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ABSTRACT

This thesis is devoted to the study of metal(III)-water interactions by a variety
of physical techniques. Studies are undertaken in the solid state where the tervalent
hexa-aqua-cation is held rigidly within the lattice, thus facilitating its study.

The RbM™(SO,),.12H,0 alums, where M™ is Al, Ga, In, Ti, V, Cr, and Fe,
have been characterised by Raman spectroscopy. The Ti and V rubidium alums are
of a different structural modification to the other alums studied. This is related to a
change in the mode of water co-ordination leading to a larger trigonal field
stabilisation energy for the Ti and V hexa-aqua-cations.

The Raman spectra of the RbTi(SO,),.12H,0 alum are anomalous. Soft modes
are observed indicating the onset of a phase transition. The Raman spectra are
interpreted in conjunction with the published EPR and magnetic data for the
[Ti(OH,)¢]** cation. A model in which the [Ti(OH,)¢]** cation is subject to a dynamic
Jahn-Teller distortion, freezing out into a static distortion at temperatures approaching
4 K, is proposed.

A polarised neutron diffraction experiment has been perfomicd on
CsMo(SO,),.12D,0. This is the first report of such a study for any tervalent hexa-
aqua-cation. Information on the spatial spin distribution within the [Mo(OD,)s]*
cation is obtained. Spin density is found to occupy t,,-like orbitals on the metal with
some spin transferred to the ligand where it is concentrated in a molecular orbital
normal to the plane of the water molecule. Negative spin is also found in the
molybdenum-oxygen bonding region indicative of electron correlation effects. These

observations are interpreted in terms of simple concepts of chemical bonding.
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Three-pulse electron spin echo nuclear modulation spectra recorded
for [*Cr(*’OH,)s]** doped into CsGa(SO,),.12H,0 at 4240 G.

6.5.10 Fourier transforms of the electron spin echo nuclear modulation
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at 4240 G.

Luminescence from (a) RbCr(S0,),.12H,0, (b) CsCr(SO,),.12H,0
Energy level diagram for d* configuration in octahedral symmetry.
Single crystal Raman spectra of RbV(S0O,),.12D,0,

between 1200 and 4000 cm™.

Single crystal Raman spectra of RbTi(SO,),.12H,0,

between 1200 and 4000 cm™.

Single crystal Raman spectra of RbCr(SO,),.12H,0,

between 1200 and 4000 cm™.

Single crystal Raman spectra of RbGa(SO,),.12H,0,

between 1200 and 4000 cm™.

Single crystal Raman spectra of RbFe(SO,),.12H,0,

between 1200 and 4000 cm.

Single crystal Raman spectra of RbAl(SO,),.12H,0,

between 1200 and 4000 cm™.

Single crystal Raman spectra of RbAI(SO,),.12D,0,

between 1200 and 4000 cm™,

Single crystal Raman spectra of RbIn(SO,),.12H,0,

between 1200 and 4000 cm™.

Schematic diagram of a conventional simultaneous ICP system.
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Chapter one

INTRODUCTION

1.1 Media in which to study metal(IIT)-water interactions

Because of the undoubted importance of the role of metal-water interactions
in aqueous chemistry, the nature of the metal-water bond has been and is currently a
subject of intensive study.

Information on the nature of the metal-water bond from studies in aqueous
media is limited. Contact shift studies, by means of magnetic resonance of proton'
and oxygen-17 nuclei** have been used to deduce both the extent of unpaired electron
density transferred to the water ligand, and the spatial characteristic of the orbital that
the unpaired electron occupies for various paramagnetic ions in solution. However,
considerable differences exist between the models proposed by different authors.
Neutron diffraction studies have determined the co-ordination number and the
orientation of the water molecules to various metal cations in solution.® This form of
study has focused mainly on mono and di-valent cations. Until recently the only
tervalent cations studied were those of the lanthanide cations.*” However a neutron
diffraction study of [Cr(OH,)]**(aq) has recently been reported.® This work suggests
that the first hydration shell of Cr** contains six water molecules with the oxygen and
hydrogen atoms situated at 1.98 (2) and 2.60 (3) A respectively from the Cr** centre.
The mode of water co-ordination is determined by estimation of the O-H bond length
from previous neutron diffraction studies of tervalent hexa-aqua-cations in the solid
state.>!! By obtaining a mean value for the O-H bond of 0.99 A, the mode of water
co-ordination is estimated to be trigonal pyramidal with the plane of the water
molecule tilted by 34 (6)° out of the CrO, plane.

In contrast, the water molecule in a crystalline hydrate is considerably more
constrained. The metal-water interaction is affected greatly by restrictions imposed
by both crystallographic symmetry and hydrogen bonding. However, this also
facilitates the study of the metal-water interaction which is why most studies have
concentrated on the solid state.



[®*Cu(*’OD,),]* doped into the zinc Tutton salt: K,Zn(S0,),.6D,0 enriched to
16% in oxygen-17 isotope has been studied by Electron Paramagnetic Resonance, at
20 K, using X-band frequency microwave radiation.'” The oxygen-17 hyperfine
tensors are obtained, from which, a value of 1/6 is calculated for the 2s/2p ratio of the
molecular orbital containing the unpaired electron.

Polarised neutron diffraction experiments have also been performed on a
number of paramagnetic [M(OH,),*" cations within the ammonium Tutton salt
lattice.'>!* These studies allow the magnetisation density within the aqua-complex to
be determined. Hence, information regarding covalency and electron-electron
correlation effects is obtained.

As yet, there are no reports of any analogous studies undertaken, using either
resonance or diffraction techniques, to examine the nature of the metal(Ill)-water
bond.

In the work presented here, metal(III) hexa-aqua-cations have been studied
within the alum system: M'M™(SO,),.12H,0. The caesium alum lattice, in particular,
has been shown to be highly ordered"® and can accommodate some unstable hexa-
aqua-cations such as Mn*}®* Co* ' and Mo™ '° and so provides an excellent

framework in which to study metal(III)-water interactions.
1.2 Structure of the alums

In 1935, structural studies undertaken by Lipson'”'® showed that the alums
could be disposed into three distinct classes which he designated o, B, and ¥, all
belonging to the primitive cubic space group Pa3. He noted that the alum type was
related to the size of the monovalent cation. Whereas most alums had the o structure,
those with large monovalent cations, such as caesium, had the B structure. The only
example of the 7y class, NaAl(SO,),.12H,0, was found for the small sodium cation.
Lipson used the co-ordination number of the monovalent cation to designate alum
type. In the o and P alums, the monovalent cation is surrounded by 12 oxygen atoms,
six from water molecules and three each from two sulphate ions. Lipson infers that
the P alum structure differs essentially from the o structure in having direct bonds
from the SO, groups to the monovalent cation. The disposition of the three distinct



structural subunits of [M'(OH,).]*, [M™(OH,)s]** and [SO,]*, which lic along the
crystallographic three-fold axes, is shown for a caesium B alum in figure 1.2.1. In the
unique Y alum of NaAl(SO,),.12H,0 the sulphate is inverted from its position shown
in figure 1.2.1 such that the single oxygen is now directed towards the monovalent
cation.

The stereochemistry of the monovalent cation has shown to give a reliable
classification of the alum type.”* In the B alums, the water molecules co-ordinated to
the monovalent cation lie in a plane and together with the 6 surrounding oxygen atoms
from the two sulphate ions define a cuboctahedral array as illustrated in figure 1.2.2
(a). In the o alums, the water molecules form a puckered ring which together with
the sulphate groups define an elongated icosahedron as shown in figure 1.2.2 (b). The
hole created by the twelve oxygens of a cuboctahedron is larger than that of the
corresponding icosahedron and hence B alums occur with larger mono-valent cations
than the o alums.

Recent neutron diffraction studies of '® and B'**® alums have shown that the
stereochemistry of the tervalent cation is also indicative of alum type. Figure 1.2.3
shows the mode of water co-ordination to iron(Ill) in CsFe(SO,),.12H,0, a B alum
(fig. 1.2.3 (a) ), and in CsFe(SeQ,),.12H,0, an o alum (fig. 1.2.3 (b) ). In both alum
types, the M™Qy core is approximately octahedral; the overall symmetry of the hexa-
aqua-cation for both o and B modifications being S;. In the B alums, the hydrogen
atoms define a plane with the metal-oxygen bond vector so that the mode of water co-
ordination is trigonal planar. The plane of the water molecule in the P alums is
twisted with respect to the MO, framework by an angle of between 19 and 22°. In
the o alum of CsFe(SeO,),.12H,0, the plane of the water molecule is tilted out of the
MO, plane by 18.6 (10)° so that the mode of water co-ordination is trigonal
pyramidal.

Both the M' and M™ cations lie on sites of Sy symmetry within the unit cell.
The co-ordinating water molecules are crystallographically equivalent and lie in
general positions. The sulphur atom and one of its oxygen atoms lie on sites of C,
symmetry. The other three oxygen atoms of sulphate are crystallographically

equivalent and lie in general positions.



Figure 1.2.1

Disposition of the three distinct structural units, [M'(OH,)]*, [M™(OH,)s]** and [SO,J*
along a crystallographic three-fold axis of a caesium P alum. (After S. P. Best [20]).
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Figure 1.2.2

Stereo-chemistry of the monovalent cation in:
(a) The B alum of CsFe(SO,),.12H,0
(b) The a alum of CsFe(SeO,),.12H,0
(After S. P. Best and J. B. Forsyth [10]).






Figure 123

Schematic diagram showing the mode of water co-ordination to the tervalent cation
in: (a) The B alum of CsFe(SO,),.12H,0

(b) The o alum of CsFe(S¢O,),.12H,0
The angle by which the plane of the water molecule is twisted away from the MO
framework, ¢, is found to be 18.6°(10) for the iron(III) hexa-aqua-cation within the
B alum of CsFe(SO,),.12H,0 (After S. P. Best and J. B. Forsyth [10]).






1.3 Origin of the trigonal field for the [M(OH,)]** cation within the alum lattice.

The factors that affect both the magnitude and sign of the trigonal field for the
[M(OH,)J* cation within the alum lattice were first investigated by Van Vleck” as
part of the early development of crystal field theory. At the time of writing, Van
Vleck was aware of susceptibility” and relaxation® measurements on the ammonium
vanadium sulphate alum which suggested that the [V(OH,),]** cation was subject to
a trigonal distortion leaving the non-degenerate trigonal term lowest in energy. In
view of Lipson’s crystallographic measurements on the alums indicating that the
M™Q, core was approximately octahedral, Van Vleck postulated 3 possible causes for
the origin of the trigonal field within the alum lattice:

1)) The direct effect of the field from distant atoms. The term "distant atoms"
describing atoms beyond the first co-ordination sphere.

(II) The indirect action of the field from distant atoms. This describes the effect
whereby the distant atoms distort the water ligands from their octahedral arrangement
leading to a non-cubic field.

(I) The Jahn-Teller effect. According to Jahn and Teller,* an orbitally degenerate
ground term will be unstable with respect to an asymmetric nuclear displacement that
will act to lift the degeneracy. Therefore the ground term degeneracy of a transition
metal cation in a cubic field will have repercussions on the arrangement of the

surrounding water molecules so that they are no longer cubically grouped.

Van Vleck concluded that (I) does not yield a sufficiently large splitting and
that (II) is also not the principal cause of the trigonal field, based on a crystal field
analysis. (II) is postulated as the primary cause of the trigonal field splitting for Ti*,
V*, and Cr*. In addition it is suggested that the trigonal field splitting is amplified
by (IIT) for Ti* and V* both of which have orbitally degenerate cubic ground terms.
Although Van Vleck’s analysis is confined to a simple crystal field point-charge

treatment, the essence of the discussion is quite general and can be related to more



recent ligand field models.

The relationship between the electronic and molecular structures of tervalent
cations has been examined by Best and Forsyth in a recent neutron diffraction study
of a number of B alums.”® The angle by which the plane of the water molecule is
twisted away from the MO, framework, ¢ (shown for [Fe(OH,),]* in fig. 1.2.3 (a) )
is found to be dependent upon the electronic structure of the tervalent cation. The
results of this study are summarised in figure 1.3.1. The magnitude of the trigonal
field is related to the angle ¢ by the equation:

8 = |3e,sin(29) | 1.3.1

which is derived from the angular overlap model®* (a.o.m.). 8 is the absolute
magnitude of the trigonal field splitting and e, is an a.o.m. parameter related to the
metal-ligand 7 interaction.

When ¢ is zero, the cation possesses T, symmetry and the degeneracy of the
t,, (Op) orbitals is accommodated. As ¢ increases, the symmetry of the cation
approaches either the all-vertical (¢ defined as positive) or all-horizontal (¢ defined
as negative) D,, structure, depending on which direction the water molecules are
rotated relative to the three-fold axis. In the all-vertical D,4 structure, the hydrogen
atoms lie in the D,, mirror planes that contain the oxygen atoms. Conversely, in the
all-horizontal D, structure, the bond vector joining two hydrogen atoms of one water
molecule is perpendicular to the D,, mirror planes that contain the oxygen atoms. The
model predicts that when ¢ is positive the a, component of the t,;, (Op) orbitals is
lowest in energy. When ¢ is negative, the e, component is lowest in energy. The
tervalent hexa-aqua-cation is constrained within the alum lattice to have Sq symmetry
with ¢ negative such that the e, component of the t,, (O,) orbitals is lowest lying.
Where there is no electronic stabilisation to be gained from the trigonal field splitting,
such as for Cr** and Fe* which have d® and high-spin d° electron configurations
respectively, ¢ is found to be = - 19°. For Ru*, which has the low-spin d° electron
configuration, ¢ = - 22° It is suggested that the primary cause of the trigonal field
is the indirect action of distant atoms on the first co-ordination sphere about the
metal(IIT) centre viz. hydrogen bonding constraints. For tervalent cations whose



Figure 1.3.1

Relationship between the molecular structure and the energies of the t,, (O,) orbitals
for a hexa-aqua-cation on a site of trigonal symmetry with trigonal planar water co-
ordination. The relative energies of the a, and e, components of the t,, (O,) orbitals

were calculated using the equation:

8 = |3 sin(20) | 13.1

which is derived from the angular overlap model”¥ (a.o.m.) & is the absolute
magnitude of the trigonal field splitting and e, is an a.o.m. parameter related to the
metal-ligand & interaction normal to the plane of the water molecule. (After Best and
Forsyth [19]. Schematic diagrams of hexa-aqua-cations after Cotton et al. [11]).
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electronic structures are stabilised by a larger trigonal field splitting such as Ru*, the
trigonal field is amplified by the Jahn-Teller effect. The findings of Best and
Forsyth' are therefore in accordance with the predictions made by Van Vleck over 50
years earlier.

The underlying assumption of this model is that the metal-ligand n interaction
is anisotropic with the dominant interaction being normal to the water molecule. If the
dominant interaction were in the plane of the water molecule then the relative orbital
energies would be reversed from their positions shown in 1.3.1. Indirect evidence for
the predominant metal-ligand 7 interaction being normal to the plane is found from
the low temperature electronic spectrum of l‘ NH,V(S0,),.12H;0.  The transition
energies obtained by Hitchman et al.*” have been 'interpreted in conjunction with the
published magnetic susceptibility data® using the angular overlap model. In the
communication it is reported that agreement with experiment can be obtained only if
the © bonding in the plane of the water molecule is considerably weaker than that
perpendicular to the plane.

1.4 Aims of this work

The broad aims of this work are to determine directly the anisotropy of the &
interaction viz. resonance and diffraction techniques, and to examine the relationship
between the electronic structure of the tervalent hexa-aqua-cation and the overall alum
structure.

Techniques which can simultaneously give information on both the geometric
and the electronic structure of a complex have been extensively employed. The two
main techniques that have been utilised in this work are Raman spectroscopy, and
neutron diffraction. For brevity, the alums M'M™(SQ,),.12H,0, M'M™(Se0,),.12H,0,
and MM™(SO,),.12D,0 are abbreviated to M'M™SH, M'M™SeH, and M'M™SD
respectively throughout this work.
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Chapter two
Single Crystal Raman Study of the Rubidium Alums
2.1 Introduction

Vibrational spectra are sensitive both to intra- and inter-molecular force
constants and give complementary information to crystallographic data. Single crystal
Raman studies of the caesium alums have previously been performed which include
an assignment of the spectra between 250 and 1200 cm™.»*

Orientated single crystal Raman spectra for the alums RbM™(SO,),.12H,0 (M™
=Ti, V, Cr, Fe, Al, Ga or In) and RbM™(SO,),.12D,0 (M™ = Al or V), recorded
between 10 and 4000 cm’, are presented. Whereas the caesium alums are
predominately of the p modification,® the morphology of the rubidium alums suggest
they are predominately of the o modification.” The study was undertaken to
investigate how the field about the tervalent hexa-aqua-cation alters with change of
alum type and also how the structure of the alum may be correlated to the electronic
structure of the tervalent cation. The caesium alum study is used as the basis for

assignment of the vibrational spectra of the rubidium alums.

2.2 Theory of Raman Scattering

When radiation of frequency v, and intensity I, interacts with a circulation of
freely orientated molecules, a small proportion of radiation is scattered in all directions
(fig. 2.2.1 (a) ).

The scattered radiation is of two forms:
1. Rayleigh - Elastic Scattering.
This is of frequency v, with intensity Ig,yin = 10°L,. I increases as a function

of v,'a2, where @, is the polarisability of the molecule at equilibrium.

13.



Figure 2.2.1

(a) Scattering of radiation by gaseous sample

(b) Origin of the Vibration Raman Effect
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2. Raman - Inelastic Scattering.
The frequency of the scattered radiation v is different to that of the incoming
radiation.
v=v,tv 2.2.1

v, is a transition frequency of the molecule corresponding to vibrational/rotational
/electronic transitions. Raman scattering is a much weaker effect than Rayleigh
scattering. Iy, = 10°L,. For a vibrational transition, the intensity of Raman
scattering depends on v,, v, and on the rate of change of the polarisability with the
normal co-ordinate Q,, at equilibrium position.

Ioc (v, - v)* (do/dQ),>  Stokes Lines 222
I (V, + V) (do/dQ)>2  Anti-Stokes Lines 2.2.3
Origin of the Vibration Raman effect

Figure 2.2.1 (b) is a schematic diagram showing the vibrational Raman effect.
For bands which are termed ’the Stokes lines’, the laser excites a molecule from the
ground vibrational state to an upper, non-stationary, ’'virtual’ state; radiation of
frequency of (v, - v;) is emitted when the molecule returns to the first excited
vibrational state. The anti-Stokes bands originate from a molecule already existing
in an excited vibrational state. The molecule is excited from the first excited
vibrational state to an upper, ’virtual’ state and returns to its ground vibrational state.
Radiation of frequency v, + v, is emitted in this process.

The occupancy of the excited vibrational states is governed by the Boltzmann
distribution. The ratio of intensities of the anti-Stokes and Stokes lines is therefore:

Ips _ (Vo + Vi) (-hvi)
I, (v,, - vi] $SXP\ %7

- 224
Equation 2.2.4 was used to calculate the temperature of the crystals studied in
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the series of experiments presented here. Since the Stokes and anti-Stokes lines are
symmetrically spaced about the central Rayleigh line, their positions are used to
calibrate the spectrometer.

Mechanism of Raman Scattering

Classical Approach:
When radiation is incident with a molecule, the electric field associated with

the incident radiation induces a dipole moment in the molecule:

B=H +{ E + 1/2! B.E*+ 1/3! yE® } 225

where the total dipole moment W is equal the first term [, which represents the static
dipole moment plus the second term in brackets which corresponds to the induced

dipole moment y,,.

M = dipole moment Cm
E = electric field strength Vm!
a = polarisability CV'm?
B = hyperpolarisability CV’m’
v = 2nd hyperpolarisability CV-m*
Typical Values:
a = 10% CV'm?
B = 10 CV2m?
Y= 10% CV°m*
Almost no conventional laser, operating in continuous wave mode, has enough

electric field strength to make P significant. So we can write:

Ky = LE 2.2.6
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a is a second rank tensor, such that:

(pind)x xx “xy
(I"md), =la_a_ « E,

(I-‘znd), @, o, &

2.2.7
The electric field, E is a periodic function of time, t, given by:

E = E cos(2mv,t) 2.2.8

Molecular polarisability depends on the displacement co-ordinate Q,. For a diatomic

molecule, a is approximately a linear function of displacement.

o = a, + (do/dQ,),Q; + 1/2 (*/dQ),Q, + ... 2.2.9

Q, = displacement co-ordinate ( = 0 at equilibrium)
o, = polarisability in equilibrium configuration.

The third term is responsible for the appearance of overtones and combination
bands in the Raman spectrum. The expression for ., considering the first order

phonon spectrum only, now becomes:
Mg = {0, + (do/dQ)),Q,} Ecos(2mv,t) 12.2.10

The displacement Q, is a function of time and the frequency of displacement
which is the vibrational frequency of the molecule.

Q, = Q,°cos(2mv,t) 2.2.11

Mg Can now be written as:
Wiy = Eja.cos(2rv,t) + E Q,°(do/dQ,), cos(2rv, t)cos(2nv,t) =
Mg = E acos(2nv,t) + 1/2 EQ,°(do/dQ,), {cos2zm(v, + V)t + cos2x(v, - v )t}
= {Rayleigh} {Anti-Stokes + Stokes} 2.2.12

17.



The intensity of a Raman band associated with the transition between the states
i and f, observed at 90°, of one freely oriented molecule is given by:

I(%) - 12::;2 I, (v, & vyt ; [@ped rs [@0] 24
22,13

€, = permittivity of free space (Fm™)
I, = Intensity of the incident radiation (Wm'?)
v, = exciting line wavenumber (cm™)
Vg = wavenumber (cm™) of the Raman transition f ¢« i
[@,6la = p,Oth component of the polarisability tensor.
p,0 = X, y or z; the space-fixed co-ordinate axes.

Classically, [a,,]5 corresponds to da,,/dQ,. As v, approaches the frequency
of an electronic transition v,, the classical description is unable to account for the
observed spectrum. As v, — V, an enormous increase in the intensity of a particular
band, associated with the chromophore, can be observed along with an apparent
breakdown in the harmonic oscillator selection rules, such that overtones may be
appear with intensities comparable with that of the fundamental.

The Kramers-Heisenberg-Dirac dispersion formula, is a quantum-mechanical
expression for [0yl over the entire frequency range and is given by the following

sum over all vibronic states of the molecule:

_ 1 E (Flp'pIE) (E||"¢|_I) + (F|"‘¢|E) (Ell"'pl_-i)

(ayel g = =—
poi ri — : g
he G | Vg - v, + ilg Ve + v, + Il

22,14
I, F and E are the initial, final and intermediate states respectively.
<F|p,|E> and <E|p,|I> are the electric dipole transition moments along the
directions p and o from F « E and I — E respectively. The term il is a damping
constant which prevents the denominator at resonance from reaching zero and which
represents the finite lifetime and ’sharpness’ of the intermediate state.
At resonance, V,, the laser excitation wavenumber equals the wavenumber of
an electronic transition = v, The second term in brackets then becomes negligible

compared to the first term. Off resonance, both terms have to be considered.
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2.3 Preparation of the rubidium alums.

i) RbAISH and RbAISD

Al,(S0O,), was dissolved, on a steam bath, in sulphuric acid (2 mol dm?®).
Rb,CO, was added in stoichiometric proportion to give a solution approximately 1
mol dm™ in sulphuric acid. The alum crystallised on cooling. The product was
recrystallised from sulphuric acid (1 mol dm).

RbAISD was prepared by recrystallising RbAISH in a sealed vessel under dry
nitrogen from D,SO, (1 mol dm™®). The product was again recrystallised from D,SO,
(1 mol dm?) to increase the deuterium concentration. The deuterium enrichment from

this procedure is estimated to be greater than 99%.

ii) RbTiSH

Titanium(II) solutions are very susceptible to oxidation, solutions were
therefore handled in an atmosphere of argon or nitrogen to prevent oxidalion;
Mixing of deoxygenated solutions of Rb,SO, and Ti,(SO,); (15% w/v), both in
sulphuric acid (1 mol dm?®), gave a violet solution which on cooling gave violet
crystals of RbTiSH. RbTiSH has a high solubility and is extremely susceptible to
aerial oxidation. It is probably for these reasons that past attempts to synthesise the
alum have been unsuccessful.>® Left open to air at room temperature, the formation
of the white compound of TiO, on the crystal surface is noticeable within § minutes.
Crystals of RbTiSH can, however, be handled at 5° C for short periods of time.
RbTiSH should be stored under Argon or nitrogen below -5° C.

iii) RbVSH

Solutions of vanadium(III) are also susceptible to oxidation and were handled
under an atmosphere of argon or nitrogen to prevent oxidation to the stable vanadium
(IV) vanadyl ion [VO(H,0),]**. The first step in the preparation of this alum was the
dissolution of vanadium trichloride in deoxygenated sulphuric acid (1 mol dm™®). The
dissolution is exothermic and leaves a significant quantity of insoluble impurity which
was filtered and discarded before the next stage of the preparation. The resulting
solution was then added in excess to a deoxygenated solution of Rb,SO, in suiphuric
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acid (1 mol dm?®). The deep green solution was left to cool to room temperature
overnight. The resulting solution gave very large deep blue crystals. The solution
was kept at 2° C until crystallisation was complete. The product was recrystallised
from sulphuric acid (1 mol dm®). Crystals of RbVSH are stable in air for short
periods of time. Crystals of RbVSH should be stored under an inert gas below 5° C

to prevent oxidation.

iv) RbCrSH

Hydrous chromic nitrate was dissolved in sulphuric acid (1 mol dm™) and a
solution of rubidium sulphate applied in stoichiometric proportion. Crystals of
RbCrSH were formed on cooling which were recrystallised from sulphuric acid (1 mol
dm),

v) RbFeSH

Hydrous, ferric nitrate was dissolved in sulphuric acid (1 mol dm?) and a
solution of rubidium sulphate added in stoichiometric proportion. Crystals of I‘ RbFeSH
were formed on cooling which were recrystallised from sulphuric acid (1 mol dm™).

vi) RbGaSH

Gallium metal was refluxed in sulphuric acid (6 mol dm™) over a period of
several weeks. When dissolution was complete, rubidium carbonate was added to the
clear solution in stoichiometric proportion; the alum subsequently crystallised on
cooling. The colourless octahedral crystals were recrystallised from sulphuric -acid ¢!
mol dm?).

vii) RbInSH

This alum was made by application of rubidium carbonate to a solution of
indium sulphate formed from dissolution of the metal in sulphuric acid (ca. 10 mol
dm™®) on a steam bath.

RbInSH is extremely deliquescent. A large excess of both [SO,)*,, and
[Rb(OH,)]*,, were needed in order for the alum to crystallise. The alum was
recrystallised from sulphuric acid (1 mol dm™®) which was saturated with Rb,SO,.
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2.4 Techniques used to produce large single crystals

The crystal growing apparatus used to produce large single crystals is shown
in figure 2.4.1. The apparatus was first developed for use in the caesium alum study.!

The seed crystal is placed in a saturated solution containing crystalline material
of the alum. The solution is contained in glassware, the top half of which is
surrounded by a thermostatted water jacket and connected to thermostatted water bath
’B’. The apparatus is placed in a thermostatted water bath A’ so that the bottom half
of the glassware, which is not surrounded by the water jacket is completely immersed.
Thermostatted water bath ’B’ is set at a lower temperature than bath A’. The density
of aqueous solutions generally rises as the temperature is lowered, this has the effect
of setting up convection currents in the solution aiding the mass transport of material
to the crystal. Since the alums have a large positive coefficient of solubility, the
solution around the crystal is super saturated and material is deposited onto the crystal.

The overall and relative temperatures of the two baths were optimised
according to the solubility characteristics of the alum. The rate of deposition of
material will be related to these factors. The rate of deposition must be sufficiently
slow to allow the orderly deposition of growth material onto the crystal faces without
leading to crystal defects. The temperature gradient must, however, be sufficiently
large to maintain convection currents within the apparatus. Temperature gradients
between 4 and 15 degrees were found to be suitable for the alums. Large single
crystals of up to 20 mm along an edge were grown by this method. The crystal
growing time varied between 4 days and 4 weeks.

For air sensitive solutions a sintered glass frit was incorporated into the bottom

of the apparatus and attached to a source of argon or nitrogen.
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FIGURE 2.4.1

The crystal growing apparatus (after S. P. Best [1] ).
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2.5 Preparation of, and techniques for cooling crystals for single crystal Raman
measurements.

For single crystal Raman experiments, faces are required normal to the
excitation and collection directions. The criteria for selecting these directions follow
from the symmetry of the unit cell. For the alums, these directions, which are
expressed in terms of the crystallographic axes, can be easily identified from the
crystal morphology and are selected so as to allow the identification of the symmetry
species. Optically clear crystals, free of defects required for the single crystal Raman
experiment were mounted on a small goniometer using an epoxy resin (’Araldite
Rapid’) and faces of the crystal cut using a diamond saw. The cut crystal was then
removed from the goniometer and the faces polished on a Hyprocel cloth using 1
micron Hyprez Diamond compound. The crystal was subsequently glued to a two
circle goniometer head designed for use in either one of the lig. N, or lig. He cryostats
that were used in this study.

For the liquid nitrogen cryostat, the goniometer head was attached to a copper
cooling block and the area around the crystal evacuated. The crystals were cooled by
the conduction of the copper block, the other side of which was in contact with liquid
nitrogen. In order to prevent damage of the crystal surface through dehydration, liquid
nitrogen was added to the cryostat soon after the atmosphere around the crystal had
begun to be evacuated. For crystals of TIVSH and RbTiSH, this procedure was not
adequate to prevent extensive damage of the crystal surface with severe loss of signal
(in the case of RbTiSH TiO, formed on the surface) This problem was overcome by
filling the space around the sample with dry He gas before cooling. After ca. 20
minutes, in which time the sample was presumed to have cooled down to a
temperature close to 77 K, the helium gas was evacuated from the cryostat. This
method inevitably leads to frosting on the outside of the cryostat. The O-rings were
kept from freezing by use of a domestic hair drier.

The other cryostat used was the Oxford MD4 Bath cryostat shown
schematically in figure 2.5.1. The cryostat is essentially a reservoir of coolant, He or
N,, which is used to cool the sample by contact with He gas within the sample

chamber by means of a copper block acting as a heat exchanger. The coolant is
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FIGURE 2.5.1

Vertical cross-section through Oxford MD4 cryostat (After Oxford Instruments
Limited, instruction manual for Bath cryostat MD4 (1988) ).
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insulated from the atmosphere by use of superinsulating material and an outer
reservoir of liquid nitrogen. The space surrounding the outer reservoir was evacuated
down to pressures of ca. 10° Torr. The main advantage of this cryostat is that by
evacuating the volume around the heat exchanger the cryogen is rapidly cooled and
frozen. Sample temperatures as low as 62 K were achieved with liquid nitrogen as
the coolant.

After the sample is cooled in one of the two cryostats, the cryostat is secured
such that the desired crystal axes are aligned with the laboratory axes of the Raman

experiment.

2.6 The Raman Spectrometer

The appropriate laser excitation line was chosen so as to be well away from
any1absorpﬁon maxima of the sample. In order to obtain a complete data set, it was
necessary to obtain spectra with the electric vector of the laser beam rotated through
7/2 radians. This was achieved by use of lens known as a half wave plate. The laser
beam was focused onto the sample using a condensing lens. The scattered radiation
was collected using a compound lens and focused onto the slits of the spectrometer.
The radiation was also passed through a polaroid film, which was used to analyze the
radiation, and a scrambler which depolarises the radiation before entry into the
spectrometer. This is necessary because of polarisation bias inherent in the
spectrometer. The scattered radiation was analyzed using a Spex R6 double
monochrometer and measured with either a Burle GaAs photo multiplier tube (PMT)
or a Hamamatsu bi-alkali PMT. The GaAs tube was maintained in a cooled housing
unit to reduce the dark current which varied from 20 to 80 counts/second. The bi-
alkali tube has the advantage that it does not need cooling, the dark current is
generally lower at around 4 counts/second. The spectral response of the two
photomultiplier tubes differ greatly as shown in figure 2.6.1. The Raman spectra of
RbAISH and RbAISD were collected using 406 nm excitation and a Hamamatsu bi-
alkali PMT. All other spectra were measured using a Burle GaAs PMT.
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2.7 Vibrational Analysis

The number and symmetry properties of the vibrational modes associated with a given
molecular species within the alum lattice can be found using well established group
theoretical techniques.!®! In this method, the different molecular species are
identified and their unperturbed symmetry correlated to the site symmetry and then the
unit cell symmetry (giving rise to factor group coupling). Since the alums are an
isomorphous series of crystals, the analysis is equivalent for both the o and B alums.
Such an analysis has already been performed'? and will not be further discussed. The
results are given in table 2.7.1. Schematic representations of the internal modes of the
MO, and SO, species as well as the external modes of water are presented in figure
2.7.1. The alums crystallise with a cubic unit cell of symmetry Pa3 (Hermann-
Mauguin) or Th! (Schoenflies). For the T, point group, the A,, E,, and F, modes are
Raman active, the F, modes are infrared active and the A, and E; modes are inactive.

Oriented single crystal Raman experiments allow the A,, E; and F, modes to
be separated. With the co-ordinate system aligned along the crystallographic axes,
experiments of the type X’(a B )Y’, where X’ and Y’ are related to X, Y by a rotation
about Z of ©/4 radians, were chosen since a complete data set could be obtained this
way without reorientation of the crystal. Experiments of the type X’(o B )Y’
correspond to radiation polarised in the o designation relative to the crystallographic
axes entering the crystal in the X’ direction, being scattered at 90 ° and leaving the
crystal through the Y’ direction where, by use of a polaroid, only radiation polarised
in the P designation is allowed to reach the monochrometer. This is illustrated in
figure 2.7.2

The activities of the Raman bands for each scattering experiment are given in
table 2.7.2.

27.



TABLE 2.7.1
Results of site group analysis of alum lattice (after S. P. Best [1])

MOLECULAR MODE Ay Ey Fy Ay R Ry
SPECIES
Meom)." w1 1
vy 1 2
v3 1 1 3
Ug 1 1 3
Vs 1 1 3
Vg 1 1 3
rock 1 1 3 1 1 3
wag 1 1 3 1 1 3
twist 1 1 3 1 1 3
rot 1 1 3
tr 1 1 3
M(OH,) " 1 1
2 vy .
6 vz 1 2
v3 1 1 3
U4 1 1 3
Us 1 1 3
Us 1 1 3
rock 1 1 3 1 1 3
wag 1 1 3 1 1 3
twist 1 1 3 1 1 3
rot 1 1 3
tr 1 1 3
s~ vy 1 1 1 1
Uy 1 2 1 2
U3 1 1 3 1 1 3
vy 1 1 3 1 1 3
rot 1 1 3 1 1 3
tr 1 1 3 1 1 3
o(1) v 1 1 3 1 1 3
2 v 1 1 3 1 1 3
vy 1 1 3 1 1 3
BO(ID) y 1 1 3 1 1 3
v; 1 1 3 1 1 3
U3 1 1 3 1 1 3




Figure 2.7.1

Schematic representations of the internal modes of MX, and AB, species, and the
internal modes of water (after S. P. Best [1])

a) Normal modes of an octahedral MX, molecule (point group O,).

b) Normal modes of a tetrahedral AB, molecule (point group T,)

Only one component of each degenerate vibration is shown.

(After G. Herzberg [12])|

¢) The external modes of water. The metal-water bond is along thee twisting axis.

(After T. E. Jenkins and J. Lewis, [13]) l
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Figure 2.7.2

The alignment of the crystal axes with respect to the laboratory axes (After S. P. Best
(11)
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Table 2.7.2. Raman activities for the different scattering experiments

Scattering

Experiment Activity
XZz)Y A, +E,
X(ZXxX)Y F,

X (Y'xX)y E

X’, Y’ are related to X, Y by a rotation of n/4 radians about Z.
The scattering tensor is symmetric

2.8 Intensity determination

In order to determine the activity of a Raman band, its intensity in the three
Raman experiments listed in table 2.7.2 must be determined. The intensity of a
Raman band is proportional to the area under the band. Thus, ideally a phonon mode
of E; symmetry should occur with the same peak areas in the X'(Z Z )Y’ and
X’(Y'X’)Y’ scattering experiments and with negligible intensity in the X’(Z X)Y’
scattering experiment. Since the band profile will remain unchanged, the intensity
ratio of a band measured in two different scattering experiments will be related to the
ratio of the peak heights. The peak heights, measured on an arbitrary scale, are listed
in the vibrational frequency and intensity tables that follow. Since the full width at
half height (f.w.h.h.) for each phonon mode may in principle be different, this method
is not applicable to comparing the relative intensities of different phonon modes. In
practice, the peak heights of bands within a spectrum will depend on how well the
incoming radiation is focused onto the sample, the quality of the crystal from which
the radiation is scattered, and how well the scattered radiation is focused onto the slits
of the monochrometer. Consequently, the optimum signal achieved will differ in
different scattering experiments. Bands of E, symmetry will have different relative
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intensities in the X’(Z Z )Y’ and X’(Y’X’)Y’ scattering experiments. However, the
relative intensities for each band of E;, symmetry should be the same for the two
scattering experiments.

Owing to\ imperfect alignment and inefficiencies of both polariser and analyzer,
"leakage" of bands into spectra where their activity is forbidden does occur. In
regions of the spectra where bands occur in close proximity to one another, the band
contours were estimated fitting the spectrum to Lorentzian/Gaussian sum functions.
This is illustrated in figure 2.8.1 which shows the Raman spectrum of RbVSD
between 446 and 530 cm in the X’(Z Z )Y’ scattering experiment. This method
allows a better estimate of the wavenumber and intensity of the Raman bands to be
determined.

Towards the end of completing the collection of the spectra, it was noted that
the collection lens showed a small, but significant, degree of chromaticity, i.e. the
focal length of the collection lens is dependent on the wavelength of scattered
radiation. This means that relative intensities of the observed Raman bands are
dependent on which peak in the spectrum was used to optimise the signal. This was
corrected for by measuring the relative intensities of two peaks well separated in
wavenumber, in a spectrum of CsGaSH, optimising on each peak in turn. The
corrected intensity for all the data points in the spectra were calculated using the

expression:

Counts,, = counts,,(1 + (displacement of peak from position where signal
optimised/1000 cm™)) 2.8.1

This correction proved to be adequate for a range of conditions.
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v;MO region of RbV(SO,),.12D,0 extracted from figure. 2.9.8.

Figure 2.8.1

Peak Positions and Parameters

PEAK HEIGHT LORENZIAN (100)/ FULL WIDTH SYMMETRY ASSIGNMENT -
POSITION (0 - 100) GAUSSIAN (0) MIX HALF HEIGHT

461 cm™ 6 80 9 F,

469 cm* 70 80 9.2 B,

485 cm* 15.2 80 17 A,

500 cm* 13 80 12.6 E, P

508 cm! 95 80 7.2 A, v,VO,
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2.9 Assignment of the Single Crystal Raman Spectra of the Rubidium alums
between 275 and 1200 cm-1

A) Assignment of the Spectra of RbAISH and RbAISD in the region 275 to 1200 cm™.

From previously published spectra of the caesium alums®® the vibrational
modes expected to be found in the region 275 to 1200 cm are i) the internal modes
of the tervalent hexa-aqua-cation; ii) the internal modes of sulphate; iii) the external
modes of water, the rocks, wags and twists.

The group theoretical analysis predicts that 11A, + 11E, + 33F, vibrational
bands should be found for the forenamed molecular groupings. 4A, + 11E, + 19F,
bands are observed for the hydrate in this region. The difference between the
expected and observed number of bands is attributed to vanishingly weak intensities
in the case of the A; and some of the F; bands; some F; bands are also likely to be
accidently degenerate where the factor group splitting is too small to be resolved.
For the deuteriate, the spectra is greatly complicated by the presence of overtone and
combination bands| principally arising from the external modes of D,O.

The key spectrum in ﬁe assignment of the internal modes is the E, spectrum
since each asymmetric normal co-ordinate is expected to have one E, component and
all E, bands are observed. A listing of vibrational frequencies and assignments for the
alums RbAISH and RbAISD are given in tables 2.9.1 and 2.9.2 respectively.

(i) The internal modes of [Al1(OH,)s]** and [A1(OD,){]*

V1(AlQg). One A, and one F, band are predicted for this mode. v,(AlO;) has
been assigned to a band, occurring with A, activity, at 542 cm™ for the CsAISH B
alum; v,(AlOq) for RbAISH is expected to be found close to this value. The A, band
at 545 cm™ for RbAISH is in close agreement with this expectation, the presence of
a corresponding band at 519 cm™ for the deuteriate confirms the assignment. The
ratio Vp/vy is 0.95 in excellent agreement to that expected (0.949). A weak F, band
is also observed for both the hydrate and the deuteriate, coincident with the position
of the A, component in each case, and this is tentatively assigned to v,(AlOg).
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TABLE 29.1

Vibrational Frequencies and assignments for RbA1(SO,),.12H,0 between 275 and 1200 cm™.

v/em' X'@ZZ)Y X (Y'X)Y X'@Z XY assignment
336 E, 26 11 | Vs(AlO9
338 F, 94

354 F, 13

440 E, 131 57 V4SO
441 F, 273

460 F, 13 9 265 +

471 F, 71

473 E, 263 113 V,(AlOg
516 F, 23 8 7

522 E, 29 10 Ps

523 F, 145

545 A,GFD T 11 v,(AlO9
599 E, 213 95 7 Ps

608 F, 9 4 196

615 F, 9 4 180

623 F, 23 9 321

639 E,(+F,) 223 108 33 v,(SO)
712 F, 20

714 E, 114 48 Pe

729 F, 9

781 E, 10 5

785 F, 14 Ps

789 A, 5

869 F, 1 28 |

875 A, 13

891 E, 16 7 P2

893 F, 32

935 F, 2 |

940 E, 23 17 ' Py

977 A, 18 v,(8'°0,"0)
992 A, 7368 111 173 vi(S0)
1087 F, 20 |

1100 E, 170 87 | vi(SO)
1110 F, 45 I

1136 F 35 20 325 '
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Figure 2.9.1

Single crystal Raman spectra of RbA1(SO,),.12H,0 between 275 and 1200 cm™.
Sensitivities: X’(Z Z )Y’ 108796 counts sec’’; X’(Y’X")Y’ 1821 counts sec™;

X'(Z X")Y’ 4028 counts sec? (72 (1) K; step size 0.4 cm™; spectral bandwidth

2.9 cm™ at 600 cm™; integration time: X'(Z Z )Y’ and X’(Y'X")Y’, 4 seconds; X’(Z
X’)Y’ 5 seconds. 406 nm radiation, S0 mw power at sample).
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TABLE 2.9.2

Vibrational Frequencies and assignments for RbAI(SO,),.12D,0 between 275 and 1200 cm™.

V/en' XZz)y XX XZxHy assignment
17 E 23 8 vy(AIOy)
323 F 3 3 43

325 E, s 6 ?

34 F, 16

350 F, 6

351 A +F, 6

365 E, 1 4

M K s1 30 Pe

376 F, 19

43 E 6 2

424 F, 2 2 32 1Pt
438  F, 4 1 53 |

441 E 39 13 | viA10) +
46  F, 251 |

461 B, 223 91 | vi(80)
413 F, 2 |

482 B +F, 15 12 23 !

519 A GED 83 16 V(109
52 E, 45 17 Pe

s E, 115 46 Py

56  F, 28

618 F, 1 1 7

6% B, 183 67 V(809
6% F, 12

643 F, 26

653 F, 76

655  E, 17 6 [

695 F, 3

697 B, %4 9 P

724 F, 2 |

738 B 1 2 I

43 F, 1 I

M E 1 1 I

808 F, 1 |

810 E, 2 2 I oo
875  E? 1 ? ? |

891 F? 1 |

87 B, 2 2 |

962  F? 1 |

969 A, 1 !

976 A, 70 2 1 v,(8'0,"*0)
991 A 7401 105 141 /(S0
1014 A, 2

1044 E, 2 2 |

145  F? 1 | vy(s0)
1068 E, 3 2 ? |

1069  F, 2 |+

1101 F, 2 |

13 E 44 17 I Voo
136 F, 12 6 61 !
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Figure 2.9.2

Single crystal Raman spectra of RbAL(SO,),.12D,0 between 275 and 1200 cm™.
Sensitivities: X’(Z Z )Y’ 113152 counts sec’’; X’(Y’'X’)Y’ 1628 counts sec’;
X’(Z X’)Y’ 3912 counts sec? (67 (1) K; step size 0.4 cm™; spectral bandwidth
2.9 cm™ at 600 cm™; integration time 4 seconds; 406 nm radiation, 50 mw power
at sample).
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V,(AlQ;). Previous room temperature single crystal Raman Studies of
RbAISH," assign v,(SO,) at 473 cm™ and v,(AlOy) at ca. 440 cm” for E, bands found
in the hydrate. However, comparison of the low temperature spectra of RbAISH with
that of CsAlSeH? (also an o alum), shows the position of the band at 473 cm™ to be
unchanged on substitution of selenate for sulphate, suggesting that this band should
not be assigned to v,(SO,). The E, band at 473 cm’! along with the F, component at
471 cm™ in the hydrate are good candidates for assignment to v,(AlO;). V,(SO,) is
also expected in this region. The E, band at 440 cm’ and the F, band at 441 cm’ are
assigned to v,(SO,).

V,(MOy) and v,(SO,) were found to be strongly coupled in the spectra of the
caesium P alums. The extent of coupling of these two modes in RbAISH is further
discussed with respect to the Raman spectra of the other rubidium o alums. |

The E, component of an external mode is found at 599 cm’ in the hydrate and
this would be expected to occur at ca. 440 cm™ in the deuteriate. The positions and
intensities of the E, and F, bands found between 400 and 500 cm™ in the deuteriate
indicate that there is strong coupling owing to the high density of bands and ordering
of the local modes is not attempted.

Vs(AlOy). The E, band at 336 cm™ along the F, bands at 338 cm™ and 354
cm! are assigned to v5(AlQg), these bands occur at 317 cm, 323 cm’, and 334 cm
for the deuteriate. The shifts on deuteriation of 0.94 to 0.96 are what we would
expect for this, the last Raman active internal mode of AlO,4 to be assigned.

(ii) The internal modes of sulphate

The intense bands occurring with A, symmetry at 992 cm’ in the hydrate, and,
at 991 cm™ in the deuteriate are assigned to v,(SO,). A band of A, symmetry arising
from the v,(5'%0,®0) mode is expected and is found at 977 and 976 cm™ for the
hydrate and deuteriate respectively. This band is expected to occur with intensity
0.75 % of that of the v,(SO,) mode. The height of the v,(5'°0,'®0) band cannot be
measured accurately in the spectrum of the hydrate because of the extent of the wing
of v,(SO,). For the deuteriate, the height of v,(5'%0,'®0) is 0.8 % of that found for
v;(SO,).

V,(SO,) Already discussed with respect to v,(AlO;).
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Vv,5(SO,). For the deuteriate, the band positions for v,(SQO,) are coincident with
bands designated as vy, Which arise as a consequence of either overtones, bending
modes or combination bands associated with D,O. Assignments are therefore from
the hydrate.

One A,, one E, and three F, bands are predicted. From previous vibrational
studies’® v,(SO,) is expected in the region between 1000 and 1200 cm®. An E,
component is found to lie at 1100 cm™ and may be coincident with the A, component.
Three F, components are also found occurring at 1087 cm™, 1110 cm™, and 1136 cm,
these bands are assigned as v;(SO,).

v4(SO,). Bands found with E, activity at 639 cm™ for the hydrate and 636 cm™
for the deuteriate are assigned to this mode. F, modes are found close by. All other
remaining bands in the hydrate being accounted for as external modes of water by
their shifts on deuteriation. In the deuteriate, v,(SO,) lies very close in position to an

external mode of water; assignment of the F, modes in this region is ambiguous.

(iii) The external modes of water (water librations)

The remaining bands in the Raman spectra occurring between 250 and 1200
cm? are due to the external modes of water, the rocks, wags, and twists, which
correspond to hindered rotations around the three axes of inertia (see fig. 2.7.1).

Each of the six external modes of water has an E; component. Since there are
six E; bands unaccounted for in the spectrum of the hydrate, the assignment is simply
one to one. F, and A, (when observed) components are found close by. The
intensities and positions of external modes in the deuteriate occurring in the 300 - 500
cm’ spectral region are greatly affected by coupling owing to high density of bands
arising from different modes.

The six external modes are labelled p,-ps in order of decreasing wavenumber.
Examination of the X-ray*'*'® and neutron diffraction'”® structures of the alums show
that the hydrogen bonds extending out from the water co-ordinated to metal(III) are
the strongest in the lattice. p,-p; are therefore likely to be associated with water
molecules co-ordinated to the tervalent cation and p,-ps with water molecules co-
ordinated to the monovalent cation.

An examination of the sensitivity of the external modes to deuteriation, the
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metal-ligand bond length the stereochemistry of water co-ordination and also the
relative intensities of the external modes in the infrared and Raman spectra, has led
to an assignment of the external modes of water co-ordinated to the tervalent cation.’®
p, is assigned as the rocking motion, p, to the twisting motion and p; as the waging
motion. The assignments are very tentative however and no attempt has been made
to order the external modes of the monovalent cation. The water molecules lie on
sites of C, symmetry. Model calculations predict that in the absence of symmetry
restrictions, a mixture of the wagging and twisting rotary motions is likely to occur.!
In view of this, the nomenclature p,-p; is retained here.

B) Assignment of RbInSH, RbGaSH, RbFeSH, and RbCrSH between 275 and
1200 cm™.

In broad terms the assignments of these rubidium o alums follow from the
assignment of RbAISH and are given in tables 2.9.3 - 2.9.6.

(i) The internal modes of [M(OH,){)*

v,(MOg). Strong A, bands found at 500, 538, 526 and 540 cm™ for the indium,
gallium, iron and chromium alums, are assigned as v,(MOs) respectively. The A,
bands are all found well away from other E, modes and are consistent with the values
of v;(MO,) found for the caesium B alums.’

v,(MOy) and v,(SO,). With the exception of v,(SO,), there is insignificant
change in the position of the bands which are associated with the internal modes of
sulphate for RbInSH, RbFeSH, RbGaSH, and RbCrSH. The wavenumber of v,(SO,),
however, is dependent on the tervalent cation, indicative of strong coupling effects.
The spectra of RbCrSH is markedly different from the other rubidium sulphate o
alums in this region. v,(CrOy) is found at 503 cm’, much higher than for the other
rubidium o alums. v,(SO,) is found at 447 cm™. Since v,(CrOg) is far removed from
v,(SO,), an estimate of the uncoupled wavenumber of v,(SO,) can be estimated from
the spectrum of RbCrSH where the coupling is assumed to be minimal. Uncoupled
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TABLE 293

Vibrational Frequencies and assignments for RbIn(SO,),.12H,0 between 275 and 1200 cm™.

v/em'! X'Z Z)Y X'(Y'X)Y X' XY assignment
294 F,+E, 23 21 109 |

305 (A,orE) 23 Sh? | vs(InOy
318 F, 25 '

352 E,? 17

44 F, 94 i VoS00
426 E, 35 27 |

457 F, 185 | +

461 F, 173 |

464 E, 151 107 | v,(InOg
474 A, Sh |

494 F, 68

500 A, 345 28 v,(InOy)
529 F, 18 59 Ps
S8S E, 84 61 Ps
609 F, 38 196

612 F, 38 164

625 E, 209 152 4 v,(S0)
636 F, 32

691 F, 28

701 E, 85 59 Ps
728 E? 22

775 E, 25 21 I Ps
779 F 21 !

864 F, (+B) 22 26 |

893 F, 30 | p,
894 E, 38 28 !

923 E, 49 34 P
976 A, 79 v,(5°0,*0)
992 A, 4439 214 116 v,(SO,)
1086 F, 32 |

1098 E, 95 70 | vy(50)
1107 F, 76 |

1132 F, 29 35 256 !
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Figure 2.9.3

Single crystal Raman spectra of RbIn(SO,),.12H,0 between 275 and 1200 cm™.
Sensitivities: X’(Z Z )Y’ 110578 counts sec’’; X’(Y'X’)Y’ 5030 counts sec’;

X’(Z X')Y’ 6624 counts sec” (87 (3) K; step size 0.4 cm?; integration time 4
seconds; 514 nm radiation, 30 mw power at sample).
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TABLE 294

Vibrational Frequencies and assignments for RbGa(SO,),.12H,0 between 275 and 1200 cm™.

v/em™ XZ Z )Y X'(Y'xXHy X'Z XYy assignment
317 F, 9 |

319 E, 7 6 | v«(GaO,)
326 A? 8

320 F, 7

338 F, 9

432 E, 45 41 vASOy)
432 F, 67

450 F' 4 +

461 F, 108

465 E, 146 123 vAGaO,)
465 F, 80

519 B, 23 11

517 F, 29 Ps

522 F, 41

538 A, (+E,D) 311 8 13 v,(GaOy)
594 B, 186 155 5 Ps

604 F, 2 1 14

617 F, 38 35 182

632 F? 10

633 E, 267 221 v4(50,)
645 F, 3

704 F, 7 |

708 B, 131 98 ' op,

776 B, 6 6 i Ps

777 F, 3 '

866 F, 1 9 |

872 A, 7 |

887 F, 3 | P,

898 E, 26 22 |

898 F, 13 '

933 E, 30 29 Py

977 A, 47 1 v/(8"°0,*0)
993 A, 13095 280 260 v4(SO,)
1020 A, 2 ?

1087 F, 9 !

1100 E, 153 118 | (509
1109 F, 24 I

1123 RL 11 22 15 |

1135 F, 31 39 168 !



Figure 2.9.4

Single crystal Raman spectra of RbGa(SO,),.12H,0 between 275 and 1200 cm™.
Sensitivities: X’(Z Z )Y’ 260761 counts sec™; X'(Y’X’)Y’ 5814 counts sec;
X’(Z X')Y’ 5282 counts sec (63 (2) K; step size 0.4 cm™; spectral bandwidth
1.7 cm™ at 600 cm™; integration time 3 seconds; 514 nm radiation, 80 mw power

at sample).
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TABLE 2.9.5

Vibrational Frequencies and assignments for RbFe(SO,),.12H,0 between 275 and 1200 cm™.

v/em™ X@ZZzZ)Y XY x)y X(Z XY assignment
34 F, 251

305 E, 46 59 V5(FeOy)
310 F, 8 233

316 A, 18

330 F, 2 3 16

435 E, 50 46 v(SO)
435 F, 139 +

460 F, 10 16 214 v,(FeOp)
470 E, 138 121 16

515 E,? ? 13 | P

515 F, 53 '

526 A, 1121 43 ' v,(FeOy)
530 F, 49

504 E, 387 338 17 Ps

604 F, 40

616 F, 40 53 290

632 E, 434 389 38 V(SO
641 F, 15

701 F‘ 15 1 Pa

705 E, 155 84 '

780 E, 14 10 I Ps

783 F, 17 '

855 F, 2 26 |

862 A, 14 |

879 E, 17 11 | p.
880 F, 29 '

930 E, 17 17 ? | P

941 A, 10 '

976 A, 43 1 1 vy(5'°0,%0)
991 A, 14488 387 142 Vy(SO)
1083 F, 13 |

1096 E, 170 106 | vi(SO)
1106 F, 37 29 220 |

1132 F, 57 56 652 '



Figure 2.9.5

Single crystal Raman spectra of RbFe(SO,),.12H,0 between 275 and 1200 cm™.
Sensitivities: X*(Z Z )Y’ 222380 counts sec’’; X’(Y’X’)Y’ 7954 counts sec™;
X*(Z X*)Y' 11446 counts sec® (72 (2) K; step size 0.4 cm™; spectral bandwidth
1.92 cm at 600 cm™; integration time 4 seconds; 488 nm radiation, 80 mw power
at sample).
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TABLE 2.9.6

Vibrational Frequencies and assignments for RbCr(SO,),.12H,0 between 275 and 1200 cm™.

v/cm'! X'(Z Z)Y’ X'(Y'X)Y X'Z XY’ assignment
308 E, 13 14 | Vs(CrOy)
309 F, 81 |

312 F, 65 |

316 A, 13 |

330 F, 2 2 13 '

447 E, 123 74 v,(SO,)
449 F, 91

458 F, 15 18 83

503 E, 52 31 v,(C10y)
520 F, sh 20 Ps
540 A, 165 21 6 v,(Cr0y)
592 E, 78 44 Ps
616 F, 13 31 87

631 E, 191 117 16 V4SO
698 F, 4 !

701 E, 42 24 Pa
726 F, 1

753 F, 2

774 E, 10 5 Ps
780 F, 6

864 F, 4

872 A, 6 P2
893 F, 5

896 E, 8 3

929 F, 1 i

932 E, 13 8 _ ' opy

976 A, 21 2 1 v(§°0,"0)
992 A, 3977 115 22 vy(SO,)
1082 F, 2 5 |

1098 E, 46 27 I vs(S0
1107 F 38

1133 F, 9 20 139 !
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Figure 2.9.6

Single crystal Raman spectra of RbCr(SO,),.12H,0 between 275 and 1200 cm™.
Sensitivities: X*(Z Z )Y’ 61307 counts sec’; X’(Y’X’)Y’ 1871 counts sec’;

X'(Z X’)Y’ 2155 counts sec’ (100 (10) K; step size 0.4 cm™; spectral bandwidth
2.7 cm™ at 600 cm™; integration time 4 seconds; 476 nm radiation, 60 mw power

at sample).
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wavenumbers for the v,(MO,) mode are estimated by subtracting the uncoupled
v,(SO,) wavenumber (447 cm™) from the sum of the E, components of the coupled
V,(MOg) and v,(SO,) modes. For aluminium, indium, gallium and iron, uncoupled
v,(MO;) wavenumbers are calculated as 466, 443, 450, and 458 cm™ respectively.
The corresponding values of v,(MO;), calculated in the same way for the caesium 3
alums,’ are 464, 444, 450 and 456 cm™. The similar values suggest little change in
the strength of the field immediately around the tervalent cation on change of alum
type.

V5(MO;). This mode is identifiable as the cluster of bands between 300 and
400 cm’. The E, components are found at 294 cm™ (In) 319 cm™ (Ga), 308 cm™ (Cr)
and 305 cm™ (Fe).

(ii) The internal modes of sulphate.

The A, band arising from v,(SO,) is found at 992 (In) 991 (Fe) 992 (Cr) and
993 (Ga). These values being close to that found for RbAISH of 992 cm™. The form
and position of v4(SO,) and v,(SO,) are likewise easily identified by comparison with
the spectra of RbAISH and are assigned accordingly. v,(SO,) has already been
discussed with v,(MOy).

(iii) External modes of water.

The E, components of the external modes are all found and are again labelled
in order of decreasing wavenumber. Comparison of the external modes found for the
rubidium sulphate o alums of Al, Cr, and Fe with the caesium selenate alum
counterparts>® show that there is negligible change in band position for the external
modes labelled p, and p, which are associated with the tervalent hexa-aqua-cation (in
the caesium selenate alums, p, is strongly coupled to v;(Se0,)).>* The water librations
are very sensitive to the structural environment, suggesting that the strength and
directional order of the hydrogen bonds extending from the water co-ordinated to the
metal(III) centre remain essentially unchanged from RbM™SH to CsM™SeH.
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(C) Assignment of RbV(SO,),.12H,0 between 275 and 1200 cm™

4A, + 10E, + 12F, bands are found for the hydrate and 4A, + 15E, + 15F, bands for
the deuteriate.

(i) Internal modes of [V(OH,)¢J** and [V(OD,)*.

Vv;(VOq). As for the o alums, the group theoretical analysis predicts that one
band of A, symmetry and one of F, symmetry should arise from this mode. For the
caesium vanadium alum, the A, component has been assigned to a band at 525 cm™.’
The A, bands, found at 531 cm® for RbVSH, and at 508 cm™ for RbVSD, are
assigned to v,(VOq). The vp/vy ratio of 0.957 is higher than expected. Additionally,
v,(VOy) is found 6 cm™ higher in RbVSH compared to CsVSH. The V-O bond
distances in the CsVSH and RbVSH alums are found to be identical (1.992(6) A in
CsVSH® and 1.996(3) in RbVSH"). The significant difference in the band position
of v,(VOy) is rather curious therefore since a good inverse relation is found between
M™.0 bond length and v,(MOg)* stretching frequency.’> A possible explanation for
the change in band position of v,(VO,) is that this mode is found to be almost
coincident with an external mode of water in the RbVSH alum. It is possible,
therefore, that the position of v,(VO,) may alter because of coupling effects.
However, this explanation is not adequate in explaining the anomalous position of the
V1(VOq) mode in the spectra of the deuteriate. No F, band is found nearby that shifts
by the expected ratio on deuteriation. F, bands that are found nearby are accounted
for by the external modes of water.

V,(VOq). This mode, along with v,(SO,), is expected between 400 and 500
cml, An E, band is found at 431 cm™ in RbVSH. A band of E, activity, is found at
410 cm™ in the spectrum of RbVSD. The ratio vy/Vy for the bands is 0.95 suggesting
assignment to v,(VO,). This leaves the bands at 475 cm™ in the hydrate and at 470
cm’ in the deuteriate for assignment to v,(SO,). The change in relative intensities of
the two E; modes on deuteriation suggests there is coupling of the two modes. In
addition assignment of the two E,
bands to uncoupled components of v,(VO,) and v,(SO,) is not supported by the
vibrational analysis of the Raman spectra of the caesium P alums.” The Raman
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TABLE 2.9.7

Vibrational Frequencies and assignments for RbV(SO,),.12H,0,
between 275 and 1200 cm™.

v/em X(ZZ)Y X'(Y'X)Y’ X'(Z XY’ assignment
306 F, 20 114

311 E, 80 73 Vs(VOp)
333 F, 2 15 60

431 E, 900 656 . v,(S0,%)
434 F 90 +

465 F, 71 v,VO,
475 E, 332 246 17 !

531 A, 443 v,(VOy)
533 E, ? 53 | P
535 F, 21 '

568 E, 142 94 Ps
609 F, 38 38 47 |

624 F, 40 | vi(SOJ)
626 E, 191 144 |

681 E, 70 34 Ps
722 F, 3 I

739 F, 5 | s
755 E, 253 145 3 !

796 E,? 1 4

865 A, 15 |

878 E, 67 38 | P,
884 F, 2 !

922 F]? 1

958 F,? 1 |

961 A, 55 ' py
973 A, 107 v{(50,1%0)
989 A, 9136 169 23 vi(S0,)
1088 F, 34 |

1092 E, 118 78 | vs(SO,)
1101 F, 9 '
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Figure 2.9.7

Single crystal Raman spectra of RbV(SO,), 12H,0 between 275 and 1200 cm™.
Sensitivities: X"(Z Z )Y’ 141237 counts sec?; X*(Y’X")Y’ 10220 counts sec™;
X’(Z X’)Y’ 1840 counts sec? (79 (5) K; step size 0.4 cm™; spectral bandwidth
2.96 cm™ at 600 cm’; integration time 4 seconds; 457 nm radiation, 50 mw power

at sample).
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TABLE 2.9.8

Vibrational Frequencies and assignments for RbV(SO,),.12D,0 between 275 and 1200 cm™.

v/em™ X'@ZzZ)Y X'(Y’X)Y’ X'@Z XY’ assignment
292 F, 33 91 |

295 E, 95 70 | vs(VOy)
318 F, 2 12 55 '

387 E, 31 13 | Ps
403 F, 37 '

410 B, 946 500 | VASO.)
416 E, sh sh | +

413 F, 44 | ps
456 F, 30 |+
462 F, 37 86 | v,VOq
469 B, 231 125 '

485 A, 55 |

500 E, 42 14 _ I p,
507 Fp? 3

508 A, 306 9 v,(VO))
531 F, 10

546 F, 13 Ps
548 E, 136 65

621 F, 6 59

630 E, 50 28 P2
646 F, 24 +

653 E, 235 123 | vi(509
658 F, 23 !

682 F.? 1

694 E, ? 6 |

697 A, 15 | o
700 F, 3 :

764  E,(+F,7) 6 3 1

852 E,+F.?) 1 1 1

864 E, 1 1

892 E, 2 1

898 F, 1

971 A, 93 3 1 v,(5°0;*0)
988 A, 12439 288 102 vy(SO
1020 E, 2 3 2

1099 F, 88 |

1102 E, 30 34 | vs(50)
1128 F, 3 !
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Figure 2.9.8

Single crystal Raman spectra of RbV(SQO,),.12D,0 between 275 and 1200 cm™.
Sensitivities: X’(Z Z )Y’ 191082 counts sec™; X’(Y’X’)Y’ 7780 counts sec™;
X’(Z X*)Y’ 1593 counts sec? (81 (6) K; step size 0.4 cm™; spectral bandwidth
2.22 cm! at 600 cm’’; integration time 4 seconds; 457 nm radiation, 60 mw power

at sample).
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spectrum of RbVSH is practically identical both in position and profile with that of
CsVSH. Comparison of the spectra of CsVSH with that of CsCrSH led to an estimate
of 454 cm™ for v,(VOg) using the method of subtracting the uncoupled v,(SO,) value
(obtained from the spectra of CsCrSH) from the sum of the E, components of the
coupled v,(VOg) and v,(SO,) modes.” Analysis of the spectra of the caesium alums
suggests, therefore, that assignment of the band found at 431 cm™ in RbVSH to the
uncoupled component of v,(VOy) is not correct. Ordering of the v,(VOy) and v,(SO,)
modes is not attempted.

Vs(VOq). A, + E, + 3F, bands are expected for this mode. By comparison
with the spectral assignment of CsVSH,’ the E, band at 311 cm™ and the F, bands at
306 and 333 cm are assigned as v5(VOy) for the hydrate with the bands shifting for
the deuteriate to 295 cm’! (Ep) and 292 and 318 cm’ (Fp) vp/vy being 0.95.

(ii) The internal modes of sulphate

v,(SO,). The totally symmetric stretch is found to be very intense and occurs
at 989 cm™ for the hydrate and 988 cm™ for the deuteriate, the difference being less
than experimental error. The expected F, component in both cases is either
vanishingly weak or is coincident with the A, component and cannot be distinguished
from the leakage of the A, component into the other polarisations.

v,(SO.%). The assignment of this mode has already been discussed with
respect to the v,(VO,) phonon mode.

v4(SO,*). The cluster of bands occurring at around 1100 cm™ are assigned to
v4(SO%). The position and intensity of these bands are analogous to the bands
occurring for the v4(SO,%*) mode in the caesium B alums. The bands are assigned
from the hydrate, since, in the deuteriate, overtone and combination bands,\principally
arising from external modes of D,0, occur in this region. The E, component occurs
at 1092 cm™. F, components are found at 1088, 1101 cm™.

v,(SO2). A, + E, + 3F, bands are expected. The only remaining E, band
which does not shift significantly on deuteriation occurs at 626 cm™ for the hydrate.
The F, bands at 609 and 626 cm™ are also assigned to v,(SO,*). In the spectra of the
deuteriate, an external mode is found nearby and is involved in coupling with the
V,(50,%) mode. The E, band at 630 cm™ and the F, band 621 cm are assigned as
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primarily arising from this mode.

(iii) The external modes of co-ordinated water

The external modes are again not assigned specifically but are labelled p,-ps
in order of decreasing wavelength. The expected shift ratio is approximately 0.73 and
the corresponding bands are found in the deuteriate, with the exception of p, which

is only found with A, symmetry in the hydrate.

(D) Assignment of RbTiSH between 275 and 1200 cm™

The spectra of this alum is analogous to the spectra of CsTiSH indicating that
RbTiSH is also of the f modification. As with the Raman spectra of CsTiSH, some
of the phonon modes between 275 and 1200 cm™ show considerable broadening, most
noticeable in the external water modes. Band broadening of the external modes of
water is commonly associated with dynamic disorder of the water molecules.>* The
Raman spectra of RbTiSH are discussed in detail in chapter 4. The internal modes
of sulphate are found close in wavenumber and with similar relative intensities to
those of CsVSH. There is also little difference in the position and intensities of the
internal modes of [Ti(OH,)s]** for the caesium and the rubidium alums indicating little
change in environment of the tervalent hexa-aqua-cation on change of monovalent

cation.
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TABLE 2.9.9

Vibronic Frequencies and assignments for RbTi(SO,),.12H,0,
between 275 and 1200 cm.

v/em! X'(@2ZZ)Y X'(Y'X)Y’ X'(Z XY’ assignment
292 F, 20 .

294 E, 8 4 v4(TiOg)
324 F, 21

435 E, 44 22 v,(S0,%)
441 F, 102 +

463 F, 46 v,(TiO)
473 E, 22 10

518 A, 50 3 3 v,(TiOy)
53 E,+F, 14 5 20 Ps

570 E, 15 7 Ps

607 F, 46 |

623 F, 35 | vi(SOy
625 E, 21 7 '

677 E, 23 9 1 Pe

724 F, 1

755 A, 10 1 Ps

763 F, 2

797 E, 4 2

854 A, 4

866 E, 7 4 P2

872 F, 1 !

932 E, 1 2 | P

961 A, 27

988 A, 2883 33 72 v,(SO,)
1092 E, 10 4 |

1088 F, 62 | v,(SO,)
1100 F, 29 |

1112 E, 2 2 | !
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Figure 2.9.9

Single crystal Raman spectra of RbTi(SO,),.12H,0 between 275 and 1200 cm™.
Sensitivities: X’(Z Z )Y’ 88897 counts sec’; X’(Y’X’)Y’ 1012 counts sec’;

X'(Z X’)Y’ 1647 counts sec? (90 (9) K; step size 0.4 cm™; spectral bandwidth
2.79 cm™ at 600 cm™; integration time: X*(Z Z )Y’, 4 seconds; X (Y’X')Y’ and X*(Z
X")Y’ 2 seconds. 413 nm radiation, 80 mw power at sample).
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2.10 Assignment of the spectra of the rubidium alums between 10 and 275 cm™

a) The sulphate rotations and translations.
The assignments of these modes are made on the following basis:

i) The wavenumber of the bands are expected to be insensitive to deuteriation of the
crystal.

ii) The low wavenumber single crystal Raman spectra of the caesium selenate o alums
Al, Fe, and Cr have been recorded and assigned previously.! The bands arising from
these modes should shift to lower wavenumber on substitution of selenate for sulphate
since the selenate anion is both larger and has a greater mass than the sulphate anion.
iii) The previously recorded single crystal Raman spectra of the caesium alums,’'
indicate that the sulphate rotations and translations occur below 100 cm™.

Both lattice modes are predicted to occur with A,, E,, and three F, components.
Based on the relative sizes and masses of the anions, the ratio vSO,*/vSeO,? is
expected to be 1.22 for the translatory mode and 1.12 for the rotary mode. For the
caesium aluminium alums, two E, bands were found below 100 cm™ at 59 and 75 cm
for the sulphate (a B alum) and 49 and 70 cm™ for the selenate (an o alum); giving
vSO,*/vSeO,” ratios of 1.20 and 1.07. This being the main basis of assignment of the
lower energy band to the anion translation and the higher energy band to the anion
rotation. Structural differences between the o and P alums, leading to differences in
the field about the anions have formed the basis of the explanation offered for the
discrepancy between the calculated and the observed vSO,>/vSeO,” ratios.!

For the RbAISH and RbAISD alums, two E, bands are found below 100 cm™
and occur at 51 and 76 cm™ for the hydrate and at 50 and 75 cm™ for the deuteriate.
Comparison with the spectra of CsAlSeH gives ratios for vSO,%/vSeO,* of 1.04 and
1.09; both alums being of the same modification. The A, component for one of these
lattice modes occurs around 38 cm™ for both CsAlSeH and RbAISH. The other A,

component is also observed; occurring at 93 cm™ for RbAISH and 88 c¢m™ for
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TABLE 2.10.1

Vibrational Frequencies and assignments for RbA1(SO,),.12H,0,
between 20 and 275 cm™.

viem! X'Z Z)Y’ X(Y'X)Y’ X’ZX)Y assignment
37 A 377 5 1 ,

51 E, 529 250 24 &r (SO.2)
59 F 11 3 98

63 F, 17 9 157 +

76 E, 434 204 18

82 F, 16 5 7 rot (SO2)
93 A, 20 2

103 F, 2 1 31

120 F, 18

121 E, 410 184 | rot [RHOHL)J*
139 F, 5 1 36

156 F, 19

163 F, 267

163 E,+A, 822 228 rot [AKOH,)*
171 F, 17 10 318

179 F, 6 73

181 A 52

193 A +E, 551 20 14 viRb(OH,)J*
203 F, 2 7 378

223 F, 3

238 E, 217 9 13 v,IRB(OH,)J*
246 F, 25

258 A, 132 5 v,[Rb(OH)J*
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Figure 2.10.1

Single crystal Raman spectra of RbAL(SO,),.12H,0 between 15 and 300 cm™.
Sensitivities: X’(Z Z )Y’ 12838 counts sec’’; X’(Y’X')Y’ 3887 counts sec™;

X’(Z X*)Y’ 5977 counts sec” (72 (1) K; step size 0.4 cm™; spectral bandwidth
3.02 cm™ at 150 cm’; integration time: X’(Z Z )Y’ and X’(Y’X")Y’, 4 seconds; X'(Z
X’)Y’ 5 seconds. 406 nm radiation, S0 mw power at sample).
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TABLE 2.10.2

Vibrational Frequencies and assignments for RbA1(SO,),.12D,0,
between 20 and 275 cm™.

v/em'* X'ZZ)Y XY'x)y XZX')Y'  assignment
37 A (+F2) 300 16 7 |

50 E, 384 122 15 tr (SO
59 F, 2 2 30

63 F, 5 3 85 +

75 E, 336 102 9

81 F, 7 3 42 rot (SO%)
91 A, 38 1 4

101 F, 20

117 E, 285 84 11 rot [RK(OD,)J*
135 F, 20

157 A, 269

159 F, 158

162 E, 323 97 rot [AIOD,) ™
167 F, 163

175 F, 1 45

178 A, 44 1

187 A, +E, 327 9 7 Vs[RH(OD,){]"
198 F, 7 7 184

215 F, 3

232 E, 188 59 5 v,[RH(OD,){J*
237 F, 17

251 A, 126 2 3 v,[Rb(OD,)gJ*
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Figure 2.10.2

Single crystal Raman spectra of RbAl(SO,),.12D,0 between 10 and 300 cm™.
Sensitivities: X’(Z Z )Y’ 6027 counts sec’’; X’(Y’X’)Y’ 1899 counts sec™;

X’(Z X')Y’ 2972 counts sec’ (67 (1) K; step size 0.4 cm™; spectral bandwidth
3.02 cm! at 150 cm; integration time 4 seconds; 406 nm radiation, 50 mw power

at sample).






CsAlSeH, giving a vSO,*/vSe0,? ratio of 1.07. Discrepancies between calculated and
observed vSO,*/vSeO,> ratios might be because of different degrees of coupling
between the lattice modes in the two alums. In the F, spectra, where 6 bands are
expected, only 3 bands can be assigned as F, modes with certainty. The other
observed bands are likely to occur through leakage of bands of A, and E, symmetry.

The E, and A, bands corresponding to the translational and rotational modes
of sulphate are found in similar positions for the other rubidium o alums. The low
wavenumber spectra of RbVSH is analogous to the caesium B alums in that no A,
band is present for the lowest wavenumber lattice mode as is observed for the caesium
and rubidium o alums. The low wavenumber spectra of RbTiSH is discussed
separately. The vSO,*/vSeO,” ratios for the sulphate lattice modes of Al, Cr, and Fe
give little indication as to the ordering of these modes and assignment is not attempted

here.

b) The rotations of the tervalent and monovalent hexa-aqua-cations.

One E,, one A, and three bands of F; symmetry are expected for both sets of
lattice modes.

The E, component for rot [Cs(OH,)s]* has been assigned for CsAISH at 116
cm” and at 117 cm™ for CsAlSeH. The rot [AlI(OH,)¢]** mode is assigned at 143 and
159 cm™ for the respective alums. Assignments were made on the basis. of the
variation of the wavenumber of these bands with unit cell size for all the CsM(III)XH
alums studied.! This is because there will be a relationship between the size of the
unit cell and the hydrogen bond strength within. The rubidium alum series is not as
robust as the caesium series. Attempts to determine the unit cell of the rubidium
alums by powder diffraction techniques were only partially successful. The unit cell
dimension was not obtainable for the rubidium alums of Fe, Ti, and In, by powder
diffraction methods. These alums, when ground to a powder, are extremely
susceptible to acquiring moisture from the atmosphere.

Bands of E, symmetry are found at 121 cm™ and 163 cm™ for RbAISH and at
117 and 162 cm™ for RbAISD. Shifts on deuteriation are expected to be similar for
these modes. The lower wavenumber band is tentatively assigned as rot [Rb(OH,)]"
and the higher wavenumber band as rot [AI(OH,)s]** corresponding assignments are

65.



TABLE 2.10.3

Vibrational Frequencies and assignments for RbIn(SO,),.12H,0,
between 20 and 275 cm™.

v/cm™ X@ZZ)Y Xy'x)y’ X'ZX)Y assignment
37 A, 117 23 |

41 E, 183 127 29 | r(50.2)
57 F, 22 48 |

63 F, 40 | +

74 E, 154 106 |

77 E;? 19 I rot (SO,%)
93 A, +F 64 19 28

103 E, 146 101 16 rot [Rb(OH,)J*
110 F, 21

130 F, 18

137 A, 86

144 E, 82 47 19 rot [In(OH),)*
155 A, 242 20 24

171 F, 22 141

178 A, 154 2

188 F,+E, sh 31 201 v{[Rb(OH,){J*
201 F, 48

209 E, 168 116 v[Rb(OH,)*
216 F, 63

25 A, 127 3 3 v,[Rb(OD,){J*
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Figure 2.10.3

Single crystal Raman spectra of RbIn(SO,),.12H,0 between 20 and 300 cm™.
Sensitivities: X(Z Z )Y’ 5598 counts sec’; X’(Y’X’)Y’ 2861 counts sec’;

X’(Z X’)Y’ 4607 counts sec” (87 (3) K; step size 0.4 cm’; integration time 4
seconds; 514 nm radiation, 30 mw power at sample).
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TABLE 2.104

Vibrational Frequencies and assignments for RbGa(SO,),. 12H¢O
between 20 and 275 cm™.

v/cm! X'ZZ)Y X'(Y'X)Y’ X'ZX)Y assignment
39 A, 96 3 7 .

46 F, 10 tr (SO.2)
49 E, 135 174 8

58 F, 3 3 53 +

64 F, 3 3 39

77 E, 131 161 8 rot (SO,%)
81 F, 28

93 A, 14 1 2

98 F, 10

112 E, 155 135 rot [Rb(OH, ) J*
136 F, 5

152 F, 16

157 E,+F, 148 118 49 ot [Ga(OH,)J*
162 A, 180 3 3

166 F, sh 3 43

173 A, 25

176 F, 6 74

187 A, 256 sh 8

190 E, sh 14 vs[Rb(OH,){*
201 F, 7 12 132

206 F, 38

224 F, 8

229 E, 127 100 V,[Rb(OH,){J*
235 F, 30

256 A, 102 4 3 v,[Rb(OH,){J*
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Figure 2.10.4

Single crystal Raman spectra of RbGa(SO,),.12H,0 between 10 and 300 cm™.
Sensitivities: X’(Z Z )Y’ 5297 counts sec’’; X*(Y’X’)Y’ 3558 counts sec’;

X’(Z X’)Y’ 2774 counts sec’ (63 (2) K; step size 0.4 cm™; spectral bandwidth
1.79 cm™ at 150 cm™; integration time 3 seconds; 514 nm radiation, 80 mw power
at sample).






TABLE 2.10.5

Vibrational Frequencies and assignments for RbFe(SO,),.12H,0,
between 20 and 275 cm™.

v/cm? X'(ZZ)Y X'(Y’X)Y’ X'(Z X)Y’ assignment
38 A 215 - |

50 E, 209 187 tr (SO,%)
58 F, 1 10 77

64 Fg 33 +

75 E, 770 749 15

81 F, 26 rot (SO,%)
8 F, 15

9% A, 16

97 F, 4 10 51

112 E, 3 3 rot [ROH,)J*
120 F, 3

154 E,(+F2) sh 30 2 rot [Fe(OH,*
158 Ag 173 sh

166 A, 121 8 2

175 F, 3 15 170

184 A 299 10

189 E, sh 27 vJRb(OH,)J*
196 F, 15 15 189

201 F, 10 15 196

217 F, 21

221 E, 210 209 V[R(OH,)J*
226 F, 148

252 A, 173 2 v,[Rb(OH,)¢J*
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Figure 2.10.5

Single crystal Raman spectra of RbFe(SO,),.12H,0 between 25 and 300 cm™.
Sensitivities: X’(Z Z )Y’ 21616 counts sec™; X’(Y’X*)Y’ 17309 counts sec™;
X’(Z X’)Y’ 5848 counts sec? (72 (2) K; step size 0.4 cm™; spectral bandwidth
2.01 cm™ at 150 cm’; integration time 4 seconds; 488 nm radiation, 80 mw power

at sample).
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TABLE 2.10.6

Vibrational Frequencies and assignments for RbCr(SO,),.12H,0,
between 20 and 275 cm™.

v/em’! X@ZzZ)Y X(Y'X)Y X(ZxX)yY assignment
39 A, 177 |

47 F, 6 tr (SO2)
48 E, 123 120

58 F, 4 8 55 +

62 F, 24

77 E, 242 181 rot (SO%)
81 F, 22

92 A, 11

98 F, 2 9

102 A7 4

106 A,? 4

113 E, 13 7 rot [Rb(OH,)J*
122 F, 1

139 F, 4

154 F, 5

155 E, sh 27 rot [C(OH)J™
158 A, 116

168 A, 40 3

174 F, 7 44

184 A, 158 7 Vs[Rb(OH,){]"?
202 F, 13 86

230 E, 93 55 V,[Rb(OH,)¢J*
232 F, 51

252 A, 75 : v,[Rb(OH,) J*
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Figure 2.10.6

Single crystal Raman spectra of RbCr(SO,),.12H,0 between 25 and 300 cm™.
Sensitivities: X*(Z Z )Y’ 3860 counts sec™; X’(Y’X")Y’ 2857 counts sec’;

X’(Z X*)Y’ 1375 counts sec’ (100 (10) K; step size 0.4 cm’; spectral bandwidth
2.83 cm! at 150 cm’!; integration time 4 seconds; 476 nm radiation, 60 mw power
at sample).
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TABLE 2.10.7

Vibrational Frequencies and assignments for RbV(SO,),.12H,0,
between 20 and 275 cm™.

v/em! X'ZZ)Y X'(Y’X)Y’ X'(Z X)Y’ assignment
48 E, 594 381 11 |

50 F, 18 | tr (S0
62 F, 9 |

70 F, 60 | +

74 E, 433 289 sh |

82 F, 7 ' rot (SO,*)
95 A, 54

107 E, 58 36 | rot [Rb(OH,){J*
138 E, sh 2 rot [V(OH,)J*
1437 A, 15

151 A, 59

162 A, +E,) 333 7 10

176 A, 64

180 F, 33

190 E, 195 106 V{[Rb(OH,) J*
190 F, 127

208 F, 85

210 E, 1111 703 v,[Rb(OH,).J*
211 F, 118

220 F, sh 117

245 A, 147 2 4 V,[Rb(OH,) I
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Figure 2.10.7

Single crystal Raman spectra of RbV(SO,),.12H,0 between 25 and 300 cm™.
Sensitivities: X*(Z Z )Y’ 17116 counts sec’; X’(Y’X")Y’ 10791 counts sec’;
X’(Z X’)Y’ 2029 counts sec? (79 (5) K; step size 0.4 cm™; spectral bandwidth
3.1 cm! at 150 cm™; integration time 4 seconds; 457 nm radiation, 50 mw power

at sample).
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TABLE 2.10.8

Vibrational Frequencies and assignments for RbV(SQ,),.12D,0,
between 20 and 275 cm™.

v/em™® X'@ZZ)Y X(Y'X)Y’ X'(Z X)Y’ assignment
48 E, 588 391 sh | tr (SO2)
2 5 D

73 E, 474 311 |

82 F, 7 ' rot (SO,%)
92 A, 49

105 E, 49 32 rot [R(OD,)I*
136 E, 12 5 rot [V(OD,)*
145 A, 55 2

157 A, 305 9 5

172 A, 54

175 F, 26

184 E, 183 119 vJRb(OD,)*
184 F, 114

199 F, 105 v,[RB(OD,)J*
204 E, 1029 637

211 F, 109

242 A, 136 2 3 v,[Rb(OD,)J*
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Figure 2.10.8

Single crystal Raman spectra of RbV(SO,),.12D,0 between 10 and 300 cm™.
Sensitivities: X*(Z Z )Y’ 15885 counts sec’; X’(Y'X’)Y’ 9895 counts sec™;

X'(Z X*)Y’ 1793 counts sec® (81 (6) K; step size 0.4 cm™; spectral bandwidth
2.32 cm! at 150 cm™; integration time 4 seconds; 457 nm radiation, 60 mw power
at sample).
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made for the deuteriate. Assignments are entirely based on the analysis of the
caesium alums. The rotational modes of the aqua cations are found in similar
positions for the other rubidium sulphate alums. However, the relative intensities of
the rotational modes compared to the other low wavenumber bands differs greatly with
change of tervalent cation indicating extensive coupling which is also found for the
caesium alums. The wavenumbers as well as the intensities will also be affected, this
casts some doubt as to the ordering of the rotational modes based purely on change
of wavenumber with unit cell size. However, the hydrogen bonds to the tervalent
hexa-aqua-cation will be stronger than those to the monovalent cation supporting the
assignment of the higher wavenumber band to rot [M(OH,)¢]*.

iii) The internal modes of the rubidium hexa-aqua-cation.

Only the internal modes of the monovalent hexa-aqua-cation remain to be
assigned. These are: v,[Rb(OH,),]*, which is expected to occur with one component
of A, symmetry and one of F, symmetry; V,[Rb(OH,)¢]*, for which one E, and two
F, components are predicted; and v{[Rb(OH,)s]", where an A,, an E,, and three F,
modes are predicted. For the RbAISH alum, an A, band is found at 258 cm™, 20
wavenumbers from the nearest E, band. This band is assigned to the v;[Rb(OH,)s]"
mode. V,[Rb(OH,)]" is expected to occur at higher wavenumber than v;{[Rb(OH,)¢]
as for the tervalent cation. The E, and F, bands that occur at 238 and 246 cm’
respectively are assigned to the V,[Rb(OH,)]* mode. The remaining A, and E, modes
at 193 cm™ and the F, mode at 203 cm™ are assigned to Vs[Rb(OH,)]*. All three
internal modes exhibit similar shifts on deuteriation. The internal modes of the
[Rb(OH,)4]* cation for the other rubidium sulphate alums are likewise ordered
V;[Rb(OH,)s]* > V,[Rb(OH,)]* > Vs[Rb(OH,)¢]*. The ordering of the internal modes
is tentative however. This is because the expected ordering v, > v, > Vs, is applicable
to a discrete MX; unit only. For the [Rb(OH,),]" cation, the Rb-OH, bond distance
is ca. 3.3 A’ The water molecules are weakly bound to the Rb* centre, consequently,
the internal modes of [Rb(OH,),]* might be better thought of as water translations.

Of particular interest is the low wavenumber spectra of RbTiSH. The position
of the bands show significant variation with temperature most apparent in the lowest

wavenumber phonon mode, indicating the onset of a phase transition. This
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observation is discussed in detail in chapter 4. The assignment of the RbTiSH spectra
is important since identification of the soft modes gives an insight into the nature of
the phase transition.

The analysis of the low wavenumber single crystal Raman spectra of the
rubidium alums gives no additional information to the assignment of the lattice modes
than was available from the caesium alum study. The only modes assigned with
confidence are those of the lattice modes of sulphate. However, this study serves only
to question the ordering of the tr (SO,%) and rot (SO,*) modes. Spectra of rubidium

selenate alums might aid assignment of these modes.
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TABLE 2.10.9

Vibronic Frequencies and assignments for RbTi(SO,),.12H,0,
between 20 and 275 cm’.

v/cm™! XZzZ)Y X Yx)y X'ZXxX)Yy assignment
34 E,+F? 241 235 | tr (5O,2)
53 F, 7 |

72 F, 19 | +

74 E, 92 73 ' rot (SO,”)
9 A,+F? 22 2

98 E,? sh 3 rot Ri(OH,)J*?
136 E,+F, sh 6 2 rot TiOH,)*?
149 A, 5

161 A, +F, 90 5

168 A, sh

179 E, 20 17 Vs[Rb(OH,)J"
185 F, 42

202 F, sh

206 E, 193 139 V,[Rb(OH,)J*
213 F, 34

243 A, 30 2 2 Vi[Rb(OH,) "
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Figure 2.10.9

Single crystal Raman spectra of RbTi(SO,),.12H,0 between 15 and 300 cm™.
Sensitivities: X’(Z Z )Y’ 9679 counts sec™; X’(Y’X’)Y* 7435 counts sec™;

X’(Z X*)Y’ 1292 counts sec? (90 (9) K; step size 0.4 cm™; spectral bandwidth
2.79 cm™ at 600 cm™; integration time: X’(Z Z )Y, 4 seconds; X' (Y'X")Y’ and X’(Z
X’)Y’ 2 seconds. 413 nm radiation, 80 mw power at sample).
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2.11 Single Crystal Raman Spectrum between 1200 and 4000 cm™

The internal modes of water are expected to occur in the high wavenumber
region of the spectrum, between 1500 and 4000 cm™.% There are two distinct water
molecules within the lattice each lying on a site of ¢, symmetry. Two stretching
modes and one bending mode are expected for each water molecule. Each of these
modes gives rise to A, + E, + 3F, Raman active bands.

The wavenumber at which the v(OH) stretch occurs is dependent on the O-H
force constant which is itself related to the strength of the O-H...O hydrogen bond.
The strength of hydrogen bonding is influenced by a number parameters one of which
is the r_ distance. When the environment about the hydrogen bond is kept constant,
it has been shown? that as the strength of hydrogen bonding is increased viz. a
reduction of the r,, distance, a decrease in the v(OH) stretching frequency is observed.
For the caesium alum study’ where extensive x-ray and neutron are available, the
ordering of the stretching modes was related to the r,, bond distance. The available
crystallographic data for the rubidium alums is limited. The discussion of the high
wavenumber spectra is therefore confined to that of RbVSH where crystallographic
data is available. The high wavenumber spectra of the remaining rubidium sulphate

alums are presented in appendix A.1 No assignment is attempted.

Assignment of the Single Crystal Raman spectra of RbVSH between 1200 and
4000 cm™

Both CsVSH and RbVSH are of the B modification.>® The ordering of the
hydrogen bond lengths is found to be the same for both alums. Assignment of the
high wavenumber spectrum of RbVSH is by reference to the available crystallographic
data for this alum'® and by analogy with the high wavenumber spectrum of CsVSH.
Since the f.w.h.h. of the bands in this region vary considerably, it is inappropriate to
measure the relative intensities of the bands as a function of peak height. Instead the
intensities of the bands are termed strong, medium and weak relative to the other
bands in the spectrum. The high wavenumber spectra of the crystalline hydrates are

complicated by the presence of overtones and combination bands leading to ambiguity
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TABLE 2.11.1

Vibrational Frequencies and assignments for RbV(SO,),.12H,0,
between 1200 and 4000 cm™.

v/em™ Activity Intensity Assignment

1224
1352
1400
1416
1460
1480
1596
1680
1726
1762
1828
1940
2144
2240
2340
2424
2508
2696
2788
2792
2968
2976
3050
3096
3349
3360
3368
337
3402
3416
3530
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v, designates an external mode of water,

v,(HOH) designates the water bending mode,
Vv(OH) designates an internal mode of water.
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Figure 2.11.1

Single crystal Raman spectra of RbV(SO,),.12H,0 between 1200 and 4000 cm™.
Sensitivities: X’(Z Z )Y’ 18011 counts sec’; X’(Y’X")Y’ 3537 counts sec’;

X’(Z X*)Y’ 3284 counts sec? (79 (5) K; step size 1 cm™; spectral bandwidth

2.39 cm™ at 2600 cm™; integration time: X’(Z Z )Y’ and X’(Z X’)Y’ 4 seconds;
X’ (Y’X")Y’ 7 seconds. 457 nm radiation, 50 mw power at sample).
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of assignment. _

The RbVSH alum is of particular interest since, unlike the other alums
presented in this study, it contains a strong broad band, principally of E, polarisation,
centred around 1940 cm™”. This band is also found for the caesium and ammonium
vanadium alums® where it is assigned as the electronic Raman transition CE, < *A,)
between the trigonally split components of the *T, (F) ground term of the hexa-aqua-
vanadium(IIl) ion. The analogous, strong, broad band found in RbVSH is likewise
assigned to this transition. The nature of this transition is discussed in detail in the

following chapter.
2.12 Discussion

Crystallographic®*? and single crystal Raman studies'* of the caesium alums
show a definite correlation between structural modification and the first order phonon
spectrum. The difference in the single crystal Raman Spectra of the a and B alums
is most apparent in the F, component of v;(SO,)."® Figure 2.12.1 shows a plot of the
F, component of v,(SO,) for the rubidium alums collected in this study. With
reference to the Raman and structural data published on the caesium alums, the
rubidium sulphate alums of Al In, Ga, Fe, and Cr are classified as o alums whilst the
vanadium and titanium alums belong to the B modification.

The differing alum modifications of the rubidium alums is explained in terms
of occupancy of the t,, set rather than size of the tervalent hexa-aqua cation. For the
caesium alums, the metal(IIT)-water bond lengths of Ti, V, Fe, Cr, and Ga have values
in between those found for In and Al® The metal(IIT)-water bond distances show an
inverse relationship with v,(MO,)* suggesting that the force constant is a reliable guide
to the metal(IIT)-water bond length. The v,(MO;) mode for the caesium alums occur
at 517 (Ti), 525 (V), 540 (Cr), 523 (Fe), 537 (Ga), 542 (Al), and 505 cm™ (In). The
corresponding values for the rubidium alums are 518 (Ti), 531 (V), 540 (Cr), 526 (Fe),
538 (Ga), 545 (Al), and 500 (In). The similar values of the v,(MO,) mode for the
caesium and rubidium alums suggest that there is little change in the metal(IIT)-water
bond strength on change of monovalent cation, even when this results in a change in
the alum type. Since there is little change in the values of the v,(MO4) mode on
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Figure 2.12.1

The F, component of the Raman spectrum (950 - 1200 cm™) of rubidium
alums, RbM(SO,),.12H,0, M = (a) Al, (b) Ga, (¢c) In, (d) Cr, () Fe, ) Ti, (g) V
recorded between 62 and 100 K.
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substitution of rubidium for caesium, the sizes of the tervalent cations in the rubidium
alums follow from the structural data collected on the caesium alums® which shows
that the metal(Ill)-water bond lengths for titanium(IIl) and vanadium(IIl) are
intermediate between the values of Al and In. It is concluded, therefore, that the size
of the tervalent cation is not a factor in determining alum type.

A contributing factor to the stereo-chemical preference for trigonal planar co-
ordination by titanium(IIT) and vanadium(III) hexa-aqua-cations maybe the magnitude
of the interaction between dx orbitals on the metal and px orbitals on the water ligand.
As the first row transition metal series is traversed, electrons are added to the t,, (n-
antibonding) orbitals of the tervalent cation leading to a reduction in the net metal-
ligand bond order. However if the absolute magnitude of the 7 interaction Were the
driving force for the stereo-chemical preference of the titanium(III) and vanadium(III)
hexa-aqua-cations, it would be expected that the chromium(IIl) hexa-aqua-cation
would also show some degree of stereo-chemical preference and this is not observed.
The CsCrSH alum belongs to the B modification indicating trigonal planar co-
ordination to the tervalent cation'’!® whereas the RbCrSH alum belongs to the
modification indicating trigonal pyramidal co-ordination to the tervalent cation.'”*
The position of the v,(CrO,) mode is found at 540 cm™ in both alums suggesting that
the Cr-O bond is primarily ionic in nature. Neutron diffraction experiments on
aqueous solutions of 2.2M chromium(IIl) perchlorate, have determined the mode of
water co-ordination in the [Cr(OH,)]*(aq) cation to be trigonal pyramidal, with the
plane of the water molecule making an angle of 34 (6)° to the CrO, plane.?® It is
clear, therefore, that the potential energy surface for tilting the plane of the water
molecule is shallow and readily influenced by the surroundings.

As well as the magnitude of the & interaction the anisotropy of this interaction
must be considered. The highest symmetry that can be achieved for a hexa-aqua-
cation is T,. With this symmetry the degeneracy of the t,, orbitals is accommodated.
In the M'M™[SO,],.12H,O series, the metal(Ill) hexa-aqua-cation lies on a site of S,
symmetry. The t,, orbitals are consequently split into E, and A, components. For the
metal(Ill) hexa-aqua-cations Al, Ga, In, Fe and Cr, the extent of splitting of the t,,
orbitals does not energetically stabilise or destabilise the system. In the case of Ti and

V, however, which have 3d' and 3d* valence configurations respectively, greater
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splitting of the t,, orbitals is energetically favourable. 4

It is concluded, therefore, from the structural modifications adopted by the
rubidium alums, that the mode of water co-ordination in the B compared to the o
alums leads to greater trigonal field stabilisation energy of the vanadium(IIl) and
titanium(III) hexa-aqua-cations.
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Chapter three

Electronic Structure of [V(OH,)J*

3.1 Background

The electronic structure of the [V(OH,)]* cation within the
NH,V(50,),.12H,0 alum has been probed extensively by magnetic susceptibility
measurements both in the 1 - 20 K temperature range'? and also the 80 - 300 K
temperature range.>*

Of the available measurements, only the results 6f Fritz and Pinch [2] and
Figgis, Lewis, and Mabbs [4] are used for discussion since in these cases the purity
of the sample has been checked following magnetic measurements. The susceptibility
data can be fitted to a model in which the trigonal field splitting is of the order of
2000 cm™, with the A, trigonal term lowest in energy.* The splitting between the A,
and ﬁg spin orbit states which are derived from the ’Ag ground term is found to be 4.9
cm™? A model in which the sign of the trigonal field is reversed such that the E,
term is lowest in energy is incompatible with the available experimental data.

A schematic diagram showing the splitting of the 3'I‘lz ground term by a
trigonal field and spin-orbit coupling is shown in figure 3.1.1. The energies of the
derived states are calculated by applying a simultaneous perturbation by an axial field
and spin-orbit coupling to the *T,, ground term.’

Figure 3.1.2 shows the electronic Raman band for RbVSH at 82 K and 4.2 K
with both X’(Z Z )Y’ and X'(Y’X")Y’ activities. Although the signal/noise is poor
in the low temperature spectra, it is noted that the low wavenumber component of the
electronic band loses intensity on cooling. As the crystal is cooled from 82 to 4.2 K,
the transitions from the lowest energy Eg state will lose intensity whilst the transitions
from the Ag ground state gain intensity. The loss of the low-energy component of the
band on cooling could be suggesting that the transition from the Ax ground state to the
ﬁs state which is lowest lying in the °E, manifold does not occur with appreciable
intensity. The electronic Raman transition has also been observed for the  alums of
CsVSH and NH,VSH® and occurs in the same position as found for RbVSH. The
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Figure 3.1.1

Splitting of 3T,g k term (d* transition metal complex) by a trigonal field and spin-orbit
coupling. Energies quoted are in units of cm® and assume that the action of the
trigonal field leaves the A, term 1940 cm™ lower in energy than the °E, term and that
the splitting between the A, and fig spin orbit states which are derived from the 3A,
ground term is 4.9 cm™.2

A denotes the magnitude of trigonal field splitting; A denotes spin-orbit
coupling constant. The parameter A’ depends on the strength of the crystal field.
It is related to the crystal field parameter Dq and the Racah parameter B, by the

expression:

105B
—— + 10 + 6Dg
15 - |N Dg
A= 4Dg
2
105B
+ 10 + 6Dg
1+|N Da
4Dq

In the weak field limit "A’ tends to the value of 1.5 whereas in the strong field limit
A tends to 1, (After Mabbs and Machin [5]).
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Figure 3.1.2

Electronic Raman band (E, « *A,) for [V(OH,);]** in RbVSH at 82 and 4.2 K.
Step size 1 cm™, 457 nm radiation.
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profile for the electronic Raman band, recorded at 20 K, for NH,VSH® and CsVSH,
differ significantly suggesting that the relative intensities of the spin-orbit coupled
transitions are sensitive to substitution of NH,* for Cs*. The electronic Raman band
of RbVSH recorded at 82 K with X’(Z Z )Y’ activity can be fitted to spin-orbit
coupled bands arising from a trigonal field of 1940 cm™. The positions of the bands
are constrained to those values predicted by theory® which would give a splitting
between the ground A, and B, states of 4.9 cm™ (figure 3.1.3) Although simulation
of the spectrum is hampered by vibrational bands occurring on the low wavenumber
side of the band, a good fit is achieved with a value of AA = ca. 103 cm™. The
parameter 'A’ depends on 10 Dq and the Racah parameter 'B’; the definition of A is
given in figure 3.1.1. A is the spin-orbit coupling constant. An estimate of A’ can
be obtained from the electronic spectrum of NH,VSH recorded at 10 K by Hitchman
et al.” From the ratio’s of the T;; — T, and T,; — T,,(P) transitions, an estimate of
Dq/B® and hence A can be obtained. From the resulting calculations, a value for A
of 1.45 is obtained giving a spin-orbit coupling constant of A = 71 cm (compared to
the free ion value of 105 cm™),

A more comprehensive interpretation of the electronic spectrum of the
NH,VSH alum has been performed by Hitchman et al. using an angular overlap model
analysis.” It was found that a spin orbit coupling constant of A = 84 cm™ and a Racah
parameter of B = 644 cm™ were needed in order to model the observed electronic and
electronic Raman transition energies. The variation of the effective magnetic moment
p with temperature, calculated from parameters derived from the angular overlap
model gives excellent agreement with the reported experimental values'? if an
isotropic orbital reduction factor of k = 0.85 is used. »

The parameters obtained from this angular overlap analysis suggest a
significant anisotropic & interaction with the largest interaction being with ligand

orbitals normal to the plane of the water molecule.
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Figure 3.1.3
Simulation of the ’E, « A, Electronic Raman transition found for RbVSH. Spectrum recorded at 82 K with A, + E, activity.
The transition energies of the spin-orbit coupled components are fixed at the values given in figure 3.1.1 which are obtained from a trigonal
field splitting of 1940 cm™,

Peak Positions and Parameters

PEAK HEIGHT LORENZIAN (100)/ FULL WIDTH RELATIVE ASSIGNMENT

POSITION (0 - 100) GAUSSIAN (0) MIX HALF HEIGHT AREAS

1847 cm™ 71 100 450 34010 | Spin-orbit coupled
| components of

1956 cm? 28 100 450 13410 | *B,’A, electronic

| Raman transition.
2059 cm™ 63 100 450 30180 !

2446 cm 31 100 180 5940 v,(HOH) + v,
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3.2 Electronic Structure of [V(OH,)]* within the mixed alum system
Rb{Ga/V}(S0,),.12H,0

Raman studies presented in the previous chapter indicate that the RbVSH alum
is of the B modification. This classification is supported by recent crystallographic
data® which indicates that KVSH also crystallises in the p modification. In the
previous chapter it was suggested that the mode of water co-ordination in the [
compared to the o alums leads to greater trigonal field stabilisation of the [V(OH,)4**
cation. This section reports attempts to perturb the hydration structure whilst
monitoring the electronic structure of the [V(OH,)4]** cation.

Mixed alums of the type Rb{Ga/V}(S0,),.12H,0, with differing proportions
of gallium and vanadium, have been synthesised and characterised by Raman
spectroscopy. The o alum of RbGaSH was chosen since it has no electronic
‘absorption in the visible and its metal(II)-oxygen bond length is expected to be close
to that of the vanadium metal(IIT)-oxygen bond length in RbVSH. Metal(IIT)-oxygen
bond lengths for vanadium and gallium in the CsM™S0,.12H,0 series are quoted as
1.992 (6) V' and 1.944 (3) Ga.!?

i) Preparation of mixed crystals of Rb(Ga/V)SH

Mixed crystals containing the o alum RbGaSH and the  alum RbVSH were
prepared either by using the single crystal growing apparatus described in section 2.4,
or by dissolving varying amounts of the two alums in sulphuric acid (1 mol dm™) and
allowing the alums to co-crystallise at room temperature. Using the latter rhcthod,
large, deep blue single crystals of the P type were made with vanadium
concentrations greater than 25% of the total tervalent cation content. The largest and
best quality single crystals were made by using between 10 and 12 cm™ of solvent to
three grams of alum. Some of these crystals were cut and polished for single crystal
Raman experiments. The concentration of these mixed crystals were determined by
Inductively coupled plasma-Atomic Emission spectroscopy (ICP-AES) which is
described in Appendix B. It was found that the relative concentration of V and Ga
found in the crystals was identical to that found in the bulk solution for all the mixed
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alums of the P type made. _

With vanadium concentrations < 20% of the total concentration of tervalent
cation present within the bulk solution, mixed alums of the o type are formed, green
in colour, though with concentrations of vanadium less than that of the bulk solution.
Mixed alums of the a type are also formed for vanadium concentrations between 25
and 40 % with solute/solvent ratios an order of magnitude greater than was used to
produce the P alums. Again, the vanadium concentration of the o alums formed was
less than that of the bulk solution. The largest vanadium concentration found for any
of these vanadium crystals was 20 %.

The solute/solvent ratio has a profound influence on which alum modification
is the first to crystallise. Using 12 cm™ of solvent to 3 grams of alum, P crystals
could be made with vanadium concentrations of 20%. These crystals were not
thermodynamically stable however, and when disturbed, underwent a phase transition
to the o modification. Likewise, & crystals at high vanadium concentrations were
seen to undergo a phase change to the B modification over a period of time, the speed
at which this occurs depends on the vanadium concentration. After first turning from
clear to cloudy, different parts of these crystals were seen to turn blue whereas other
parts remained green. _

Crystals prepared using the single crystal growing apparatus were of better
quality. However, far less control over the composition of the crystals was achieved
using this method. Mixed crystals of the a type could be prepared only with
vanadium concentrations as high as 6% of the total tervalent cation composition.
However only the mixed o crystals prepared by this method were of sufficient quality
for single crystal Raman experiments. Photographs of mixed crystals of Rb(Ga/V)SH
are shown in figures 3.2.1 - 3.2.2.
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Figure 3.2.1

Photographs of alum crystals grown using the single crystal growing apparatus)
described in section 2.4. The crystal on the right is the deep blue crystal of the B alum,

RbVSH. The crystal on the left is the green crystal of V** doped into the a crystal,
RbGaSH.
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Figure 3.2.2

Photographs of alum crystals made by dissolving 2 g of RbVSH with 4 g of RbGaSH
in 8 ml sulphuric acid (1 mol dm™) and allowing the alums to co-crystallise at room
temperature. The crystals are of the a modification. This photograph was taken ca. 1
year after the crysia]s were made during which time, areas of purple colouration have
appeared in the otherwise predominately green crystals. The colour change is interpreted
in terms of a localised phase transformation from the & to the p modification.
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ii) Electronic Spectra

The electronic spectra, recorded at room temperature, of the & Rb{Ga/V}SH
mixed alum containing 6% V and a B Rb{Ga/V }SH mixed alum containing 25 % V
are both shown in figure 3.2.3.

A correlation diagram for a first row d” transition metal complex in an
octahedral field is shown in figure 3.2.4. Two band maxima are observed in the
visible region for both electronic spectra presented in figure 3.2.3. These band
maxima correlate in octahedral symmetry to the T,, = T,, and T, = T, (P)
transitions, in order of increasing energy.

The peak positions for the B alum occur, within experimental error, at the same
wavelength as those reported for NH,VSH." It is well established that the electronic
spectrum of a complex is very sensitive to any changes in the metal-ligand bond
length.® Thus, the electronic spectrum suggest that the local environment about
vanadium(III) changes little from RbVSH to the formation of mixed Rb(Ga/V)SH B
alums.

The d-d transitions occur above a sloping baseline. This is probably due to a
background peak which occurs in the u.v and whose wing extends into the visible.
Such a background peak has been observed in the electronic spectra of "mixed" alums
for various other transition metals.”> The origin of this peak is yet to be established.
It has been shown, however, that the position of the peak is independent of the dopant
transition metal(IIT) cation suggesting that the origin of the peak is a consequence of
defects within the lattice rather than on the electronic structure of the cation. The
Peak maxima occur at 25800 and 17700 cm™ for the B alum and at 25100 and 16800
cm for the o alum. With the two transitions assigned as the T,, = T, and T, —
T,,(P) transitions, values of 10Dq and B, the Racah parameter, are calculated as 10Dq
= 19040 cm’, B = 624 cm™ for the B alum and 10Dq = 18090 cm™, B = 646 cm™ for
the a alum. These values could be interpreted in terms of greater delocalisation of
electron density onto the water ligand for the p compared to the o alum. However,
in view of the large trigonal distortion from octahedral symmetry (for the p alums at
least) only a ligand field analysis such as that undertaken by Hitchman ez al.” is
appropriate.
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Figure 3.2.3

Single crystal electronic spectra, recorded at room temperature, of an o Rb(Ga/V)SH
mixed alum containing 6% V and a f Rb(Ga/V)SH mixed alum containing 25% V. The
~ spectra have been appropriately scaled relative to the spectral frame.
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Figure 3.2.4
A correlation diagram for a d” ion in an octahedral environment. All states of g type,
and this subscript has therefore been omitted. (After F. A. Cotton [11])
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iii) Raman Spectra

The Raman spectra of the mixed Rb{Ga/V}SH B alums are all analogous to
that of RbVSH. For this reason, only one set of spectra is presented (figures 3.2.5 -
3.2.7). The spectra of "Pmix45" were obtained from a mixed alum of the type
Rb{Ga/V}SH which crystallises in the f modification and was found by ICP-AES
measurements to contain 45.5% (1) V and 54.5% (1) Ga of the total amount of
tervalent cation present within the alum.

Both the low and the mid wavenumber spectra of Pmix45 are very similar to
that of RbVSH, suggesting that with this level of dilution with gallium(III), there are
no major structural perturbations of the RbVSH lattice. There are some differences
in the relative intensities of the bands in the two spectra. This is most noticeable in
the F, spectra where the number of modes is greatest.

The v,(MOg) region, for the spectrum with A, and E, activity, is shown in
figure 3.2.8. Raman bands at 535 and 565 cm™ are bands of E, symmetry assigned
to pe and p; respectively. Two more bands, which are of A, symmetry are present in
the spectrum. These bands occur at 529 and 538 cm™. The position of these bands
are practically coincident with v,(VO,) (531 cm™) and v,(GaOg) (538 cm™) in the
RbVSH and RbGaSH alums respectively. The intensity of a band is proportional to
its area and is obtained from the equation:'

AREA = anlwW . a- a)\/zuﬂnZIW

2
3.21
where:
I = maximum band height a = Lorentzian / Gaussian mixture
W = full width at half height where 0 £a <1

The ratio of the intensities of v,(VOy) / v,(GaOg) in the caesium alum study
was found to be 0.82."* This value was obtained by comparison of the intensity of
v,(MOy) with that of v,(SO,) which was assumed to occur with the same intensity for
all the caesium alums studied. The ratio of the intensities of the bands found at 529
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Table 3.2.1

Vibrational frequencies and assignments for "B45mix",
between 20 and 275 cm™.

v/em'* X'(ZZ)Y X (YX)Y X'(ZX')Y'  assignment
46 E, 166 130 sh |t (S0,%)
51 F, 7 I

62 F, 17 | +

69 F, 34 |

70 E, 149 134 | rot (SO,%)
82 E;? sh sh 1 '

94 A, 25

100 E, 10 15

106 E, 10 15 rot [R(OH,)gJ"
137 E, 66 88 rot [V(OH,)*
1437 A, 7

151 A, 28

162 A, (+F,7) 159 7 5

176 A, 31

180 F, 16

190 E, 95 103 Vs[RO(OH,)l"
190 F, 62

208 F, 42

210 E, 548 703 V,[Rb(OH,) "
211 F, 58

220 F, sh 58

245 A, 74 2 2 v,[Rb(OH,)J*
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Figure 3.2.5

Single crystal Raman spectra of Rb{V/Ga}(SO,),.12H,O between 10 and 300 cm™.
Tervalent cation content from analysis: 45.5(1) % V and 54.5(1) % Ga. Sensitivities:
X*(ZZ) Y’ 4270 counts sec™; X’(Y’X’) Y’ 3864 counts sec™’; X’(Z X*) Y’ 569 counts
sec? (79 (6) K step size 0.4 cm?; spectral bandwidth 2.32 cm™ at 150 cm™;
integration time 4 seconds; 457 nm radiation, 40 mw deér at sample).
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Table 3.2.2

Vibrational Frequencies and assignments for "Pmix45";
between 275 and 1200 cm™.

v/em X'@ZZ)Y X' (Y’X)Y’ X'Z XY’ assignment
309 F, 29

312 E, 10 19 v{(MOy
319 7 sh sh sh

339 F, 2 6 15 '

431 E, 145 151 V,(SO.%)
434 F, sh sh 90 +

461 F, sh 46 | v,VO,
473 E, 89 108 17 '

478 Ap? sh

529 A, 45 | V,(MOy
538 A, 169 , '

535 E, ? 33 [ Ps

535 F, 12 |

565 E, 52 38 1 | Ps
577 F;! 1 !

607 F, sh 31 .

624 E, 74 97 | v{(SO)
625 F, 35 '

680 E, 41 31 1 Pa
729 F, 4 |

749 F, 4 | ps
754 E, 46 58 :

796 E 3 2

878 E,(+A,) 22 12 | P2
894 F, sh sh 4 !

950 E,(+A,)  sh 8 Pi
972 A, 55 v,(5*°0,*0)
988 A, 5364 203 49 T w(80)
1088 F, 29 61 |

1093 E, 25 17 | v480)
1099 F, 15 !
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Figure 3.2.6

Single crystal Raman spectra of Rb{V/Ga}(SO,),.12H,0 between 275 and 1200 cm™.
Tervalent cation content from analysis:- 45.5(1) % V and 54.5(1) % Ga. Sensitivities:
X(Z Z )Y’ 82323 counts sec’; X’(Y’X’)Y’ 2333 counts sec’; X’(Z X’) Y’ 1849
counts sec? (79 (6) K; step size 0.4 cm’; spectral bandwidth 2.22 cm™ at 600 cm™;
integration time 4 seconds; 457 nm radiation, 40 mw power at sample).
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Figure 32.7

Single crystal Raman spectra of Rb{V/Ga}(SO,),.12H,0 B alum between 1200 and
4000 cm™. Tervalent cation content from analysis:- 45.5(1) % V and 54.5(1) % Ga.
Sensitivities: X*(Z Z )Y’ 17531 counts sec’; X’(Y’X")Y’ 6609 counts sec’; X*(Z
X’)Y’ 5849 counts sec? (79 (6) K; step size 1 cm™; spectral bandwidth 3.58 cm™ at
2600 cm; integration time 4 seconds; 457 nm radiation, 40 mw power at sample).
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Figure 3.2.8

v,;MO, region of the RbV/Ga(S0,),.12H,0 "Bmix45" extracted from figure. 3.2.6 Tervalent cation content from analysis:- 45.5(1)
% V and 54.5(1) % Ga.

Position m
PEAK HEIGHT LORENZIAN (100)/ FULL WIDTH RELATIVE ASSIGNMENT
POSITION (0 - 100) GAUSSIAN (0) MIX HALF HEIGHT AREAS
529 cm 47 60 11 655 v,VO,
535 cm! 11 60 15 209 Ps
538 cm 79 60 9.9 991 v,Ga0,
565 cm! 28 60 9.4 333 05
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and 538 cm™ is 0.66. The calculated ratio of intensities v,(VOy) / v,(GaOy) for the
"B45mix" crystal, assuming negligible coupling between the v,MO, modes is 0.82 X
45.5 / 54.5 = 0.68. The v,(MOg) region for a mixed Rb{Ga/V}SH alum containing
25.3(2) % V and 74.7 (2) % Ga is shown in figure 3.2.9. The ratio of the intensities
of the bands found at 529 and 540 cm™ in this alum = 0.30. The calculated ratio of
intensities for v,(VOy) / v,(GaOy) calculated in the same way as before = 0.28. These
results strongly suggest that within this mixed alum, rather than there being a
homogeneous metal(IlT)-water bond distance; the metal(IlI)-water distance for
vanadium and gallium are not significantly different from what they are in the
respective pure alums. Further, it is inferred that there is negligible coupling between
the v,(VO,) and v,(GaOg) modes. This may not be surprising in view of the F,
component of v,(MO,), which arises purely from factor group coupling, being
vanishingly weak in the Raman spectra of all the alums so far studied. One A,
component is also expected for both ps and ps. The A, component for these bands
were found to be vanishingly weak in the spectra of RbVSH. It is presumed that this
is also the case in the B mixed Rb{Ga/V}SH alums.

The high wavenumber spectra show the position of the electronic Raman band
to be unchanged from its position in RbVSH suggesting that there is little difference
in the immediate environment about vanadium(IIl) in the "Pmix45" and RbVSH
alums. Figures 3.2.10 (b) shows the v,SO, band for mixed alums of the type
Rb{Ga/V}SH and Cs{Ga/V}SH for differing amounts of gallium and vanadium
determined by ICP-AES. Figure 3.2.10 (a) shows the high wavenumber region for
these alums. These results clearly show that for vanadium(III) concentrations = 25%
of the total amount of tervalent cation, alums of the type Rb{Ga/V}SH crystallise in
the B alum modification. For all these mixed f alums, the position of the electronic
Raman band remains unchanged from that found in RbVSH.

The Rb{Ga/V}SH alum containing 6% vanadium crystallises in the o
modification. A band resembling an electronic Raman band is not found in the high
wavenumber region for this alum. This might be due to a significant change in the
electronic structure of the [V(OH,)s]** cation or else it may be a consequence of
having too little vanadium in the alum; i.e an electronic Raman band could be present
in this spectral region but is too weak to be observed. This problem is to some extent
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Figure 3.2.9

v,MO; region of RbV/Ga(SO,),.12H,0 alum. Tervalent cation content from analysis:- 25.3 (2) % V and 74.7 (2) % Ga.

Peak Positions and Parameters

PEAK HEIGHT LORENZIAN (100)/ FULL WIDTH RELATIVE ASSIGNMENT
POSITION (0 - 100) GAUSSIAN (0) MIX HALF HEIGHT AREAS

529 cm! 23 60 10 291 v,VO,

535 cm* 16 60 10 101 0

540 cm™ 88 60 8.6 959 v,GaOy

565 cm 32 60 7.4 150 Ps
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Figure 32,10

Single crystal Raman spectra of various M'{Ga/V}SH alums of differing tervalent
cation composition.

(a) Spectra of A, + E, activity showing the region containing the electronic Raman
transition.

(b) Spectra of F, activity showing region containing v,(SO)*.
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resolved from the spectra of the B, Cs{Ga/V }SH mixed alum where the vanadium(III)
concentration is of a similar magnitude to that found in the oo Rb{Ga/V}SH mixed
alum. The high wavenumber spectra show a broad band centred at ca. 1950 cm™.
Although the band is comparable in intensity to nearby vibrational bands, it is not
found in the spectra of the pure alum." It is likely, therefore, that the band originates
from the ’E, « A, vanadium(Ill) electronic transition. On this evidence it is
concluded that the absence of the electronic Raman band for vanadium(IIl) in an o
environment is a consequence of a change in the electronic structure of vanadium(III)
on change of alum modification.

The spectra of the Rb{Ga/V}(SO,).12H,0 alum containing 6% vanadium in
the spectral region -100 to 100 cm™ are shown in figure 3.2.11. The lattice modes in
this region occur above a background peak. Usually this background can simply be
attributed to Rayleigh scattering. The extent of the Rayleigh wing is usually
associated with crystal quality. However, the Rayleigh line is symmetric about the
exciting line and the intensity of the Rayleigh wing should fall off with increasing
wavenumber to the same extent cither side of the exciting line. The spectra suggest
that there may be additional broad band(s) occurring in this spectral region. These
band(s) will occur with greater intensity on the Stokes than the anti-Stokes side of the
exciting line. This would be consistent with the greater 'background’ intensity in the
Stokes side of the spectrum than the anti-stokes side. This is most apparent in the
X’(Y’X’)Y’ scattering experiment showing bands of E, symmetry. This result is
reproducible on change of exciting line (figure 3.2.12 (a)). A variable temperature
EPR study of [Cr(OH,)s]** doped into various alum lattices" has revealed that the sign
of the zero field splitting parameter is negative for the B alums and positive for the
o alums. This indicates that for [Cr(OH,),]** dopant cations, the trigonal field in the
o alums is opposite in sign from the B alums.'® If we assume that the [V(OH,)¢J*
cation has trigonal symmetry in this environment then electronic bands occurring
below 100 cm™ arising from transitions between spin-orbit coupled states can be
accounted for by a model in which the trigonal field is less than 50 cm™ with the 3Eg
term lowest lying. Table 3.2.3 shows the energy of the spin-orbit states relative to the
unperturbed cubic\’Tlg term for various values of the trigonal field. Although a small
trigonal field would leave two spin-orbit states < 100 cm™ above the ground state,
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Figure 3.2.11

Single crystal Raman spectra of o RbV/Ga(SO,),.12H,0 alum between -100 and 100
cm™, Tervalent cation content from analysis: 6.6(6) % V and 93.4(6) % Ga.
Sensitivities: X*(Z Z )Y’ 1636 counts sec’; X’(Y’X’)Y’ 1468 counts sec™;

X'(Z X’) Y’ 514 counts sec? (67 (2) K; step size 0.4 cm™; spectral bandwidth 2.73-
cm™ at 0 cm™; integration time 3 seconds; 488 nm radiation, 40 mw power at sample).



Intaensity=

|| cazy

P S G0 SP A &

i X' (@Z XY

A — 1 'l 4 -t - -

80 60 40 20 0 -20 -40 -60 -80 -100

£D<03Ca_um1\nalH 114,



Figure 3.2.12

Single Crystal Raman Spectra between -100 and 100 cm™ showing bands of A, + E,
activity for:-

(@ aRbV/Ga(SO,),.12H,0 alum. Tervalent cation content from analysis:- 6.6(6)
% V and 93.4(6) % Ga. 406.74 nm excitation.

(b) RbV(SO,),.12H,0 alum. 457.94 nm excitation.

(0 RbGa(S0O,),.12H,0 alum. 514.53 nm excitation
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Table 3.2.3

Energy levels for [V(OH,)s]* under the action of a trigonal field (with E, ground

term) and spin-orbit coupling.

Orbital Symmetry Energies of Spin Energies of Spin Energies of Spin‘
Wavefunction orbit states / cm™ orbit states / cm™ orbit states / cm™-
A =-30 cm?! A =-100 cm? A = -150 cm™
12[-A3 + AM + (A% + 2A0A + 9A27\,2)m] A 290 295 302
12[-Af3 + (A2 + 4A27\.2)m] E 151 170 188
A3 + AA A 135 112 95
12[-A3 + AX - (A? + 2AMA + 9A212)m] A -135 -117 -107
12[-A3 + (A® + 4APA)7] E -141 1137 -138
A3 - AA E

-155 -178 - =195



transitions to spin-orbit states higher in energy would be expected and none are found.
If the [V(OH,)¢]** cation is doped into a lattice where, through constraints of hydrogen
bonding, the mode of water co-ordination to the vanadium(III) cation leads to the 3E3
term lowest lying, then according to Jahn-Teller theory,"” the hexa-aqua-cation will
undergo an asymmetric nuclear displacement that will lift the orbital degeneracy
leading to an electronic stabilisation of the system. Whether this displacement is static
or dynamic will depend on the magnitude of the vibrational energy compared with the
energy barrier separating equivalent distorted configurations.'”® Since the electronic
ground state of the [V(OH,)s]* cation is not Kramers degenerate, the symmetry of the
complex when doped into the o lattice is very difficult to determine. EPR
measurements, using X-band microwave radiation, of & Rb{Ga/V}SH mixed alums
have been undertaken and no resonances that could be attributed to vanadium(IIT) were
found.

The fact that B Rb{Ga/V }SH mixed alums can be prepared with vanadium(III)
concentrations as low as 25 % of the total tervalent cation content illustrates the strong
preference for [V(OH,)s]** to be in a P rather than an o lattice. The & Rb{Ga/V}SH
mixed alums degrade over a period of time. Parts of the crystals are seen to turn from
green to blue. Photographs of these crystals are shown in figure 3.2.2. A possible
interpretation of this observation would be that the [V(OH,)¢]** cations are migrating
through the crystal to form domains where the vanadium(III) concentration is high
enough to induce a local phase transformation to the B structure.

This study has established that the electronic structure of the [V(OH,)s]** cation
is altered on changing its environment from the P to the a alum lattice. However,
neither the electronic or the molecular structure of the [V(OH,)(]** cation in the
environment have been determined. Further Raman studies at 4.2 K as well
susceptibility measurements might shed further light on this problem.
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iv) Powder X-ray diffraction studies

The unit cell parameters for a range of Rb{Ga/V}SH mixed alums have been
determined.

The method for the determination of the unit cell parameter for cubic
compounds is straight forward and is well described in the literature."

For a cubic lattice, the unit cell dimension ’a’; the wavelength of radiation A;
the Bragg angle 6 and the Miller indices of the reflection h, k, and 1 are related by the
equation:

_ AR+ B2+ D)
2a

sinf

322

Accurate cell dimensions are obtained from measurements at high angle. This
is because large Bragg angles are very sensitive to small changes in cell dimension.

This can be seen by differentiating the Bragg equation:

A = 2dsin® 3.23
o(d) _ -Acosd
o(0) 2tan@
3.24

As 6 — 90°; the rate of change of layer spacing d with angle 6 tends to 0.
Therefore, an error 80 in O results in a much smaller error 8d in d as © — 90. The
high angle reflections were indexed by consideration of the whole diffraction pattern.
First, the low angle reflections were indexed and an estimate of the unit cell obtained.
The unit cell parameter estimate allowed higher angle reflections to be indexed and
a more precise value of the unit cell parameter evaluated. Thus by working up from
the low to the high angle reflections the highest angle reflections could be reliably
indexed.

There are several effects that may cause powder lines to be displaced from

their true positions so that the measured angles are not the true Bragg angles.”
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However, since a small error in 8 should produce a vanishingly small error in the unit
cell parameter as O approaches 90°, the systematic errors are minimised for the unit
cell parameter determined from a reflection with © = 90°. Although this is impossible
to achieve, since a Bragg angle of 90° corresponds with a reflection directed back into
the X-ray beam, it can be done in effect by determining the unit cell parameter from
several reflections with differing values of 8 and extrapolating the result to 6 = 90°
(1/2[cos*8/0 + cos*0/sin@] is often chosen as the extrapolatory function.'”) However,
incorrect alignment of the diffractometer can give errors, common to all samples, that
cannot be accounted for by extrapolation to @ = 90°. These errors can be corrected
for by use of an internal standard. '

Figure 3.2.13 shows the powder diffraction pattern for RbVSH. Two sets of
scans were recorded. High angle data recorded between 20 values of 126° and 156°
were recorded first, followed by a long scan from 14° to 156°. This was done in
order to check that the high angle data was consistent. Figure 3.2.13 (b) shows the
two sets of high angle data recorded. The top scan was recorded first; the bottom
scan was recorded ca. 16 hours later. In this alum, there is negligible change in both
the positions and intensities of the high angle data for the two data sets. Figure 3.2.14
shows a plot of unit cell parameters for several high angle reflections versus the
function 1/2[c0s’6/0 + cos?0/sin]. A straight line can be drawn through the points.
The unit cell parameter is the value at the intercept which is 12.347(1) A. No value
of the unit cell obtained from any reflection is greater than 0.001 A from the straight
line joining the points indicating that this is a precise measurement. Figure 3.2.15
shows the powder diffraction pattern for "Pmix45" whose Raman spectra are shown
in figures 3.2.5 - 3.2.7. It is noted that there is a slight change in the relative
intensities of the peaks from the two scans. This can only mean that there is some
change in atomic positions, likely to be a result of either aerial oxidation or acquisition
of water from the atmosphere. Similar behaviour was observed for other alums whose
diffraction patterns were recorded in this study. The peaks do, however, occur at the
same positions for the two scans indicating that within experimental error, there is no
change in the unit cell parameter.

Figure 3.2.16 shows a plot of unit cell parameter versus composition. A linear

dependence is found. Substituting the smaller [Ga(OH,),]** cation for [V(OH,)¢]*
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Figure 3.2.13

Powder X-ray diffraction pattern for RbVSH. Co Ka radiation. A, Co Ko, =
1.788965 A. A, Co Ka, = 1.792850 A. Step size:- 0.025° in 26. Integration time:

15 seconds for high angle scan (the upper diffraction pattern in 3.2.13 (b))
7 seconds for scan over complete range.
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: Figure 3.2.14 A
Plot of unit cell dimension against 1/2[cos’6/0 + cos’0/sin9)] for high angle reflections
of the RbVSH alum. Unit cell dimension at 6 = 90° is 12.347(1) A.
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Figure 3.2.15

Powder X-ray diffraction pattern for the RbV/Ga(SO,),-12H,0 f alum "Pmix45".
Tervalent cation content from analysis:- 45.5(1) % V and 54.5(1) % Ga.. Co Ka
radiation. A, Co Ko, = 1.788965 A. A, Co Ko, = 1.792850 A. Step size:- 0.025°
in 20. Integration time: 15 seconds for high angle scan (the upper diffraction pattern
in 3.2.10 (b))

7 seconds for scan over complete range.
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Figure 3.2.16
Plot of unit cell dimension against vanadium composition for the Rb(Ga/V)SH f alum
system. The intercept at 12.307 A is the unit cell dimension of RbGaSH if it were a B

alum. 3 O error margin shown.
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leads to a reduction in unit cell size in proportion to the Ga/V ratio. On change of
composition of tervalent cation, the reflections move uniformly in position without
showing any sign of broadening. This indicates that the [V(OH,),]** and [Ga(OH,)]*
cations are uniformly distributed throughout the lattice. If the two different hexa-
aqua-cations form separate domains within the mixed alums, then on change of
tervalent cation composition, the Bragg reflections for the RbVSH alum would lose
intensity and new peaks would emerge. Together with the Raman data, the powder
diffraction data sets show that the [V(OH,)s]** and [Ga(OH,)]* cations are distributed
uniformly throughout the lattice and that their M™-O bond distances are similar to
their respective values in the RbVSH and RbGaSH alums. Since the mixed
Rb{Ga/V}SH P alums could be formed with vanadium concentrations > 25% of the
total tervalent cation content only, no measurements were possible below this limit.
However extrapolation to V = 0% and Ga = 100% gives the unit cell of the RbGaSH
alum if it were a B alum. This value is found to be 12.307(1) A. RbGaSH is an &
alum whose unit cell dimension was determined in this study to be 12.270(1) A.

The unit cell dimension of the RbVSH alum is determined from this study to
be 12.347 A. However, the unit cell dimension of the RbVSH alum was found to be
12.367 A by single crystal X-ray diffraction measurements’® suggesting that all the unit
cell parameters determined in this study may be subject to the same systematic offset
error that cannot be corrected for by extrapolation of the unit cell parameter to 0 =
90°.
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3.3 Electronic structure of [V(OH,)]* within the TIVSH alum

The [TI(OH,)¢]*(aq) cation has very different properties to the alkali metal
cations in solution. Table 3.3.1 shows a listing of some chemical and physical
properties of a selected number of aqua ions. The pK, extrapolated to infinite dilution
is defined as:

[M(OH)" - V][H,0"]
[M™1[H,0]

pxa = 10310

The Rb* and Cs* are so weakly acidic that their acid dissociation constants are
yet to be satisfactorily measured. Despite the similar ionic radii of the TI* and Rb*
cations, the [TI(OH,),]*(aq) cation is appreciably more acidic.

A solution Raman study® of the gallium(III) and thallium(I) sulphate salts in
water has identified symmetric modes of vibrations not attributable to that of free
water or sulphate. These are found at 470 and 475 cm?! for the thallium(I) and
gallium(IIT) sulphate solutions respectively. These bands were attributed to symmetric
forms of vibration within the hydration sheath of the dissolved metal ions.® It is
unlikely, however, that these bands can be attributed to the symmetric hexa-aqua-
cation vibrations. The interpretation of the spectra is greatly complicated by the
presence of co-ordinating sulphate and the presence of oxo-anions.

The TIVSH alum was synthesised and studied by Raman spectroscopy in order
to see whether, as a consequence of the very different pK,’s of the TI* and Rb* aqua
cations, substitution of TI* for Rb* might perturb the hydrogen bonding network of the
alum lattice, leading to a different hydration and electronic structure for the

[V(OH,)]** cation.
i) Synthesis of TIVSH

TIVSH was made by addition of TL,SO, to an excess of VCl, in sulphuric acid
(1 mol dm?®). The alum was left to crystallise at 2° C and then recrystallised from
sulphuric acid (1 mol dm?®). Initial crystallisation was precipitated by agitation
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Table 3.3.1

Chemical and Physical properties of a selected number of aqua cations in solution

Cation Hydration enthalpy PK, at Tonic "Metal-water stretch
KJ mol?! infinite dilution radii / A frequency / cm™"
From Ref [20] From ref [21] From ref [22]
Cs* -263.3 1.67
Rb* -296.4 1.47
K* -321.1 1.33
Na* -405.6 14.6 - 14.8 0.97
Li* -5149 13.7 - 14.1 0.68
T+ -326.1 13.3 1.47 470 (TL,SO, in water)®
Ga* -4687.1 2.6 0.62 475 (Ga,(SO,), in water)®
ot 44037 38 - 4 0.63 522 (KCrSH in H,SO, 1 mol dm®*



of the solution after which formation of the alum was rapid. Large single crystals of
the alum were grown by the controlled single crystal growth method described in

section 2.4.

ii) Raman Spectra

The complete set of Raman spectra for TIVSH are shown in figures 3.3.1 -
3.3.3. The spectra are practically identical to those of RbVSH and CsVSH. The
lattice modes do not move in position on substitution of TI* for Rb" indicating
negligible change in the metal(I)-water strength within the alum lattice.

The external modes of water occur 3 - 18 cm™ lower in wavenumber in the
thallium compared to the rubidium alum. There is no indication, however, of any
significant change in wavenumber of the internal modes of water. This suggests that
the external modes are more sensitive to the internal modes of water to changes in
hydrogen bond strength. On change of monovalent cation from Rb* to TI*, there is
a softening of potential about the water molecules within the alum. The wavenumber
of the internal modes of [V(OH,),]* and the electronic Raman transition remain
unchanged suggesting essentially no change in the hydration structure of the
[V(OH,)¢]* cation. The profile of the electronic Raman band is, however, distinctly
different from that found in RbVSH and the CsVSH® and NH,VSH?® alums, suggesting
that the relative intensities of the spin-orbit coupled transitions are sensitive to the
change in monovalent cation. The similarity of the spectra of RbVSH and TIVSH
may be either a consequence of the stereo-chemical preference of the two monovalent
cations within the alums being similar; or else the stereo-chemical preference of the
[V(OH,)4]* cation is strong enough to override any perturbations brought about by the
change in monovalent cation. Raman spectra of thallium alums with tervalent cations

without a strong stereo-chemical preference (such as Cr**) would be desirable.
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Table 3.3.2

Vibrational frequencies and assignments for TIV(SO,),.12H,0,
between 20 and 275 cm™.

v/cm™ X'(Z2Z2)Y X'(Y'X)Y X'(Z XY’ assignment
46 E, 382 150 sh | tr (SO2)
51 F, 96 |

62 F, 5 3 52 | +

70 F, sh sh 101 |

74 E, 225 95 | rot (SO
82 F, sh sh 13 |

92 F, 3

95 A, 9

107 E, 16 7 | rot [TI(OH,)J*
137 F, 1 15

144 F, 3 rot [V(OH,)I™
151 A, sh

164 A, (+F,)) 159 7 5

176 A, 28

180 F, 20

190 F, 69

191 E, 61 21 V{[TI(OH,)I*
208 F, 42

211 E, 295 120 V,[TI(OH,)I*
211 F, 45

221 F, sh 65

248 A, 35 1 1 v,[TI(OH,)¢]*
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Figure 3.3.1

Single crystal Raman spectra of TIV(SO,),.12H,0 between 10 and 300 cm™.
Sensitivities: X’(Z Z) Y’ 5823 counts sec’; X’(Y’X’) Y’ 2355 counts sec™;

X’(Z X’)Y’ 1614 counts sec’ (102 (5) K; step size 0.4 cm™; spectral bandwidth
2.32 cm™ at 150 cm’; integration time 4 seconds; 457 nm radiation, 50 mw power

at sample).
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Table 3.3.3

Vibrational Frequencies and assignments for TIV(SO,),.12H,0,
between 275 and 1200 cm™.

v/cm! X(ZZ)Y’ X (Y’X)Y’ X'(Z XY’ assignment
305 F, 48 |

309 E, 42 34 | vy(VOg)
332 F, 9 33 '

431 E, 483 291 | V(S0.%)
435 F, 55 | +

463 F, 40 | v,VO,
474 E, 192 120 !

528 A, 275 19 v,(VOy)
529 E, ? 19 I Pe

530 F 8 '

562 F,? 2 |

564 E, 67 30 I ps

608 F, sh 18 |

622 F, 21 |

623 E, 107 73 I v(S0)
673 E, 41 31 1 | Pa

692 F, 3 '

746 F, 5 | Ps

752 E,(+A.)) 135 60 '

796 E? 3 2 ?

858 A, sh I P2

872 E, 26 13 '

946 A, sh P

971 A, 36 v,(58"0,0)
987 A, 6218 151 28 v,(SO,)
1086 F, sh 56 |

1089 E, 80 49 | v4(SO,)
1099 F, sh '
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Figure 33.2

Single crystal Raman spectra of TIV(SO,),.12H,0 between 275 and 1200 cm™.
Sensitivities: X’(Z Z) Y’ 95786 counts sec’’; X’(Y’X’) Y’ 4494 counts sec’’;

X’(Z X’) Y’ 934 counts sec? (108 (6) K; step size 0.4 cm™; spectral bandwidth
2.96 cm™ at 600 cm™; integration time 4 seconds; 457 nm radiation, 50 mw power

at sample).
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Table 3.3.4

Vibrational frequencies and assignments for TIV(SO,),.12H,0,
between 1200 and 4000 cm™.

v/cm’! Activity Intensity Assignment

1220 E, +F, w

1306 E, (A,?) w

1368 E, (A,)) w [V + Vi

1436 E, w

1456 F, w

1480 E, w

1548 A, (B w .

1592 E, w v,(HOH)

1672 E, +F, m/w

1744 E, w +

1762 E, m/w

1828 E, m/w [vy + v

1940 E, s Electronic Raman
2124 E, +F; w | V,(HOH)

2196 A, (ED) |

2240 F, w I

2392 E, w |+

2428 E,+F, m/w I

2616 ? E, W '+l

2700 A, (BD) w |

2784 E, +F, m/w ' V(OH) [V(OH,)s}*
2976 E, m

2992 F, s v(OH) [V(OH,),*
3060 A, m

3348 F, )

3358 E, s V(OH) [TI(OH,)J*
3404 A, s

3524 E, +F, m/w

3820 A, w [V(OH) + v,
3912 A, w
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Figure 3.3.3

Single crystal Raman spectra of TIV(SO,),.12H,0 between 1200 and 4000 cm™.
Sensitivities: X*(Z Z )Y’ 7847 counts sec™; X’(Y’X’)Y’ 2376 counts sec’’; X’(Z X’)Y’
2593 counts sec” (102 (5) K; step size 1 cm™; spectral bandwidth 3.58 cm™ at 2600
cm’; integration time 4 seconds; 457 nm radiation, 50 mw power at sample).



Intansity-

X' Z)Hiy'

X r'xny:

ﬂ X' (Z XY

'l 4 A

4000

. 3500

3000 2500 .ZDUD 1S00
Wavenumber/cm™} 133.



LA I S a A

10.

11.

12.

13.
14.
15.
16.
17.
18.
19.

20.

REFERENCES

J. Van der Handel and A. Siegert, Physica, 4, 871 (1937).

J. J. Fritz and H. L. Pinch, J. Amer. Chem. Soc., 78, 6223 (1956).

A. S. Chakravarty, Ind. J. Phys., 32, 447 (1958).

B. N. Figgis, J. Lewis, and F. E. Mabbs, J. Chem. Soc., 2480 (1960).

F. E. Mabbs and D. J. Machin, Magnetism and Transition metal complexes,
Chapman and Hall (1973).

S. P. Best and R. J. H. Clark, Chem. Phys. Letts., 122, 401 (1985).

M. A. Hitchman, R. G. Mcdonald, P. W. Smith, and R. Stranger, J. Chem.
Soc., Dalton Trans., 1393 (1988).

A. B. P. Lever, Inorganic Electronic Spectroscopy, (second edition), Elsevier,
Amsterdam, (1984).

J. K. Beattie, S. P. Best, P. Del Favero, B. W. Skelton and A. H. White,
unpublished results.

J. K. Beattie, S. P. Best, B. W. Skelton, and A. H. White, J. Chem. Soc.,
Dalton Trans., 2105 (1981).

F. A. Cotton, Chemical Applications of Group Theory, John Wiley & Sons
press (1990)

N. N. Greenwood and A. Earnshaw, Chemistry of the Elements, p 1161,
Pergamon Press, New York, (1984).

R. S. Armstrong and G. P. Braithwaite, unpublished results.

S. P. Best, Ph.D Thesis Sydney University (1983).

A. Manoogian and A. Leclerc, J. Chem. Phys. 63, 4450, (1975).

D. R. McGarvey, J. Chem. Phys., 41, 3743 (1964).

H. A. Jahn and E. Teller, Proc. Roy. Soc., 161, 220 (1937).

F. S. Ham, Physical Review, 138, A1727 (1965).

H. Lipson, and H. Steeple, Interpretation of x-ray powder diffraction patterns,
Macmillan Press (1970).

J. Burgess, Metal Ions in Solution, Ellis Horwood press (1978)

134.



21.

22.

23.

L. G. Sillen and A. E. Martell, Stability Constants of Metal-ion Complexes,
Special Publications 17 and 25 (Supplement 1), The Chemical Society,
London (1964, 1971).

CRC Handbook of Chemistry and Physics, 64th edition p F-170, CRC press,
inc (1983).

R. E. Hester and R. A. Plane, Inorg. Chem., 3, 768 (1964).

135.



Chapter four

The electronic structure of [Ti(OH,)J**

4.1 Review

The electronic structure of [Ti(OH,),]** within the alum lattice has been of
considerable interest since the early development of the theory of transition metal
ions.! Because of the extremely fast relaxation time of [Ti(OH,)]* within the
lattice,>* the EPR spectrum of the undiluted alum*** and of [Ti(OH,)]* doped into
a diamagnetic B lattice™ and o lattice® can be observed only at temperatures
approaching that of liquid helium. Susceptibility measurements on CsTiSH have also
been performed in the liquid helium range.!®!! At temperatures above 10 K, magnetic
susceptibility measurements'>'® have been the only means used to probe the electronic
structure of the caesium titanium alum.

Table 4.1.1 shown below is a summary of some of the g values obtained for
the CsTiSH alum.

Temperature Technique g values Reference

Range

80-300K Magnetic g = 1.88, 12
Susceptibility g, =162

100 - 300 K Magnetic g =192, 15
Susceptibility g, =178

1-42K Magnetic B = 1.12 10
Susceptibility

25-42K EPR g = 1.25, 4,5

g, =114

Only the g values from the EPR experiment are determined directly and hence
give the most reliable effective g values assuming that the spectra are correctly
interpreted. Between 1 and 4.2 K, the susceptibility is found to obey Curie’s law.'
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Calculation of the g value follows directly from the Curie constant. The susceptibility
measurements above 4.2 K show a complicated variation with temperature.!’® The
g values quoted in this temperature range are calculated indirectly using values of the
ligand field parameters that are found to best fit the data.'*"*

The discrepancy between the g values calculated from measurements made
below 4.2 K and those calculated from measurements above 80 K have yet to be
adequately accounted for. It has been suggested” that the trigonal field splitting of
the [Ti(OH,),]** cation must be reduced drastically on cooling in order to account for
the discrepancy in the g values. A model which takes into account second order
contributions from the cubic ’E, term and anisotropic orbital reduction factors has
been found to give good agreement with the g values over the whole temperature
range but not with a unique set of parameters.” In addition, no set of parameters
from this analysis were found that could reproduce the variation of the magnetic
moment with temperature in the 80 - 300 K temperature range.

A 12 line EPR spectrum has been observed for [Ti(OH,)s]** doped into the a
lattices of RbAISH® or TIAISH.” This observation was interpreted as resulting from
12 equivalent but differently oriented sites. This was explained as resulting from the
larger Ti** ions forcing localized distortions when they replace Al** ions giving rise
to an orthorhombic type of crystal field. The EPR spectra of Ti** doped into o host
lattices with larger host lattices (eg. CsInSeH) have not been reported but might help
to substantiate this interpretation. The EPR spectrum of [Ti(OH,)s)** doped into the
CsAISH alum has been reported by separate workers.*” With the crystal aligned such
that one of the four three fold axes is oriented along the magnetic field direction, three
lines are observed. In the CsTiSH alum, only one line is reported albeit broad.** The
interpretation of the EPR spectrum of [Ti(OH,)¢]** doped into the CsAISH lattice has
been the subject of great contention. It has been proposed'® that the [Ti(OH,)s]*
cation exists in 12 differently oriented, but otherwise equivalent, magnetic complexes
in both CsTiSH and [Ti(OH,)s]** doped into CsAISH. This claim has been strongly
refuted on the grounds that it does not present a realistic model in view of the space
group of the CsTiSH alum (Pa3 ) which has 4 [Ti(OH,),]** cations per unit cell.”® It
is also suggested" that the experimental evidence offers no support to the claim that
there exists 12 magnetic complexes when [Ti(OH,)¢]** is substituted for [Al(OH,)4]*
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in the CsAISH lattice. It is interesting to note that with similar dopant concentrations,
it is reported that 12 lines can be observed simultaneously with [Ti(OH,),]** doped
into an o lattice whereas 12 lines could never be seen simultaneously with
[Ti(OH,)s]** doped into a P lattice. For the latter case, it is reported by both sets of
workers®’ that the intensity of the lines decreases very rapidly as the direction of the
magnetic field diverges from the three-fold axis, i.e. the line corresponding to g, is
not observed for [Ti(OH,)s** doped into a P lattice. This intensity difference between
[Ti(OH,)¢]** doped into the B or the o lattice has received little attention in the
literature.

An alternative explanation to the EPR spectrum of [Ti(OH,)¢** doped into
CsAISH was presented from Shing and Walsh.,” Their treatment is shown
schematically in figure 4.1.1. The authors suggest that the *T,, term in an octahedral
field is stabilised by a dynamic Jahn-Teller distortion as propounded by Ham.” The
authors then move on to consider spin-orbit coupling and finally the trigonal field
which they suggest is almost completely eliminated as a consequence of the dynamic
Jahn-Teller effect. A quasi-quartet is finally reached from which the 3 transitions are
accounted for. A qualitative interpretation of the EPR spectrum of the CsTiSH alum
is also given by the authors using this model.! The authors suggest that the trigonal
field cancellation in the CsTiSH alum is more complete then for the doped alum
leading to a broad, fast relaxing, strain broadened transition.

4.2 Previous assumptions of the symmetry and electronic structure of the
[Ti(OH,)I** cation.

In interpreting the electronic structure of [Ti(OH,)** in the CsTiSH alum or
doped into the B alum of CsAlSH, all the authors have made two assumptions. 1. The
[Ti(OH,)¢]* cation retains S; symmetry over the whole temperature range. 2. The
trigonal field leaves a ground term of A, symmetry as shown in figure 4.2.1 (a). The
basis for assuming that the [Ti(OH,)s]** cation retains S, symmetry over the whole
temperature range must be questioned since no structural data for the alum has been
reported below 102 K for the CsTiSH alum. Having assumed trigonal symmetry, the

A, term is assigned as the ground term since this is energetically more favourable to
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Figure 4.1.1

(a) EPR spectrum of Ti* doped into the CsAISH alum measured at 9.46 GHz and 2.5
K with the external magnetic field direction along a [111] axis. The transitions are
assigned as A: -3/2 & 1/2; B: +3/2 & 1/2; C: +1/2 & -1/2. (After Shing and Walsh
[7D.

(b) Schematic energy-level diagram after Shing and Walsh,” showing energy levels of
Ti** when doped into the CsAlISH alum in the prdence of a magnetic field at 2.5 K.
The authors write the trigonal Hamiltonian as:

Hyg = 173 (yv - (vV')7/A)(31g” - 1L+ 1)]
after Abou-Ghantous et al? v is the trigonal field splitting parameter defined as
positive when the A, term is lowest in energy. 7 is the vibronic reduction factor, v’
is the admixture of an excited vibronic state with the ground state, A is the cubic field
splitting and L corresponds to the orbital angular momentum quantum number = 1.
The authors propose that the near cancellation of the trigonal field is due to the
trigonal field being comparable with and opposite in sign to the second-order effect
involving an excited vibronic state. The validity of the model lies with the assumption
that the trigonal field leaves the A, term as the ground state.
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Figure 4.2.1

Splitting of Tg term (Ty) for [T i(OH2)6]3+ in axial field
Electron configurations in the strong field limit are shown.
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when the E, term is the lower lying and, more importantly, the lowest lying Kramers
doublet when the E, term has g, = 0 contrary to experiment.**

Perturbation theory is the most frequently used method to calculate the
magnetic susceptibilities of the 2’I‘zg term under the action of a trigonal field and spin-
orbit coupling. Treating the trigonal field and spin-orbit coupling as simultaneous
perturbations, expressions for the energies of the three Kramers doublets (from the szs
(0,) term) may be derived.?® Table 4.2.1 is reproduced from reference [23] and lists
expressions for the first and second order Zeeman coefficients. For transition metal
complexes with less than half filled shells, such as titanium(III), the energy levels
denoted E, and E, constitute the lowest energy state for the system when the trigonal
field leaves the E, term lowest (fig 4.2.1 (b)). When the trigonal field is reversed
such that the A, term is lowest lying, as shown in figure 4.2.1 (a), the energy levels
E, and E; are the lowest in energy. From inspection of table 4.2.1, it is seen that for
the Kramers doublet with energies E, and E,, there is no first order Zeeman effect in
the perpendicular direction. In the parallel direction it is predicted that there will only
be a first order Zeeman effect as a consequence of reduction in the orbital angular
momentum as expressed by the modified form of the magnetic moment operator |1 =
B(kI: + 2§) where all the terms have their usual meaning. When( k =1 the effective
magnetic moment, |, is expected to fall rapidly to zero with decrease in temperature.
Levels E, and E, have non-zero first order Zeeman effects. When the 2A8 term is the
ground term, therefore, such a sharp decrease of y with temperature is not expected.

We propose that the trigonal field leaves the E, term as the ground term. The
available experimental data is explained in terms of the E; ground term being subject
to a dynamic Jahn-Teller distortion at high temperatures freezing out into a static
distortion at temperatures approaching that of liquid helium. Vibrational data is
presented which indicates that a phase transformation occurs on cooling titanium alum

down to liquid helium temperature.
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TABLE 4.2.1

First- and second-order Zeeman coefficients for three Kramers doublets derived from

2’1"21g term after perturbation by trigonal field and spin-orbit coupling. v = A/A where

A = spin-orbit coupling constant; A = trigonal field splitting parameter, defined as

positive when the A, term is lowest lying and negative when the E, term is lowest

lying. k = the orbital reduction factor taken to be isotropic. Contributions to the

susceptibility from the crystal field 2Eg term have been neglected (After Mabbs and
Machin [23]).
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4.3 The sign of the trigonal field

The structure of the [Ti(H,0),]* cation within the CsTiSH alum is greatly
affected by the hydrogen bonding constraints within the lattice. When the [Ti(H,0)¢]**
cation is in an environment which has little influence on its optimised geometry, the
[Ti(H,0)¢]* cation will adopt its most stable conformation from electronic and steric
considerations alone. Recent, EPR, ENDOR, and electron spin-echo studies on the
[Ti(D,0)¢]* cation in an amorphous 2-propanol/D,0 glass have established the
hydration and electronic structure of the cation in this environment.* The structure
of the complex was found to have high trigonal symmetry, all-vertical D,,, as shown
in figure 4.3.1(a). The TiO, core is approximately octahedral. The overall symmetry
of the complex is realised through the position of the deuterium atoms, the positions
of which lie in the D,, mirror planes that contain the oxygen atoms. The EPR
spectrum, recorded at X-band, shows the complex to be axially symmetric with g
values g, = 1.994 g, = 1.896. The g values are close to the free ion value implying
that the unpaired electron is mainly in the a,, orbital. Ab initio MO calculations that
include electron correlation effects have been performed on the [Ti(D,0)s]* cation in
view to relate the electronic and geometrical structure of the cation.”? The optimised
geometrical structure is in good agreement with the structure determined
experimentally by means of the electron spin-echo modulation analysis. The
calculations suggest that the trigonal field leaves a ground term of A,, symmetry with
an estimated trigonal field splitting of 5646 cm™. This form of trigonal distortion is
equivalent to the more familiar elongation along the 3-fold axis of the octahedron only
in this case the extent of trigonal field stabilisation is determined more by orientation
of the water molecular planes relative to the TiO; framework than by a change of the
Ti-O bond lengths or bond angles. With a trigonal distortion corresponding to an
elongation along the 3-fold axis, one would expect the trigonal field splitting diagram
to be reversed for the [V(H,0)s]* cation which has a 3'1‘28 octahedral ground term. On
this basis it is predicted that the all-vertical D,; structure will not be the most stable
geometry for [V(H,0)s]*. Neutron Diffraction studies on the triflate salt
[V(OH,)(][H;0,][CF,S0,],® have shown that although occupying a site of only C,
symmetry, the [V(H,0),]** cation has approximately all-horizontal D,, symmetry as
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Figure 4.3.1

Three symmetry configurations adopted by the [M(OH,)¢]* cation.
(a) The all-vertical D,, structure found for the [Ti(D,0)¢]** cation in an amorphous
solid of a 2-propanol/D,0 mixture** (diagram after Cotton et al. [26])
(b) The all-horizontal D,, structure found for the [V(OH,)s]** cation in the triflate salt
[V(OH,){J[H,0,][CF,S0,1.* (diagram after Cotton et al. [26])
(c) The structure of the [M(OH,){]** cation found in the caesium P alums of Fe,” Ru,®
Mo,” Cr,” and V.*! Three-fold axis is out of the plane of the paper (after Best et al.
[291)
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shown in figure 4.3.1(b). This form of trigonal distortion is equivalent to a
compression along the 3-fold axis of the octahedron and is in keeping with the
electronic preference of the [V(H,0)s** cation. This does not prove, however, that
the electronic factor is necessarily the one that determines the structure. It is apparent,
however, that the hydration structure of the [Ti(OH,)]** cation is highly correlated to
its electronic structure. The best technique available for the determination of the
hydration structure of the [Ti(OH,)s]** cation, in the undiluted alum lattice, is neutron
diffraction. However, no neutron diffraction data is available for the CsTiSH alum.
The neutron structures for the caesium sulphate B alums of Fe,” Ru,?® Mo,” and Cr,*
have, however, been determined at 15 K and the neutron structure of CsVSH
determined at room temperature.” The hydration structure of the [M(OH,)¢]** cation
is found to be similar in each case and is shown in figure 4.3.1(c). The MO, core is
again, approximately octahedral; the hydrogen atoms define a plane with the
metal(IlT)-oxygen bond vector and are twisted round with respect to the MOy
framework Aby angle of between 19 and 22° depending on the electronic structure of
the metal(IIT) centre.”® The cation has overall S symmetry in keeping with the site
symmetry within the lattice. The neutron structures are found to be in good agreement
with the room temperature X-ray structures of the caesium alums of Fe,*? V,* Cr,?
Ru,” and also the X-ray structure of CsMoSH* performed at 110 K. X-ray,’>* and
neutron” studies on the alums show clearly that the hydration structure of the
[M(OH,),]** cation is dependent on the alum type. This is not surprising since all the
hydrogen atoms participate in moderate or strong hydrogen bonds. At present, the
only structural data available for any titanium alum is an X-ray structure determination
of the CsTiSH alum at 102 K.** Although the R value for this structure is high (6.6%)
the alum is reported to be characteristic of a P alum and isomorphous with the
CsAISH alum. This indicates that the time averaged hydration structure of the
[Ti(OH,)4]* cation at 102 K is similar to that illustrated in figure 4.3.1(c). A
significant alteration of the hydration structure, such as the adoption of the all-vertical
D,, structure, could not be accommodated with the caesium sulphate B lattice. The
single crystal Raman spectrum of CsTiSH* and RbTiSH* recorded at 80 K do,
however, already show signs of the onset of a phase transition. However, the spectra

are not too dissimilar to that of other caesium®* and rubidium® B alums. The
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available structural and vibrational evidence suggest therefore, that the ime averaged
hydration structure of the [Ti(OH,)]** cation within the CsTiSH alum closely
resembles the [M(OH,),]** structure found for the other caesium sulphate f alums
(shown in fig. 4.3.1 (¢)) in the liquid nitrogen temperature range. Based upon the
molecular structure of the [Ti(OH,)s]** cation in the B alum lattice, its electronic
structure may be predicted using simple angular overlap'arguments.” Figure 4.3.2
shows the relationship between the molecular structure of the [Ti(OH,)s]** cation and
the energies of the A, and E, components derived from the T, (T,) term. By rotation
of the water molecules about the MO, framework, traversing through Sy symmetry,
the all-vertical D, structure is reached where the A, trigonal field term is the ground
term. Calculations from the angular overlap model predict that the magnitude of the
trigonal field splitting increases as a function of the angle that the plane of the water
molecule makes with the MO, framework.***' Traversing by the other pathway, the
all-horizontal Dy, structure is reached where the E, term is the lowest lying. Close
inspection of the hydration structure of the cation shown in figure 4.3.1 (c) reveals
that it is midway between the T, and all-horizontal D,; structures. For the all-
horizontal D, structure, the water molecules are twisted round by 4