; and 1is Essigned to the

vy stretching mode of the tetrahedral CLO4~ anion, Two

bands at.624-ch-1 and 613 em™ ! are assigned to components of
Vy and thus a splitting of 11 cm—1 is observed although this
was absent in the Ni(HZO)é-(C104)2 complex, The overtone

of v, is observed at 900 em™ ! and the intensity of this band

is again attributed to Fermi resonance with Only one

- 1 '
_ band is observed at 1076 cm-'1 for V3 and the band at 459 cm"1

is assigned to the ., mode, All the other bands belong to

2
the internal vibration of the cation, The low temperature
spectrum is very similar to that at room temperature, the only
"-differepce being the appearance of only one band at 932 em™ !
.which might be due to an internal vibration of the cation,
‘Because of the similarity of the room temperature spectrum
rto that of the low temperature it can be concluded that no

-
structural phase change has occurred, However, structural

phase change has been reported for Ni(NH6)2(BF4)2 (22,23),

EXPERIMENTAL

Crystals of the complexes'M(HZO)bo(CIO4)2 M = Co, Ni were
obtained from a solution of the metal carbonate in 40%
perchloric acid and grew as very small needles, The crystals

of Nf(NH3)6-(0104)2 were prepared in two steps, First by

2

: . s . .
dissolving Niekel(II). carbonate in 40% perchloric acid et

110°C, On cooling down small crystallites (needles) of Ni(H20)6
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Table 7.3 Raman Frequencies (cm_1) and Assignments

T
for the Complex hl(NH3)6(CIO4)2

Assignment
.RT - LT ' Ta mode
221w 227 w | .
293 w 305 w
390 w 399 w
447 m 447 m
459 m 459 m vy
613 m 613 m Vy
624 m 624_m V4
900 m 902 m 2,
923 s 921 s A vy o
| | 932 m |
T 1076 w,b, 1072 w.b, vy




167

(C10,), were obtained, Secondly a solution of NI, OH vas
added to the crystals of Ni(H,0).(C10,), at 50°C and on
cooling down blue octahedric crystallites of Ni(NH3)6-(0104)2
were obtained the composition of which was confirmed by
analysis, *

The 457»9 nm (indigo) line of the Ar+ laser was used
as the exciting line to obtain the Raman spectra of Ni(NH3)6-

(0104)2, In the case of the Ni(H20)6-CIO the 514+5 nm

4
(green) line was used vhile the 6471 nm (red) line of the
Kr' laser was used as the exciting line for the Co(H20)6-'

(0104)2 complex,
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CHAPTER ¥

GENERAL EXPERIMENTAL METHODS

Be¢1 Far Infrared Interferometer

The 'far infrared' is generally accepted as that region

1 and 1Ocm-1, ~ The two problems associated

between 400cm
with this region have been the low intensity of the sources
available and the insensitivity of detectors available for
the léw energies associated with these longer vavelengths,
These problems have 5een alleviated by the general use of
higﬁ pressure mercury lIamps and Goiay detectors, Advances
in filter design have also helped to remo%e the higher |
order reflections from diffraction gratings,

‘In any spectroscopic technique, a polychromatic beam
of ra&iation must in some way be ordered so that each
Afrequency of the radiatién is differentiated from the others,
Conventionally, this differentiation is carried out by passing
the beam through a prism or reflecting it from a grating
"so that each frequency is diétinguished spatially, Recent
research in far infrared spectroscopy, however, employs
a different technique which involves interference, Chemists
commonly use the lichelson type (1) of interferometers of
which the Beckman-RI1C F3 720 Fourier Spectroéhotometer used
in this stud&‘is one, The source of radiation is a quartz
jacketed high—préssure mercury lamp, This radiation 1is
-choppea, rendered parallel and then divided into two beams

by a taut film of polyethylene terephthalate ('"Mytar') which
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acts as a beam splitter, By varying the thickness of
this film, e,g, 12, 25, 60 or 100um, varioﬁs parts of

the region below 4()()cm-1 can be covered with high
’efficiency, Part of the radiation is transmitted on

to a fixed mirror while the other part 1s reflected to

a movable mirror to which a motor 1s attached to enable

the mirror to travel, The radiation travels back from the
mirrors along 1ts incident paths and is recombined at the
beam splifter_ The radiation which 1s rejoined after
reflection by the mirrors has certain freauencies which
either constructively or destructiveiy interfere with
each‘other, The interference arisés because of the
variable path difference between the two beams introduced
by the movable mirror, After the rays are recombined,

the radiation passes to a condenser consisting of convex
and concave mirrors which focus the light on the sampie,
The rays, reflected from the sample, aré focused by another
condensing system onto a Goitay detector, The signal from
the Golay is amplified and demodulated and the trace of
signal against path difference on a chart recorder is

known as an an 'interferogram', There is no monochr&m&tor
1n the instrument, The radiation which is transmitted by
the detector contains all the fréquencies passed by the
filter so that the signél—to—noise ratio is very large and
this feature is known as  Multiplex or Fellgett advantage
(2),  From the interferogram the spectral intensity I(v)
at each wavenumber is obtained by medns of the Fourier

transformation:

+co e -
I(y) = I' T(X)cos 2mvxdx



In practice F(X) can only be obtained over a finite
interval -X.to +X so the calculated spectrum I(y) is

given by a truncated integral

‘ +X . .
'I(\)) = f f(X)OOS21[\)XdX »

=X : .
The coﬁputation was carried out by an FTC 100 analogue -
digital computer and the spectra plotted on a recording
wavé analyser, The normallrange of the instrument is

1 1

but could be extended as far as 10cm~ * by

40 - 400cm
~u§ing‘the appropriate thickness of beam splitter, suitable
filter and sampling intervai‘ To make it possible for
reflectance measurements there is incorporated in the

instrument an PS 7RF module for near normal incidence and

an-A I M, wire grid polariser was used to obtain the

polarised spectra, A VIL2 variable temperature cell with

the temperature monitored by a copper-constantan thermo-
couple fitted to the sample position was used to record
spectra down td liquid nitrogen temperature, Since the
~spectrometer is single-beam runs had to be carried out 6n
an aluhin@sed mirror as baclkrround and on the sample‘

separately and the two resultant spectra are ratioed out
1

L4

by the computer, The optimum resolution was 2-5cm
The entire optical system is enclosed and has to be
evacuated to a pressure less than Oe1mn Hg in order to
prevent atﬁospheric water vapour absorption, Interfero~-

metric methods have certain important advantages over the

conventional absorption spectroscopy, The most important

is the light gathering power at any given spectroscopic
resolution, No light is wasted on exit slits and all

frequencies in the range of interest are incident on the
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detector except those which are absorbed by the sample
and.thOSe which destr;ctively interfere, The large
amount of signal passing to the detector increases
signal;to—noise ratio and allows better spectra to be
obtained, The resolution of an interferometer is
proportional to the maximum pa{h difference and hence

to double the resolution of a given spectrum the mirror
travel, i,e, the measuring time is doubled, This is an
ad&antage over _a grating instrument where both thé_
'éntrance and exit slits must be halved, so reducing the
energy four-fold, in order to double the resolution, The
main disadvantage is due to the fact>that it is more
difficult to ;ecognise unsatisfactory cbnditions during

a run, for exaﬁple, the decomposition of the sample, Also
the occurrence of a single noise-spike in the interferogram

will affect all the frequencies in the spectrum,

B2 Laser Raman Spectrometer

The basic components of any instrument for measuring
the Raman‘pffect are: a source of radiation which nowadays
is a laser source, a means of collecting the scattered light
from the sample, 1i,e, sample optics, a monochromgtor and a
detéctor/electronics/recorder system, :

The advent of 1aéé£ sources has led to a renaissance
in the technique of Raman spec{roscopy, The intensity‘of
Raman scattering is very low, The intensity of the Stokes
Raman lines for a O = 1 vibrational energy level iransition
is.given by

)2

_ 4
I = (\)0-\,)m) NO (PO"”]
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and for the anti~Stokes 1 = 0 transition:

o= ("oJ"Vm)4 N (P1'->O)2
where I is the intensity of the scattered radiatioﬁ;
N is the number of molecules produciﬁg the scattering
in the energy level indicated, and P is the probability
of the given transition occurring, From the ahove
two equations it is evident that to increase the magnitude
of I either the intensity of the incident light must
be increased or a greater number of scattering molecules
‘must be present, Since the latter condition cannot
easily be fulfilled it is. necessary to increase the
- power of the ipcident radiation Vo for a. higher Raman
intensity, Laser sources are therefore ideal for the
purpose, Moét lasers in uée for Raman spectroscopy are
gés—filled devices although the more powerful ion lasers
such as Ar' and Kr' are also in use, In this study
Coherent Radiation 52G Ar+ and Kr+ lasers were used,
The argon laser is composed of a gas discharge tube filled
with argen which is strongly excited by the passage of
an electr®c current, A small proportion of the input
power is then available as a beam of highiy coherent
radiétion from one end of the laser, The optical system
incorporatéd in the laser uses a pair of ﬁirrors to form
an optical‘resonator or cavity and therefore the divergence
of the beam of radiation is small, The windows which seal
the eﬁds of the discharge tubé are set at the Brewster
angle and this allows the radiation to have specific
polarization, The Ar+ laser may have an output of 1 watt

or more and the collimated nature of the laser energy allows
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focusing for excitation of extremely small volumes, Most
of'the‘toﬁal intensity of scattered radiation occurs at Vo
(Rayleigh scatter) and only'10—710 occurs as Raman

scatter, ’Sipce the Raman radiation is mixed with
rélativeiy intense Rayleigh radiation of very similar wave-
length it is very essential to use monochrémators with
Qefy low stray-light, The 'Spex Ramalog 4' used in this
work incorporates double grating monochromators,

- To collect as much scattered light as possiblé the
";optica;'system involves focusing of the laser beam within
the sample, This produces both an increase in illumination
‘ fluk-density and also a small volumé of ‘illumination which
‘makes it possible to collect efficiently radiation emitted
over_a'wide angle, With the use of a lens, the laser
emission which is both monochromatic and coherent can be
finely focusséd,

It is also necessary to use very sensitive detectors
and the introduction of the photomultiplier cell in place
of the photographic plate has contributed immensely to the
advances in Raman spectroscopy, By cooling the photo-
multiplier, a marked enhancenent in the signal-to-noise
ratio résults due to a decrease in the dgrk current The
Raman scattered radiation preseﬁted to the detector may |

range in power from that which may be éasily detected to
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that which is below the level of the best detection techniques

-14

available (10 '"W), There is a fundamental distinction in

the use of photographic emulsion and a photoelectric detector,

The photographic emulsion is used in a nonscanning system where



the whole of the spectral data is presentéd to the
detector during the total time of the measurehent, Kach
spectral element is observed during the total time of the
observation, T, The photoelectric detector, however, |
is used in é scanning system where only infdrmation ini

a given spectral bandwidth (Av). is presented to the
photomultiplier in a given time interval, That is, when
N spectralelements are to be measured during a total |

time T, each spectral element is observed during a time

(/)

'803 Preparation of Sincle Crystals.

The single crystals used in the present work were

- prepared either from melts or from éolutions,

8¢3i Melt Growth = Stockbarger Technigue

The Stockbarger technique (3) of preparing single

crystals is based on the solidification of a stoichiometric

melt and a number of complex halides with congruent melting

poihts wefe prepared by this method, Stoichiometric
amounts of the anhydrous constituent halides are sealed in
an evacuated tube, the end of which, being an important
"parameter in starting a single crystal, is tapered, The
basis of the process is to lower the molten com?lek at its
melting point very slowiy throﬁgh a steep temperature
gradient of about 2°C/mm; the top of the temperature

~gradient being at the melting point of the complex, For

the process to be successful there must be strict temperature

control and no motion other than the steady downward progress

of the tube,
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The furnace used consisted of a silica tube about
60cm long and T7cm inside diameter which wéé wound with
resistance wire and contained in an asbestos box filled
with "Vermiculite", an .electrical and thermal insulating
material, The windings of the silica core tere divided
into two halves, connected in series, which gave a higher
temperature in the upper section, The temperature at a
given point was controlled by a Pt/Pt-Rh thermocouple
connected to a thermostat, The furnaces were capdble of
maintaining temperatures in excess of 1000°C for protracted
periods, The temperature at the centre of the furnace |
was set about 20°C above the meltiné point of the complex,

Silica or glass tubes, depending on the melting point
were used for the chloride melts while for the fluorides,
graphite or platinum crucibles in sealed platinum tubes
were used, fure starting materials were necessary since
impurities would interfere with uniform-crystallization,
At high temperatures explosive pressures might build up
due to the presence of volatiles such as moisture, 'Optran'
grade rea%ents and wherever possible sublimed materials were
used, Volatiles were removed by prolonged evacuation of
the crucibles at about 300°C prior to sealing, Generally
the stapt%ng materials were handled in a.moisture—free inert
atmosphere box, The séaled crucible containing the
stoichiometric amounts of t"e constituent halides was
suspended about 1cm above the centre of the furnace and
after the sgt tenperature had been reached the crucible
containing‘the molten complex was allowed to equilibrate
for about two hours before being lowered through the fﬁrnace

at a rate of 2mm per hour, Crystallization begins at the
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tapered end of the crucible as it goes. through the temperature
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gradient, After four days the tube and contents were
cooled slowly (1°C/min) to room temperature to prevent

strain on the crystals formed,

8¢3ii Crystallization from Solution .

A number of crystals were grown from solutions qohtaining
.the stoichiometric amounts of the appropriate materials,
These incongruently saturating complexes were grown by
" reference to the literature for the correct molar rétios,
‘To obtain good quality crystals controlled evaporatibn of
the solution was necessary, This was achieved by placing
the beaker containing the saturated solution in a lafge
Dewar flask with the top covered by cotfon wool,  The
- sizes of crystals obtained from solution differed but were
geﬁerally suitable for Raman work, Elemental analysis was
often employed to confirm the composition of the crystals,

though this was not necessary for the crystals from the melt,

8.4 Determination of Crystallographic Axes

The directions of the crystallbgraphic axes in the
crystal w;re deduced from the.angles between natural faces
6; interesecting cleavage planes, and the optical extinction
positions between crossed polarisers in a polarising
microscope, Most of the crystals had well developed natural
faces or cleavage planes, However, esﬁecially with thoge
from the melt, grinding and polishing of the faces were
required, This was done either manually or on a Logitech.
PM2 polishing machine using a solder lap and diamond paste,
(down to 1p mesh),

Where the crystals were very small in size the effective
sample area for i,f, reflectance was increased by mounting

a number of the crystals of the same compound side by side,
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Care, however, must be taken to ensure that the

orientations were the same for each,
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