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Abstract

The hexaaquametal(111) complex ions of transition and Group 13 metals can be isolated
i a highly symmetric environment in alum crystals with various menovalent cations and
sulphate or selenate anions. M'M"™(X0,),  12H,0. Many of these have been investigated by
X-ray crystallography and some by neutron scattering. The relationships among the structures
are described, with emphasis on the way in which the water molecule is coordinated to the
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tervalent metal ion. Both trigonal-planar and trigonal-pyramidal coordination geometries are
observed. The structural studies are correlated with electron spin distributions obtained from
polarised neutron diffraction, with aspects of the electronic spectra of some of the metal ions,
with vibrational spectra, with electron paramagnetic resonance spectroscopy of the titanium
alum, and with theoretical calculations. It is concluded that the observed stereochemistry
reflects a subtle interplay between the electronic structure of the tervalent metal 1on and the
hydrogen bonding requirements of the lattice. € 1997 Elsevier Science S.A.

Keywords: Aqua ions: Alums; Coordinated water

1. Introduction

Until 1977 there appears to have been no detailed description of a crystal structure
containing the hexaaquairon(1Il) ion reported in the literature [1], despite the
importance of this species in aqueous solution chemistry and the role of the
Fe'" /Fe*~ couple as a model for electron transfer theories [2].

The iron-oxygen bond length difference of 14 pm between [Fe(H,0), and
[Fe(H,0)}*" [3] might be considered relatively large for the difference in the
d-electron configurations of (t,,)%(e,)* and (t,,)*e,)’. one nominally non-bonding
t,, electron. Consequently, we sought to determine the difference between the metal-
oxygen distances in [Co(H,0)J** and [Co(H,0)J* ", with d-electron configurations
(t2)" and (1y,)%(e,), i.e. where two anti-bonding e, clectrons are introduced on
reduction from Co™ to Co".

Johnson and Sharpe had described a convenient electrochemical preparation of
the caesium cobalt sulphate alum in 1966 {4]. They inferred, incorrectly. from the
X-ray powder photographs that the caesium cobalt sulphate alum was 1somorphous
with the vanadium. chromium, manganese. iron and gallium alums, and hence had
the cubic f-alum structure. They then measured the unit cell dimension (o be
12.277(3) A, considerably smaller than the value of 12.429(3) A they found for the
ron(11l) alum. This would suggest a large effect of the anti-bonding ¢f electrons.
Although they quoted Haussiihl [5]. they did not recognise that he had predicted
on the basis of the crystal morphology, remarkably and correctly as it turns out,
that the caesium cobalt sulphate alum belonged instead to the « class of alums. We
confirmed this prediction with the determination of the crystal structure of the cobalt
alum [6] and were then led to a thorough investigation of the properties of the
hexaaquametal(I1) ions in the alum lattice.

Whereas a few structural studies have been completed on tervalent hexaaqua
cations in other salts, by far the most extensive range of structural data exists for
the alums. Hence the structural chemistry of the alums will be discussed in detail
and the structures of tervalent hexaaqua cations in other salts will described in
relation to the alums.

]3+

2. Alums

The alums comprise compounds of the composition [M'M"(X0,),  12H,0].
where M! and M may be a wide variety of monovalent and tervalent metal ions,
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Fig. 1. Subunits of the alum structure.

respectively, and X is a Group 16 element, S or Se. In 1935 Lipson [7] observed
that all of the alum structures belong in the same space group Pa3, but that they
comprise three classes, o, B and v, determined largely by the size of the univalent
ion. Most alums have the a structure; those with large monovalent ions such as
caesium adopt the B structure; the only example of the y structure is with the small
sodium ion in [NaAl(SO,),- 12H,0]. With the larger selenate anion, only « alums
are found.

The differences among these structures can be described by the disposition of the
structural subunits along the three-fold crystallographic axis of the cubic unit cell
(Fig. ). The alums comprise monovalent and tervalent hexaaqua cations with
intervening divalent anions. The cations occupy sites of S, symmetry and the anions
occupy sites of Cy symmetry. The coordination geometry about the tervalent cation
is invariably regular octahedral, the axes of which are aligned, approximately, with
the unit cell axes. For the o and B alums the coordination sphere of the univalent
cation comprises twelve oxygen atoms, six water molecules and six sulphate oxygen
atoms from two sulphate groups. According to the alum type the coordination may
be described as 12 coordinate (B) in a cuboctahedral array, or 6+6 (%) in an
elongated icosahedron. For alums with small univalent cations disorder of the
structure occurs, with inversion of a fraction of the sulphate groups along the three-
fold axis. This reduces the sulphate from a 3 to a I oxygen atom donor. For the vy
structure all of the sulphate groups are inverted and the coordination number of
the sodium cation is 6 +-2.

Because the unit cell and site symmetry of the subunits are the same for each of
the alum types the classification depends on the details of the structure. The y alum
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is structurally distinct in terms of the orientation of the sulphate groups and can
readily be identified. The o and f alum types are more closely related and it was
necessary to establish that these modifications represent distinct structural entities
rather than a continuum between the limiting structures. The methylammonium
sulphate alums of aluminium and chromium display dimorphism [8,9] which suggests
that there are distinct energy minima for the two types. Further structural and
spectroscopic work described below confirmed that a distinction can be made
between the o and B alum types from a variety of observations.

In 1961 Haussiihl [5] was able to classify more than fifty alums into the o or f§
classes on the basis of their crystal morphology. The appearance of a 210 face
implied the B structure. His classifications included the unexpected observations that
the caesium cobalt sulphate alum, alone among the caesium sulphate alums, belonged
to the o instead of the P class, and that all of the titanium and vanadium sulphate
alums belong to the B class, even with the smaller potassium and rubidium ions, in
contrast with other alums of these monovalent cations which are all in the o class.
Our subsequent crystallographic mvestigations have confirmed all of these remark-
able predictions.

3. Crystal structures
3.1, X-ray structures of sulphate alums

Table 1 summarises results from X-ray crystal structure determinations of various
sulphate alums. The most reliable guide to the classification of the alum type is the
geometry of the six water molecules coordinated to the univalent cation [6]. Since
this cation occupies a site of Sy symmetry there is only one symmetry inequivalent
molecule. If the water oxygen atom occupies the plane normal to the three-fold axis
which includes the univalent cation then the oxygen atoms of the six symmetry
related water molecules will lie in a plane, with O-M O angles of 60.0". A deviation
from the plane will result in angles larger than 60°. For the B alums an O-M" O
bond angle of 60.0(3)" pertains, whereas angles of 65(2)° are found for the % alums.

From the tabulated results it is clear that the caesium cobalt sulphate alum belongs
unambiguously to the o class, as do the caesium alums of rhodium(IIl) and
iridium (II1), in contrast to other caesium alums. It is also clear that the titanium
and vanadium alums all belong to the B class, as predicted by Haussiihl [5].

The determination of metal-oxygen bond lengths for the hexaaquametal ([11) ions
was one of the original purposes of this work. These are listed in Table | and are
plotted in Fig. 2 against the unit cell dimensions. From this plot it can be seen that
the o and B alums lie on different lines, so that, contrary to Johnson and Sharpe
[4], one cannot make a comparison of bond lengths from the unit cell dimensions
of the caesium cobalt and other caesium alums. The distinction between the two
classes is further evidence that they are separate structures and not a continuum of
structures.
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Table |1
X-ray crystal structure determinations of sulphate alums
MM Unit cell Class 0-M' O M™.O Axes Ref
(A) (deg) (A) (deg)
NaCr 12.40(5) o 65.8 1.98(1) 8.2 [75]
KAl 12.157(3) o 66.5 1.908(8) 10.2(3) [76]
Kv* 12.253(5) B 60.03(3) 1.992(1) 0.69(4) [36]
RbAl 12.243(3) o 65.9(2) 1.923(9) 8.3(4) [76]
RbV 12.367(2) B 60.0(1) 1.996(3) 0.7(1) [36]
RbCr 12.30(6) o 64.6 1.88¢1) 8.0 [91
CsAl 12.357(6) B 60.03(11) 1.877(3) 0.8(1) [6]
CsTi 12.393(5)% B 60.0 2.028(5) 0.2 [57]
CsV 12.452(10) i3 60.0(2) 1.992(6) 0.8(1) [61
CsV 12. 434(1) B 60.00(2) 1.991(1) 0.70(4) [36]
CsCr 12.413(5) i 60.01(10) 1.959(3) 0.8(1) [6]
CsMn 12.432(8) 3 60.0(1) 1.991(6) 0.8(1) [6]
CsFe 12.449(3) B 60.0(1) 1.995(4) 0.9(1) [6]
CsCo 12.292(8) A 65.5(2) 1.873(5) 22 (6]
CsGa 12.419(3) ] 60.01(9) 1.944(3) 0.5(1 [6]
CsRh 12.357(5) 2 65.3 2.016(3) 22 {77]
Csln 12.5340(7) § 60.0(1) 2.112(4) LO(1) [6]
Cslr 12.395(3) % 65.3 2.041(3) 29 (77
NH Al 12.240(3) o 66.2(2) 1.916(8) 9.1 [76]
“120 K.
" 1015 K.
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Fig. 2. Metal(I11) oxygen distances as a function of the unit cell dimension of the sulphate alums.
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3.2, X-ray structures of selenate alums

Table 2 gives some results from the X-ray crystal structure determinations of some
caesium selenate alums. With the larger selenate anion all of the caesium alums
adopt the o alum structure. Two important points emerge from these results.

(1) There are no significant differences between the M™-O bond distances
observed for the caesium sulphate B alum and the caesium selenate o alum of the
same transition metal (Table 2). This shows that the difference between the o and
B structures does not perturb the M"'-water bond significantly. This is consistent
with the similarities between the vibrational spectra of the two alum types [10] and
with the small energy difference between the two structures, both to be described
below.

(2) The M"™ O bond length and bond strength (implied by the M-O distance
and its vibrational frequency) are also not affected by the subtleties of the orientation
of the coordinated water. In most caesium B sulphate alums the MO, moiety is
oriented with the M-O coordination axes within one degree of the crystallographic
axes. In contrast. in the o alums the M"™-Q axes are 4--7° away from the crystallo-
graphic axes, which accommodates the different hydrogen-bonded layout of the «
alums. In contrast, both the sulphate o and the selenate o alum of rhodium belong
to the same polymorph, and have the same unique orientation of 2.2° to the crystal
axes. In each case, however, the bond length and its vibrational frequency are not
different between the sulphate and selenate alums. This indicates that the M"-O
bond length and bond strength are not significantly affected by the precise orientation
of the coordinated water.

3.3. Neutron structures

An early neutron diffraction structure determination was made of the potassium
chromium sulphate alum in 1958 [11]. One of us has reported a number of recent
studies, which are summarised in Table 3. By locating the hydrogen atoms, neutron
diffraction is able to examine the geometry of the water coordination; an important
question is whether the water is essentially planar (sp® hybridised at the oxygen) or
pyramidal (some sp® hybridization character).

Table 2

X-ray crystal structure determinations of selenate alums [78]

MMM Unit cell Class 0O-M..0O M" O M"-O Angle of M"O, to
(A) (deg) (ScO,) (A) (SO, (A) crystal axes (deg)

SO, SeO,

CsAl 12.544(3) o 66.6 1.878(3) 1.877(3) 0.8 6.5

CsCr 12.575(3) ol 66.2 1.964(3) 1.959(3) 0.8 4.6

CsFe 12.615(5) 2 66.2 1.989(4) 1.995(4) 0.9 5.4

CsRh 12.532(7) x 65.7 2.004(3) 2.016(3) 22 2.2

Csln 12.694(6) x 65.6 2.134(6) 2.112(4) 1.0 39




J.K. Beattie, S.P. Best [ Coordination Chemistry Reviews 166 ( 1997) 391-415 397

Table 3

Neutron diffraction structure determinations of alums

Compound Alum Tilt angle Twist angle Ref.

class (deg) (deg)

KCr(SOy),  12H,0 % [nn
CsAI(SO,), - 12H,0 B [79)
NaAl(SO,),  12H,O0 v [80]
NH,AI(SO,),  12H.,0 ¥ 15.5(8) 0.8(8) [81]
CsFe(50,), 12H,0 B 0 —~19.4(6) [13]
CsFe(SeQ,), - 12H,0 b 18.6 0 [13]
CsRu(SQ,),  12H,0 B 0.8(6) =22.0(6) [17]
CsCr(S0O,), - 12H,0 B 0.8(6) —19.0(4) [14]
CsV(SOQ,),  12H,0 B | —20 [78]
CsRh(SO,), - 12H,0 P 35 0 [78)
CsMa(S0,), - 12D,0 B 0 ~19.7(1) [82]
CsRu(80y),- 12D,0 § 0 —22.0(2) {82]
CsTi(SO,), 12H,0" B 0.6(3) —20.5(3) [57)

“ Neutron powder data.

In a definitive study published in 1984, Cotton and co-workers reported a neutron
diffraction determination of the structure of [ V(H,0)[HsO,CF3S0;), [12]. They
observed that there are three highly symmetric structures possible with planar water,
illustrated in Fig. 3: (a) T, symmetry; (b) all-vertical D;4 symmetry; and (c¢) all-
horizontal D4 symmetry. The last is also possible with pyramidal coordinated water.
In [V(H,0).J[HsO,(CF;S0;), the water molecules are nearly planar and adopt the
all-horizontal D,y configuration.

In the alums the hexaaquametal(IIl) ion occupies a site of S, symmetry. Both
planar and pyramidal coordination of the water are observed. The degree of deviation
from planar coordination can be defined by the “tilt” angle - the angle made
between the plane of the water molecule and the M—O bond. For planar water this
is 07; in a tetrahedron this angle is 54.35 . The tilt angles found in a number of the
neutron structures are given in Table 3.

A key difference between the o and f§ alum types is the orientation of the
coordinated water molecule relative to the M™MQ, framework. A twist angle (¢) is
defined as the angle between the plane of the water molecule and the closer MO,
plane which includes its oxygen atom; this is illustrated in Figs. 3e and 3f. The sign
of the twist angle is defined with respect to the C; axis of the octahedron. Thus
rotation of the plane of the water from the T, geometry (¢ =0) towards the C; axis
and the all-vertical Dy4 geometry is positive, and rotation towards the all-horizontal
D, geometry is negative (see Fig. 5). In the x alums the plane of the water molecule
1s approximately aligned with the MO, framework; in the B alums a twist angle, ¢,
of between —17 and —-22 " is found. The stereochemistry of the cation in the
alums 1s approximately midway between T (plane of the water molecules aligned
with the O, axes. ¢ =0") and the «ll~horizontal Dy geometry (plane of the water
molecules normal to the o, planes in Dy, ¢p= —45").
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Fig. 3. Highly symmetric arrangements of planar coordinated water. Atter Cotton, ¢ al. [12]: (a) Ty

symmetry: (b) all-vertical D,g: (¢) all-horizontal Dy, (d) delinition of the tilt angle; (e) definition of
positive twist angle ¢ for all-vertical Dy: and () negative twist angle for all-horizontal Dy,

f

The third angle required to analyse the gcometry of the coordinated water is the
orientation of the MO, octahedron relative to the crystal axes. These are given in
Table I. In the B alums the MO, octahedron is aligned to within about one degree
with the crystal axes. In the o alums it is rotated by 510" away from the crystal
axes, except in the anomalous caesium » alums of cobalt, rhodium and iridium.

3.4. Hydrogen bonds

There arc four hydrogen bonds in the asymmetric unit of the alum lattice,
illustrated in Fig. 4. For the caesium iron selenate (o) and the caesium iron sulphate
(B) alums for which high quality neutron structures have been determined, the
hydrogen bonds of the water molecules coordinated to the tervalent cation are the
strongest in the lattice: they have the longest O -H bond lengths and the shortest
O---O distances [13]. These hydrogen bonds are close to linear. They are directed
to the water oxygen (O(a)) and the anion oxygen (O(2)) which comprise the
coordination sphere of the univalent cation. They link the geometry about the
univalent cation, and thus the alum type, with the orientation of the water of the
tervalent cation.
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Fig. 4. Hydrogen bonds in alums. O(b) coordinated to the trivalent cation is hydrogen-bonded to O(2)
of the anion and O(a) of the water coordinated to the monovalent cation.

4. Electronic effects

The initial explanation of the ditferent alum classes was based on the size of the
univalent cation: the very small sodium ion adopts the v structure so that its
coordination number is only eight: the intermediate potassium and rubidium alums
adopt the o structure with a puckered crown of six waters; the largest caesium ion
adopts the [} structure with a plane of six waters, which creates a larger coordination
sphere than the puckered crown. Haussiihl's classification based on crystal morphol-
ogy was not consistent with this simple model [5]. Our structure determinations
confirm the predicted exceptions and indicate that the structure can be affected by
the electronic structure of the tervalent cation, in addition to the size of the univalent
cation. The relationships among the coordination geometry of the tervalent water
(the tilt and twist angles), the orientation of the tervalent octahedron in the lattice,
and the coordination geometry of the univalent cation (alum class) requires a
fascinating analysis of electronic and steric eflects.

4.1, Anomalous cacsium x alums of cobalt, rhodivm and iridium

Most caesium alums adopt the B structure, but those of the (t,,)® metal ions
cobalt(II1), rhodium(IIl) and iridium(IIl) have the o structure. This cannot be
related to the sizes of the tervalent ions, which span most of the observed range
from Al to In (Fig. 2). These caesium alums are also unique among the o alum
structures. The typical o alum has the MO, octahedron oriented about 5- 10" away
from the crystal axes; in the caesium o alums this angle is only 2-3". The hydrogen
bond directions required to accommodate the o alum structure are accomplished by
a very large tilt angle of 357 i.c. the tervalent coordinated water is highly pyramidal,
or sp* hybridised, compared with the usual coordination which is close to planar (B
alums) or 15 20" (other o alums).

One hypothesis advanced to explain this anomaly is that the pyramidal coordina-
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tion occurs to minimise c¢lectron repulsions between the oxygen lone pair and the
filled metal 1,, orbitals. Such repulsion must be of modest energy, for it has no effect
on the M™ O bond lengths among the first row transition metals; the Co-O distance
occurs as predicted by extrapolation from earlier members of the 3d series. with
fewer t,, electrons (Fig. 2 in Ref. [6]). This is consistent, however. with the small
energy difference between the o and B structures estimated from electronic effects to
be described below, and the independence of the M"™ O distance on alum type
described above in the comparison between the sulphate and selenate alums.

Among the 4d metals. only Mo, Ru and Rh structures are available. In this case
the Rh-O distance is longer than predicted from the two-point extrapolation of the
Mo and Ru distances (Fig. 2). If this comparison were valid, it might reflect the
greater radial extent of the 4d than the 3d clectrons.

If this hypothesis were correct, it might be expected the Ru"(t,,)* would also
adopt the z structure, but there are additional factors involved with this electron
configuration which complicate such a prediction. This involves the role of p,-d,
bonding in the planar coordination of water. which is absent in Rh and which cuan
also affect the orientation and twist angle of the coordinated water.

4.2. Twist angles relative to the M -0, framework

Whereas the hydrogen bonding framework plays an extremely important role in
determining the orientation of the water molecules, the metal (111 )-water interactions
also perturb the structures at a level which is revealed in the precise neutron structure
determinations. The three-fold degeneracy of the t,, orbitals in octahedral symmetry
is lifted in the S site of the alum lattice. The relationship between the angle that
the plane of the water molecule makes to the Oy axes and the energy difference
between the a, and e, (S,) components of the ty, (Oy,) orbitals is shown in Fig. 5
[14]. Orbital energies were calculated using Eq. (1) which is derived from the angular
overlap model (AOM) [15.16] assuming (i) trigonal-planar coordination of the
water molecule, (i) S, symmetry. (iii) metal ligand = interaction greater normal to
the plane than in the plane of the water molecule, and (iv) neglect of configuration
interaction

d =3¢, sin(2¢)| (hH

where ¢ is the absolute magnitude of the trigonal-field splitting and ¢, is an AOM
parameter related to the difference in the metal-ligand m interaction normal to and
in the plane of the water molecule.

The tervalent cations can be grouped according to the electronic stabilisation
gained by the lifting of the degeneracy of the metal t,, orbitals by a change of ¢:
(1) where there is equal occupancy of the metal t,, orbitals, there is no preferred
twist angle: (2) (t,,)” and (t,,)° cases for which the electronic minimum occurs with
¢=—45" and (3) (tzg)1 and (tzg)4 cases where the electronic minimum occurs with
¢=445". In the case of chromium(IIT} there is no electronic stabilisation energy
to be gained by adopting a particular value of ¢ since each of the 15, derived orbitals
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Fig. 5. Relationship between molecular structure and orbital energies. Top: relative energies of the a, and
¢, components of the (,, orbitals; and bottom: relationship of twist angle ¢ and angle «»» made between
the plane of the water molecule and three-fold axis of the octahedron.

are singly occupied. The observed twist angle of —19.0(4) [14] 1s, within experimen-
tal error, also that found for the corresponding iron alum (19.4(3)") [13] where
similar considerations apply to the (tzg)"(cg)2 configuration. For the ruthenium(Ill)
cation, the (t,,)° configuration achieves its maximum electronic stabilisation energy
when ¢ = —45 _ In this case the observed twist angle of —22.5(3) [17]is a compro-
mise between the electronic factor and the hydrogen bonding requirements of the
alum lattice.

A recent high resolution powder neutron diffraction study of
CsTi(SO,), - 12D,0 has permitted the characterisation of the coordination geometry
of [TI(OD,)]**. In this case the twist angle is —20.5(3) ", between that obtained
for the case where M"'=Cr and Ru. For the d' case the global minimum of the
electronic energy corresponds to a twist angle of +45 ; however, within the hvdrogen
bonding network of the alums it 1s energetically more favourable to distort towards
a local (—457) rather than a global minimum in the electronic energy. On this basis
the more negative twist angle obscrved for the CsTi(SO,), - 12D,0 alum than for
the corresponding Cr salt is consistent with the simple analysis outlined above. It is
clear that hydrogen bonding considerations are important and the relative magni-
tudes of the twist angle observed for the Ti and Ru alums reflects the subtle balance
of electronic, hydrogen bonding and steric factors.

4.3. Electron spin distributions

A key assumption of this analysis i1s the presence of a significant and anisotropic
metal--water n interaction. The n bonding characteristics of water as a ligand have
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been the source of some uncertainty and it is important to establish a physical basis
for such an interaction. In principle this may be obtained from the charge density
about the metal-ligand bond or, for paramagnetic complexes, from the spin density
within the complex. While there have been significant advances in the extraction of
charge densities from low-temperature X-ray scattering experiments. the small per-
turbations to the charge distribution which result from bonding interactions must
be extracted from the total scattering which contains contributions from all the
electrons in the unit cell. The spin distribution gives the spatial distribution of the
unpaired electrons and, in cases where the bonding orbitals are involved, the measure-
ment provides a sensitive probe of the bonding interactions. Experimentally, the
spin distribution may be obtained indirectly from analysis of the hyperfine couplings
of the ESR spectra [18] or, more directly, from magnetic structure factors obtained
by single crystal polarized neutron diffraction (PND) [19,20]. PND measurements
have been reported for [Mo(OD,)]* " in the caesium sulphate salt [21]. In an
octahedral environment the three unpaired electrons of molybdenum(IIl) occupy
the t,, orbitals: therefore the spin distribution ought be sensitive to the extent and
spatial distribution of the metal water © bonding.

The spatial distribution of the magnetic moment within the unit cell may be
obtained from the Fourier transform of the magnetic structure factors. Where there
1s no contribution to the magnetic moment from the orbital angular momentum this
corresponds to the spin distribution [22]. Owing 1o limitations in the extent of data
collection, analysis of the PND data is best completed within the framework of
orbital-based models {23,24]. although more recent work involving the use of
maximum entropy techniques may permit extraction of model-independent spin
distributions [25]. In view of the importance of the characterisation of the metal-
ligand n interactions for the tervalent hexaaqua cations the least squares fits of the
PND results from CsMo(S0,),- 12D,0 will be described [21].

Fits of the most important orbital-bascd models of the spin distribution about
the oxygen atom to the PND data are given in Table 4. In each case the spin on the
metal is modelled by 4d orbitals of appropriate symmetry (a,, e, and e;) and a
diffuse Mo-centred 5s orbital. The high quality of the fit of the experimental results
obtained using only the metal-centred functions and an isotropic function centred
on the oxygen atom (model 1) reflects the concentration of the spin (ca. 90%) in
metal 4d-t,, (Oy) orbitals. The extent to which the experiment can give insight into
the details of the metal -water bonding interaction must be assessed in terms of the
improved quality of fit obtained with the orbital models used to describe the spin
distribution about the oxygen atom. In terms of the coordination geometry of the
oxygen atom the most appropriate orbital description of the oxygen site may be
either sp? (model 2), based on the trigonal- planar coordination geometry about the
oxygen atom, or sp” (models 3 and 4), based on the H O- H bond angle (111.17).
In terms of chemical intuition the sp*-bascd model would seem most reasonable and
the R factor and goodness of tit obtained in this case is the best obtained of all the
models examined and is a sufficient improvement on a simple isotropic function
(model 1) to justify the modelling of the spin anisotropy about the oxygen atom.
The contributions to the magnetisation given by model 2 (sp?) show that the
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Magnetisation populations obtained from fitting the PND results of CsMo(S0,), - 12D,0

0 Mo Mo
Model 1 (28) 2 (spz) 3 (sp3) 4 (sp3)
e,(0) -0.05(3) -0.03(2) -0.04(3) -0.03(2)
e,(T) 1.76(3) 1.69(3) 1.75(3) 1.70(3)
a, 1.07(2) 1.02(2) 1.05(2) 1.02(2)
4d radial 1.078(4) 1.068(4) 1.076(4) 1.069(4)
s -0.20(4) -0.10(4) -0.16(4) -0.08(4)
Ss radial 1.1(1) 1.6(3) 1.I(D) 1.6(4)
“ Orbital A 0.027(2) 0.035(5) 0.015(3) 0.020(3)
| Orbital B - -0.017(3) -0.002(4) -0.013(3)
Orbital C - 0.003(2) 0.007(2) 0.010(2)
Di(ls) = 0.009(2) 0.009(2) 0.007(2) 0.006(2)
D,(1s)
|
Rw ‘ 0.0382 0.0317 0.0370 0.0333
X3 1.48 1.23 1.44 .29

2p-orbital, which is normal to the plane of the water molecule, has a well-defined
and significant occupation whereas the two hybrid orbitals which lie in the water
plane and which point toward the deuterium atoms have well-defined but insignifi-
cant populations. The significant negative occupation of the hybrid orbital directed
at the molybdenum atom is attributed to spin polarisation, an effect which has been
commonly observed in the PND studies of divalent hexaaqua cations [26-30].
When sp? hybrid orbitals are used to model the spin density about the oxygen
atom, there arc choices for the directions of the quantisation axes as shown for
models 3 and 4 in Table 4. Model 3 has two hybrid orbitals directed along the O D
bonds and this lcaves the remaining hybrid orbitals disposed above and below the
Mo -O bond. In this model no orbitals are available to describe the significant spin
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density along the Mo--O bond and the y* and Rw values are significantly higher
than those of model 2 where a sp” hybrid orbital is available to describe the spin
polarisation which results from the Mo--O bonding interaction, and are little better
than those of model 1 where a single s orbital is used to model the spin on the
atom. Alternatively, one sp® hybrid orbital may be directed along the Mo-O bond
and the other three such orbitals disposed so as to preserve a local plane of symmetry
normal to the plane of the water molecule. While the small tilt of the plane of the
coordinated water molecule relative to the Mo-O bond vector (1.8") leads to two
inequivalent arrangements this effect has only a marginal effect on the quality of
the fits obtained, the better fit is given in Table 4. Neither of the sp* fits of the data
(models 3 and 4) have a satisfactory relationship with the molecular framework.
The significant spin in the Mo-0O interbonding region and insignificant spin in the
O-D bonds results in a considerably better fit for model 4.

For both the sp? and sp* models there is clear evidence of anisotropy of the spin
distribution of the Mo--O bond. However. in both cases the choice and disposition
of the orbitals on the oxygen atom permit description of the Mo O = bonding
normal to the plane of the water molecule but not in it. It is important to establish
that the conclusions of the analysis are not determined by the form of the models.
Accordingly, the models were extended by the inclusion of orbitals which would
describe the spin transfer to the oxygen atom as a result of in-plane Mo-O =
bonding. Model 2 was extended by the addition of an oxygen 2p-orbital normal to
the Mo-O bond and parallel to the plane of the water molecule located at (a) the
oxygen atom, (b) 75% of the Mo--O bond length and (c¢) the midpoint of the bond.
In all three cases the population of the additional orbital remained below the 1 e.s.d.
level and the quality of the fit of the experimental data was not improved significantly.
This observation was taken to imply that there is no significant Mo--O = interaction
in the plane of the water molecule.

In summary the PND results for [Mo(OD,)]’ " in CsMo(SO,)- 12D,0 provide
direct evidence for a significant and anisotropic Mo-O = interaction [2(]. This
observation supports the analysis of the structural chemistry of the alums in terms
of the metal ligand n interactions. As shown in the following sections this conclusion
is consistent with analysis of the electronic spectra and magnetism of the alums
as well.

4.4. Electronic spectra

The alums have been used as a convenient vehicle for the examination of the
electronic spectra of hydrated metal trivalent cations [31-33]. The analysis of the
low-temperature electronic spectra of NH,V(SO,),  12H,O by Hitchman and
co-workers [34] revealed that the vanadium(III) cation is subject to a surprisingly
large trigonal field considering that the VO, framework is little distorted from
octahedral. A satisfactory fit of the spectra could be obtained using a trigonal-field
splitting of 1950 cm ™. This is comparable with the value of 1940 cm ! suggested
by the clectronic Raman band attributed to the intra-t,, transition (*E,«*A,) of
vanadium(IIl) in a range of B alums [35]. Angular overlap model calculations
showed that the trigonal field could not be attributed to a distortion of the VO,
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framework but required the inclusion of metal-ligand n interactions which are
different in- and normal to- the plane of the ligand [34].

An estimate of the energy difference between the o and  alum structures can
now be made from this estimate of the trigonal-field splitting. The argument is that
the potassium and rubidium-vanadium alums would adopt the customary o structure
were it not for the additional electronic stabilisation provided in the d? electronic
configuration by the trigonal-planar coordination of the B structure. This stabilisa-
tion is 2/3 of the trigonal splitting or about 1300 cm ™" or 15 kJ mol ~'. This can be
taken as an upper limit of the energy difference between the o and P structures for
the potassium and rubidium vanadium sulphate alums [36].

4.5. Luminescence

The *E,—*A,, luminescence of chromium(HI) in a series of pure and doped
alums provides additional insight into the metal-ligand n interaction. The “E, excited
state is split by spin -orbit coupling between the *E and °T, states in the presence
of a trigonal ficld and the magnitude of the splitting is related to the strength of the
trigonal field [37]. When chromium is doped into o alums the magnitude of the
splitting is small (<10cm™") [38.39] whereas splittings of the order of
125-130 ¢cm ™~ ! are obtained for chromium{ 111 )-doped $ alums [38]. The magnitude
of the splitting is dominated by the alum type and not by the size of the tervalent
cation of the host lattice. The mean origin energy of the 2Eg—ﬂAzg transition 1s also
found to depend on the alum type, with energies of ca. 14950 and 14 540 cm !
respectively, for o and B alums [38]. The lower transition energy for the p alums
suggests lower interelectron repulsion such as would result from greater delocalisa-
tion. This is consistent with a reduction in dn-pr overlap as the plane of the
coordinated water molecule is tilted away from the M- O bond vector. These results
show very clearly that the magnitude of the trigonal field at the M" site of the
alums is highly sensitive to the orientation of the plane of the coordinated water
molecule and not to small distortions of the M™MQ, framework. Moreover, it is clear
that the relative o and n character of the metal--water interaction depends strongly
on the orientation of the coordinated water molecule.

4.6. Mugnetism/EPR

Many of the early experimental studies of the magnetic properties of transition-
metal complexes have been conducted on tervalent hexaaqua cations in the alums.
These have been described in many of the classic texts on the subject [40-43]. One
aspect of this work which merits further consideration concerns the cases where
there is unequal occupancy of the ty, (Oy) orbitals. In these cases the temperature
dependence of the magnetic moment may be used to extract the trigonal-field
splitting. Although these estimates suffer from overparameterisation, the trigonal-
field splitting of [V(OH,),)*" deduced from magnetic measurements of the ammo-
nium sulphate alum [44] is in close agreement with that obtained from electronic
Raman measurements [35].
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A problem which has persisted in the literature since the 1930s has involved the
interpretation ot the magnetism and EPR spectra of CsTi(SOy); - 12H,0. Numerous
models of the electronic structure of [Ti(OH,),]* ™ have until recently assumed that
the trigonal symmetry of the tervalent cation is retained over the whole of the
experimental temperature range and that the trigonal field lowers the orbital degener-
acy of the “T,, (Oy) ground term to give an orbitally nondegenerate (°A,) ground
term [44- 56]. This analysis implies that the effect of the trigonal field on the relative
energies of the orbitals which comprise the t,, (Oy) set is different for the titanium
and vanadium alums. Since the caesium sulphate alums of titanium and vanadium
arc isostructural [6,57] this would imply that the principal metal-water © interaction
is normal to the plane of the water molecule for vanadium and in the plane for
titanium. Such a proposition is inconsistent with the above interpretation of metal—-
water 7 bonding [21]. The assumption that the trigonal field acts on the titanium (I1I)
to give an orbitally nondegenerate ground term is based on the magnetic properties
of the Kramers doublet which arises from the °T,, term after perturbation by
spin--orbit coupling and the action of an axial ligand field. If the [Ti(OH,),]** is
axially symmetric then a “E, ground term would give a g, value of zero. The
observed value of ¢_ (1.14) [46] has been taken to exclude the possibility of a *E,
ground term. This anomaly has recently been resolved. The assumption that the
tervalent cation retains trigonal symmetry over the experimental temperature range
{1.5 to 300 K) has been shown to be in error [58]. High resolution powder neutron
diffraction cxperiments have permitted the characterisation of a phase transition
of CsTi(SO,),- 12D,0 to an orthorhombic phase with a transition temperature of
12 K. Low temperature single crystal Raman measurements of the pure salt and
of the analogous rubidium alum and EPR studies of chromium(}II)-doped
CsTi(SOy), - 12H,0 are consistent with the structural measurements. In the low
temperature orthorhombic phase the site symmetry of the titanium(Ill) cation is
reduced to C,. that is the three-fold symmetry of the alum site is lost. The apparent
axial symmetry of the g tensor and the observed magnitudes may be explained using
a simple model in which the trigonal field leaves a *E, ground term which is then
subject to Jahn Teller distortion. Long-range interaction between the Jahn-Teller
centres ultimately results in a cooperative Jahn-Teller effect and the observed phase
transition of the crystal [58]. The anomalous fine structure observed in the EPR
spectra of Ti"™ us an impurity in 3 alums has also been calculated on the basis of
the trigonal ficld giving rise to a “E, ground term with coupling strength and low-
symmetry strain as parameters in the analysis [59]. The important conclusion from
this analysis is that a self-consistent interpretation of the electronic structure of the
tervalent cations is possible based on the coordination geometry of the metal, the
orientation of the coordinated water molecule relative to the MO, framework. and
the inclusion of significant and anisotropic metal-water 7 interaction in cases where
the mode of water coordination is trigonal-planar.

4.7 Theoretical calculations

A number of approximate (ligand field/;/AOM [15]. Fenske Hall [12], extended
Hiickel [15]) and higher level {multiple scattering X, [15], ab initio MO [60-63])
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calculations have been reported for tervalent hexaaqua cations with a view to
resolving the electronic structure or elucidating trends in the physical properties or
the mechanism of exchange reactions [62,64,65]. The observed trigonal-planar mode
of water coordination and near all-horizontal D,y geometry of [V(OH,)]*” in
[VOH,)s][HsO,][CF3S0;] led Cotton to consider the effect of metal-water n inter-
actions on the electronic effects associated with partial occupancy of the metal t,,
(Oy) orbitals [12]. Through simple consideration of ligand-field effects, supported
by Fenske—-Hall calculations, it was concluded that for an octahedral MO, arrange-
ment the ligand-field stabilisation energy would be at a maximum for d' cations
when the geometry is all vertical D,y, for d? cations when the geometry is all-
horizontal Dy and there should be no preferred twist angle for d* cations. These
conclusions were supported by Daul [15] based on MS-X,, and extended Hiickel
calculations of [Ru(OH,)J*".

The trigonal-field splitting calculated for the complex with all-horizontal Dy
geometry by the X, methods was 4900 cm ™! and this permitted an estimate of the
AOM parameter ¢, of 1633 cm ~' [15]. The magnitude of the trigonal-field splitting
for Ru" in the caesium sulphate alum, 2500 cm ™', was deduced from earlier EPR
measurements [66]. The authors [15] assumed, incorrectly, that the M site symme-
try of the alums to be C; and not Sg; this complicates the AOM-derived expression
relating the twist angle to the trigonal-field splitting. If the expression given in
Section 4.2 is used to calculate the twist angle then a value of — 16 is obtained. in
tolerable agreement with that obtained for CsRu(SQO,),  12H,0O by neutron diftrac-
tion (—227) [17]. It is probably more appropriate to use the trigonal-field splitting
and the twist angle to estimate the trigonal-field splitting for the a/l-horizontal Dy,
geometry of [Ru(OH,).]**. The value of 3675 cm ! thereby obtained may be com-
pared with the value of 4900 cm ™! given by the X, calculations.

A clear focus of a number of the calculations has been the interpretation of the
electronic structure of [ Ti(OH,),]* " in the caesium sulphate alum [63] with the view
of resolving the anomalous g values observed in these experiments. Ab initio SCF
MO calculations have been completed on [Ti(OH,),]** to give optimised structure
predictions and this has been supplemented by the calculation of the electronic
structure for several fixed structures [60]. In keeping with the simple analysis of the
system the all-vertical D,y geometry is predicted to be the most stable in terms of
electronic effects. The EPR and ENDOR spectra of titanium(1ll) doped into
methanol/water glasses arc consistent with this interpretation [67]. The interpretation
of the EPR spectra of titanium(1II1) in the caesium sulphate alum was not resolved
by the theoretical work where, although the dependence of the trigonal-field splitting
on the twist angle is evident in these calculations, failure to allow for the possibility
of low temperature distortions [67] invalidates the analysis.

While the cooperative Jahn Teller effect operating in CsTi(SO,), - 12H,O may
have some effect on the structural parameters obtained for the cubic phase. the
larger twist angle obscrved for Ti than Cr or Mo in the caesium sulphate alums is
consistent with an increase in the electronic stabilisation with an increased magnitude
of the twist angle. Within the alums the hydrogen bonding arrangement appears to
require twist angles of approximately 0" (%) or —20" (B). The ncgative value of the
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twist angle corresponds to the distortion of the d' complex towards a local electronic
encrgy minimum, with the Jahn-Teller effect giving a4 more negative twist angle for
titanium, consistent with the structural data.

Calculations have been performed for a number of transition-metal hexaaqua
cations to compare the Ty, all-horizontal and all-vertical D3y symmetries [60].
Whereas electronic factors favour the adoption of all-vertical D3y geometry when
the metal has a d'-clectron configuration hydrogen--hydrogen repulsions operate in
favour of the T, geometry. For Ti" the all-vertical D,y geometry was calculated to
be 3.5 kJ mol ! less stable than the T, geometry. For larger d' cations the opposite
result was obtained. It was noted by the authors that MR-SDCI level calculations
on an isolated [Ti{OH,),]** complex gave the all-vertical D5y geometry as the lowest
energy. Similar conclusions were obtained for the adoption of all-horizontal geome-
try by d? cations, i.e. V" was calculated to be 5.8 kJ mol ™' more stable in the Ty,
geometry but larger d? cations were calculated to be more stable in the all-horizontal
D, geometry. These results were interpreted to indicate that external factors such
as hydrogen bonding are responsible for the adoption of near a/l-horizontal 14
geometry of [V(OH,)]*" in the triflate salt [12]. The structural chemistry of the
titanium [57.58] and vanadium [36] alums described above argues strongly against
this conclusion and indicates that electronic factors affect the gecometry of the water
coordmation. It would appear that while there have been significant advances in the
ab initio calculations of hexaaqua cations which permit the calculation of trends in
a wide range of physical properties there remain problems concerning the calculation
of the orientation of the plane of the coordinated water molecule.

An extensive scries of large basis set SCF level calculations have recently been
published in which ligand-field effects are examined for hydrated divalent and
tervalent metal ions of first and second row transition metals [60]. For the tervalent
cations the structural and vibrational properties of the caesium sulphate alums
provide an excellent test of these calculations since the experimental results have
been obtained under equivalent conditions. While the calculations are conducted on
in vacuo hexaaqua cations, the similarity of the M" site within the alums ought to
mintmise the usual difficulties which arise when examining trends of this sort. The
experimental and calculated M"™-O bond lengths are plotted in Fig. 6. The offset
between the obscrved and calculated values (ca. 0.06 A) was attributed to the absence
of the second coordination sphere about the metal. the hydrogen bonds to which
increase the strength of the metal water bonding [60]. It is important to note that
the bond lengths were calculated for hexaaqua cations with T, symmetry. The
significant tilting of the plane of the coordinated water molecule of the Co and Rh
hexaaqua cations would appear to have little effect on the bond lengths. consistent
with the experimental results discussed above.

The symmetric stretching frequency of the hexaaqua ions has also been calculated
and this is shown plotted against the v MO,) vibrational frequency obtained from
the caestum sulphate alums in low temperature single-crystal Raman experiments to
be described in the following section (Fig. 7). The calculated vibrational frequency
was derived by harmonic approximation from the curvature of the potential energy
of the system ncar to the equilibrium bond length. The calculated frequency was
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found to be sensitive to the choice of fitting points and this is reflected by the error
bars. The large offset between the calculated and observed vibrational frequency is
due to the absence of consideration of the hydrogen bonding interactions to the
second coordination sphere; this both atfects the metal-water bond strength and
provides a “wall” effect, which raises the observed frequencies above the calculated
frequencies.

5. Vibrational spectra

The high symmetry of the alum lattice, the isomorphous replacement of the
trivalent metal ions, the substitution of selenate for sulphate and of deuterium for
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hydrogen. and the fortuitous appearance of all, or almost all, of the allowed
vibrations of certain symmetries has enabled a comprehensive assignment of the
single crystal Raman spectra of many alums [10,68-72]. For example. between 8
and 1200 cm ™! factor group analysis predicts that 17 E, modes should occur, and
for CsAl(SO,),  12H,0 all 17 E, bands are observed. Assignments follow by observ-
ing which bands are sensitive or insensitive to substitution of the metal ion, or
replacement of H,O by D,O, or sulphate by selenate. In this way a self-consistent
set of assignments of the E, modes has been made. The A, and F, components are
then assigned by association with consideration of the same effects.

There are several noteworthy features of these assignments. One is that they
include the very low-frequency lattice modes [72]. Clear distinctions are observed
between the ¥ and B alums. There is a correlation between the observed frequencies
and the M"" O bond length, which reflects the strength of the hydrogen bonds
involved in the lattice. A complete normal mode analysis of the alum lattice has not
been reported. but the data necessary for it appear to be available.

A second important feature is the availability of the symmetric MO, stretching
frequencies of the hexaaquametal(111) 10ns. many for the first time. This v; mode
is largely uncoupled from other vibrations and is a direct measure of the metal--water
force constant. A lincar correlation is observed between the observed [requencies
and the inverse of the MO bond lengths (Fig. 8). An unexplained feature of the
Raman spectra, however. is the dramatic difference in the intensities of the totally
symmetric stretching frequency. This is illustrated in Fig. 9. One speculative correla-
tion is that the intensities arc related to the reduction potential of the metal ions.,
but no proper explanation has been advanced.

The infrared spectra ot some of the alums have also been reported [73]. but these
have not been subject to the same comprehensive analysis as the Raman spectra.

6. Solution structures

Recent neutron scattering experiments conducted on electrolyte solutions contain-
ing chromium (1) [74] indicate that the strength of the chromium-water interaction
is insensitive to the stereochemistry of water coordination. In Cr(ClO,) solutions
(2.2 mol dm ~?) the tilt of the plane of the coordinated water molecule is reported
to be 3446 with a Cr O bond distance of 1.98(2) A [74]). Whereas the uncertainty
of the Cr O distance is too large to permit useful comparison, the frequency of the
totally symmetric stretching mode of [Cr(OH,)¢)* ", v,(CrO,), obtained from Raman
spectra of a range of crystals and of solutions of chromium(II1) salts give values
which are very similar [69]. Since the frequency of v,(MOy) is simply related to the
M O force constant, the similarity of v{(MOy) for the range of different tilt angles
for water coordinated to chromium(1Il) also implies an insensitivity of the metal
ligand force constant to the stereochemistry of water coordination.
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7. Geometry of the water molecule

The metal-water interaction will influence the electron distribution of the coordi-
nated oxygen atom and this in turn may be expected to influence the geometry of
the water molecule. Hydrogen bonding will, of course. contribute to the observed
structure. In the most simple case the change from trigonal-planar to trigonal-
pyramidal water coordination ought to be accompanied by a reduction in the HOH
bond angle. In those cases where accurate neutron structure determinations are
available the HOH bond angle is plotted against the metal-water bond length
(Fig. 10). It is clear that there 1s a distinction between the HOH bond angles
obtained for the o and B alums with the B alums giving the larger HOH bond angles,
as might be expected on the basis of the trigonal-planar mode of water coordination.
In order to ascribe this effect to the metal -water interaction it is necessary to
establish that this is not a consequence of the hydrogen bonding network of the
different alum types. When a broader range of structures is considered, which
includes divalent and tervalent hexaaqua cations [78]. the trigonal-planar water
coordination remains associated with larger values of the HOH bond angle. This
suggests that the local structure of the water molecule i1s cxpressed even within
strongly hydrogen bonding environments.
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Tutton salts of V [84]. Cr [85]. Mn [86]. Fe [87], Ni [88] and Cu [89]. The error bars arc drawn at the
I es.d. level
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8. Summary

The interplay between the stereochemistry of the coordinated water molecule and
the electronic structure of the tervalent cation has been argued to lie at the heart of
the dimorphism of the caesium sulphate alums of titanium(1I1) and vanadium(1II)
and has been suggested to influence the geometry of [V(OH,)]** in the salt,
[V(OH,)eJ[H;O,)[CF;S0,],. For the tervalent cations there is an interesting balance
between preference for trigonal-planar or trigonal-pyramidal water coordination
which is dependent on the metal. This is well illustrated by the alums where three
distinct types of behaviour are observed which appear to be linked with the electronic
structure of the metal cation. The occupancy of the metal © acceptor orbitals (15,
0,) is of key importance. The tervalent cations of Co, Rh and Ir have fully occupied
t,, and empty e, orbitals and only trigonal-pyramidal water coordination has been
observed. In cases where there is unequal occupancy of the t,, orbitals trigonal-
planar water coordination occurs (Ti, V) and in the remaining cases (Cr, Fe, Al,
Ga, In) the mode of water coordination may be either trigonal-planar or trigonal-
pyramidal according to the relative energies of the hydrogen bonding arrangements.
These observations suggest that in certain cases, at least, the electronic factors arising
from the metal-water interaction may influence the stereochemistry of the complex.
It is surprising that these preferences may be expressed even in strongly hydrogen
bonding environments.

The hexaaqua complexes therefore provide a remarkably beautiful example of the
interplay between electronic and molecular structure of metal complexes. In cases
where these interactions are in conflict one observes structural anomalies which may
be either static (dimorphism of the alums) or dynamic (CsTi(SO,), - 12H,0). It is
perhaps appropriate that this subtlety be apparent in a venerable series of salts.
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