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Abstract

The hexaaquametal{ 1) complex ions of fransition and Group 13 metals can be isolated

in a highly symmetric environmeni n glon erystals with various monovalent cations and
sulphate or selenate antons, M™M W X0, ). 128H,0. Many of these have been investigated by
X-ray crystallography and some by neutron scatiering, The relationships amang 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. Boih trigonal-planar and trigonal-pyranmdal coordination geometries are
observed. The structural studies are correlated with electron spin distributions obtained from
polarised neutron diffraciion, with aspects of the electronie spectra of some of the metal ions.
with vibrational spectra, with clectron paramagnetic resonance specttoscopy of the titanium
alum, and with theoretical calenlations. [t s concluded that the observed stercochenyistry
reflects a subtle interplay between the electronic structure of the tervalent metul lon and the
hydrogen bonding requirements of the Jattice. € 1997 Elsevier Scienee S A,

Revwords: Aqua ions: Alums: Coordinated waier

I. Introduction

Unul 1977 there appears to have been no detailed description of a crysial structure
containing the hexaaguatron{ D) 1on reported in the hterature [1]. despite the

importance of this species it agueous solution chemistry and the role of the
Fe'' ‘Fe** couple as a model for clectron transter theories [2].

The iron-oxygen bond length difference of 14 pm between [Fe(H,O) ' and
[FetH.O3 ]~ 13] muight be considered relatively large for the difference in the
d-electron configurations of {1,0%e, ) and {t,,)e,)*. one nominally non-bonding
15, electron. Consequently. we sought to determine the difference between the metal
oxvgen distances in [CotLO ™ and [Co(H20MWJ 7. with d-electron condigurations
{1507 and {15,)7(¢,)% 1o where two anti-honding ¢ clectrons are introduced on
reduction from Co™ 1o Co'.

Johnson and Sharpe had described a convenient electrochemical preparation of
the caesium cobalt suiphate alum m 1966 [4]. They mterred, incorrectly. trom the
X-ray powder photographs that the caesium cobalt sulphate alum was 1somorphous
with the vanadium. chromium, manganese. iron and gallivm alums. and hence had
the cubic Pralum structure. They then measured the unit celt dimension o be
12.277¢3) A, considerably smaller than the value of 12.429¢3) A they tound for the
on{[H} alum. This would suggest a lurge effect of the anti-bonding ¢ clectrons.
Altheugh they guoted Haussiihl [3). they did not recognise that he had predicied
on the basis of the erystal morphology. remarkably and correctly as it turns out.
that the caesium cobalt sulphate alum belonged instead to the ¥ ¢lass of alums, We
confirmed this prediction with the determmation of the erysial structure of the coball
wham [6] and were thein led 1o a thorough mvestigation of the propertics of ihe
hexaaguametalc [ Y ions in the alum latuce.

Whereas a few structural studies have been completed on tervalent hexaaqua
calions In other salts, by lar the most extensive range of structural daig exists for
the alums. Henee the structural chemistry of the alums will he discussed in detail
and the structures of tervalent hexaaqua cations i other salts will described in
relation to the alums.

E

2. Alums

The alums comprise compounds of the composition [M'M'™ X0O,3,- 12H,0).
where M and M™ may be a wide variety of monovalent and tervalent metal ions.
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respectively, and X is a Group 16 element. § 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 o structure; those with large monovalent ions such us
cacsium adopt the B structure; the only example of the v structure is with the small
sodium ion in [ NaAl{SO,), - 12H.Q). With the larger selenate anion, only x 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. 1}, 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 C, symmetry. The coordination gcometry about the tervalent cation
is invariabiy regular octahedral. the axes of which arc aligned. approximately. with
the unit cell axes. For the ¥ and B alumy the coordination sphere of the univalent
cation comprises twelve oxygen aloms. 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 () in a cuboctahedral array. or 6+6 {%) in an
clongated icosahedron. For alums with small univalent cations disorder of the
structure occurs, with snversion of & fraction of the sulphate groups along the three-
fold axis. This reduces the sulphate from a 3 to a 1 oxygen atom donor. For the v
structure all of the sulphate groups are inverted and the coordination number of
the sodium cation 18 6 + 2,

Because the unit cell and site symimetry of the subunits are the same for cach of
the alum types the classitication depends on the details of the structure. The 7 alum
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is structurally distinet in terms of the orientation of the sulphate groups and can
readily be identified. The x and b alum types are more closely related and it was
necessary to establish that these modifications represent distinet structural entities
rather than a continuum between the limiting structures. The methylammonium
sulphate alums of aluminium and chromivn display dimorphism (8.9] which suggests
that there are distinet energy mimima for the two types. Further structural and
spectroscopie work described below confirmed that a distinction can be made
between the o and B alum types from a vanety of observations.

In 1961 Haussiihl [5] was able to classify more than fifty alums into the 2 or B
classes on the basis of their crystal morphology. The appearance of a 210 face
implied the B structure. His classifications included the vnexpectied observations that
the caesium cobalt sulphate alum. alone among the caesium sulphate alums. belonged
to the x instead of the B class. and that all of the titanium and vanadium sulphate
alums belong to the B elass. even with the smaller potassium and rubidium ions, in
contrast with ofher alums of these monovalent cations which are all in the ¥ class,
Our subsequent crystallographic investigations have confirmed all of these remark-
able predictions.

3. Crystal structures
31 Xeruy structures of sulphate aliiny

Table | summarises results from X-ray crystal structure determinations of various
suiphate alums. The most rehable guide to the classification of the alum type is the
geometry of the six watler molecules coordinated to the univalent cation [61. Since
this cation occupies a site of §, svmmetry there is only one symmetry ineguivalent
molecule. If the water oxygen atom accupies the plane normal to the three-fold axis
which includes the univalent cation then the oxygen atoms of the six symmeiry
related water molecules will lic 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 653(2}) are found for the x alums,

From the tabulated results it is clear that the caesium cobalt sulphate alum belongs
unambigucusly to the 2 class. as do the caesium alums ol rhodium( 111} and
iridiam{ 111}, in contrast 1o other cacsium alums. [t s alse clear that the titanium
and vanadium alums all belong to the P class, as predicted by Haussiihi |51

The determination ol metal oxygen bond lengths for the hexaagquametal{ {11 } 1ons
was one of the original purposes of this work, These are listed in Table 1 and are
plotied in Fig. 2 agamst the unit cell dimensions. From this plot it can be seen that
the % and B alums lie on different lines. so that, contrary to Johnson and Shurpe
[4]. one cannot make @ 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 & continuum of
structures,
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Table 1
Noray orvstal structare determmations of salphite aiuens
M AL Unit cell Class O MO MY O Axes Rel.
(A (e} (A fddeg)
Nl 1230065, ot [ 19501 hC2 [75]
KAl 1203708 b i LG (H (L2038 176]
Ky® [2.253(5} I3 ST P30 L6904} [36]
RbAl 12234305 b4 RIS 14234495 LRI R [ 76
RhV 12,3672 I3 GO T} 1.9964 3 nriin [36]
Rh(Cr 123460 x a6 18801 wli %)
Csal [2.357(6) 18 [EIEIXTR RN 1LRTTL R IN [&]
T |2 3U3AR i3 L0 TS 2 [37]
OV 12452010 i CARIToeg 1992161 [EETR f6]
(439 P2 4340 I} 12 YR (LAY 1361
Cslr 124135) [+ HLOT {1 145913 [LRIN N 6]
M P A8 1% [ IXITRR] (IR HRil: ]
Cske 12.4.49¢ 34 B [JTRVI N (IR R 0Mily [&]
o 1229208 x H55(2) [ FET N 2.2 0]
Cstia 12419433 s B9 1.9441 3} 05011 16]
CsRhy 12.337¢5) % ISH 201600 22 177]
Csln 1254007y P ICIRITRN 201204 Ly ]
sl 12 3495 3 1 had 23 I8 [77]
MEELAL 12,2404 3% ¥ 66.2{2) 11618 Y.l [76]
RN
TaLEK,
2.10 - In
Mo
|
205 - E; _
Rh Ayl
©
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Fig, 2, Metal (111 oxyvgen distances as a Punction of the unit cell dimension of the sulphate alums,
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3.2 X-rav structures of sefenate afums

Table 2 gives some results [rom the X-ray crystal structure determinations of some
cacsium selenate alums. With the larger selenate anion all of the caesium alums
adopt the x 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 atum ol the
same transition metal ( Table 23, This shows Lhat the ditference between the % and
B structures does not perturb the M™ water bond significantly. This is consistent
with the similaritics between the vibrational spectra of the two alum types [10] and
with the small energy diilerence between the two structures. both to be described
buelow,

{23 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 % alums the M"™-0) axes are 4-7 away from the crystatio-
graphic axcs. which accommodates the different hydrogen-bonded layout of the
alums. In contrast. both the sulphate » and the selenate 2 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 us vibrational frequency are not
different between the sulphate and selenate alums. This indicates that the M ()
bond length and bond strength are not signilicantly affected by the precise orientation
of the coordinated water.

3.3 Newtron strictures

An early neutron diffraction structure determination was made of the potassium
chromium sulphate alum mn 1958 [L1]. One of us has reported a number of recent
studies, which are summarised in Table 3. By locating the hydrogen atoms. neutren
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).

Tabte 2

X-ray erysial strectove deterninations of selenate alums [78)

UL L Unit eci! Class 0 MO MM O MO Angle of MY, 10
{As ledeg) E5etdy (r'l\) {50 {A} crystal axes (deg;

S0, Se0,

(Al 1254403, e} 66.6 1LETR(3) 1.B77{3} 0.8 6.5

CsCr 1257503 e 66.2 1.964(3) 1.959¢3} {8 4.6

Cshe 1261505 ¥ 66.2 1.9%9(4) 1.995(4}) 0.9 54

CsRh 12.532¢7} ¥ 637 24040 3) 2H643 22 22

Csin 12.69406) kd H5.6 2.134¢6) 211244 1.4 39
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Table 3
Neuvtron ditfraction structure determinations of alume

Compound Alum Filt angle Twist ungle Ref.

Class {deps {dep)
KOT(80,0, 12H.0 3 [i1]
CsANSOL - 12HO B [74]
NaAlSCL). - 12H 0 “ [H0)
NH L ALSO ), 1210 ki TRRY (.B{8) |87]
Csle(SO,1, 12H,0 B i} 19.406) (13
CsFedSeh,). - 128 .0 ¥ 8.6 0 (R
CsRuISO,).- 121160 B 0.516) S0 6 [17]
COTES0O,) - 1200 fi DR(0) 19.0(4) [14]
CaVISOL, - 12H,0 R i -0 (73]
CsSRRISO,). - 12010 ¥ 15 0 174
CsMog80,), - 12,0 B 0 19,700 [82]
CaRUISO, - 121.0 jt 0 22000 [52]
CVIUSOL) - 12HL00 f3 L6E LA [57]

* Neutron ponder data,

In a definitive study published in 1984, Cotton and co-workers reported s neatron
diffraction determination of the structure of [ VEH N[ HOLKCF805,), [12]. They
observed that there are three highly symmetric structures possible with planar water.
illustrated 0 Fig. 30 (o Ty svmmetry: {b} all-vertical D, symmetry: and {c} alt-
horizontal [, symmetry. The lust s also possible with pyramidal coordinated water.
[n [V{H.O) I H.OL](CFS0;), the water molecules are nearly planar and adopt the
all-horizontal D,y configuration,

In the alums the hexaaquametal(I1D) jon occupies a site of §, symmetry. Both
planar and pyramidal coordination of the water are observed. The degree of deviation
from plunar coordmation cuan be defined by the “ult” angle  the angle made
between the plane of the water molecule and the M (O bond. For planar water this
is {F ;in a tetrahedron this angle is 34.35 . The 61t angles found in a number of the
neutron structures are given in Table 3,

A key difference between the » and b alum tyvpes is the ornentation of the
coordinated waler molecule relative to the MTO,, framework. A twist angle (¢} is
defined as the angle between the plune of the water molecule and the closer MO,
plune which includes 1t oxygen atom: this s illustrated 1n Figs. 3¢ and 3. The sign
of the twist angle is defined with respect o the €, axis of the octauhedron. Thus
rotation of the plane of the water from the T, geometry {¢ =0) towards the C, axis
and the ali-vertical Dy, geometry s positive, and rotation towards the all-horizontal
34 geometry 15 negative (see Fig. 31 In the x alums the plane of the water molecule
s approximately aligned with the MO, framework: in the B alums a twist angle. ¢.
ol between 17 and 22 iy found. The stercochemistiry of the cation in the
alums is approximately midway between [, {plae of the water molecules abigned
with the Oy axes. ¢=0 } and the w/-horizomal 1y geometry (plane of the water
molecules normaul 1o the o, planes in Dy, 4-- 45 ),
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tig. 1 Highly symmetric arringements of planir coordinated water. Adier Cottong er wf. [12] @ T,
syimatetrys (g all-vertical 14,0 (e all-honzonad Do dd detinition of the nile amgie f0r detinition of
al Do and (01 megabne twast angle Tar all-bonzontal 1.,

poitive twisd anele o for alle al
The third angle reguired to analvse the geometry of the coordinated waier is the
origntation ol the MO, octahedron relative 1o the crystal axes. These are given in
Table 1. In the B alums the MO, octahedron is aligned (o within abowt one degree
with the crysial axes. In the » alums it s rotated by 5 10 away from the crystal
axes, except in the anomalous cacsium ¥ alums of cobalt, rhodium and indium.

3.4 Hvdrogen bonds

There are four hydrogen bonds in the asymmelne unit of the alum latiice,
Hlustrated in Fig. 4. For the caesium iron selenate {%) and the cacsiom ron sulphate
(B} alums for which high quality ncutron structures have been determined. the
hydrogen bonds of the water molecules coordinated to the tervalent cation are the
strongest in the latlice: they have the fongest O H bond lengths und the shortest
OO distances [ 13]. These hydrogen bonds are close to linear, They are directed
to the waler oxygen (Oap and the anton oxygen ({21 which comprise the
coordination sphere of the unnvalent cation, They link the geometry about the
univalent cation. and thus the alum type. with the ortentation of the water of the
fervaulent cation,
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4. Electronic effects

The initial explanation of the different alum classes waus based on the size of the
univalent cation: the very small sodium 1on adopts the 7 structure so that its
coordination number is only eight: the intermediate potassium and rubidium alums
adopt the = struciure with a puckered crown of six waters: the largest cacsium ion
adopts the B structure with a plane of six waters, which creates a larger coordination
sphere than the puckered crown. Huaussithl's classification bused on crystal morphoi-
ogy was nol consistent with this simple model [5]. Qur structure determinations
confirm the predicted exceptions and mdicote that the structure can be aflected by
the electronie structure of the tervalent cation, in addition to the size of the univalent
cation. The relationships among the coordination geometry of the tervalent waler
{the till and twist angles), the ortentation ol the tervalent octahedron in the lattice,
and the coordination geometry of the univalent cation (alum class) requires a
lascinating analvsis of clectronic and steric eflects.

4.1 Anomalous caesivn ¥ afums of cobali, viodiung and iridivm

Most caestum alums adopt the B structure, but those of the {1,,)" metal ions
cobalt(1I1). rhodium{1II) and inidium{ 11} have the o structure. This cannot be
related 1o the sizes of the tervalemt ions. which span most of the observed range
from Al to In (Fig. 2). These caesium alums are also unique among the 2 alum
structures. The typical % alum has the MO, octahedron oriented about 5 107 away
rom the erystal axes: in the caestum x alums this angle is only 2 3 The hyvdrogen
bond directions required to accomimodate the # alum structure are accomplished by
avery large bt angle of 35 Ji.e. the tervalent coordinated water is highly pyramidal.
or sp hybridised. compared with the usual coordination which is close to planar (B
alums) or 15 2} {other o alums),

One hypothesis advanced to explain this anomaly is that the pyramidal coordina-
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tion ocecurs o minimise ¢lectron repulsions between the oxvgen lone patr and the
filled metal 1,, orbitals. Such repulsion must be of medest energy. for it has no eflect
on the M™ © bond lengths among the first row transition metals: the Co O distance
occurs as predicted by extrapolation from carlier members of ithe 3d series. with
fewer ty, electrons {Fig. 2 in Rell [6]). This is consistent. however. with the small
erergy difference between the x and B structures estimated trom electronic eflects wo
be described below, and the independence of the M™ O distance on alum type
described above i the comparison between the sulphate and selenate alus.

Among the 4d metals. only Mo, Ru and Rh structures are svailable, In this case
the Rh O distance 15 Tonger than predicted lrom the two-point extrapolation of the
Mo and Ru distances (Fig. 20 I this comparison were vahd, it might reflect the
greater radial extent of the 4d than the 3d clectrons.

I this hypothesis were correct, it might be expected the Ru"(1,,)° would also
adopt the ¥ structure. but there are additional factors involved with this clectron
configuration which complicate such a prediction. This invobves the role of p, d,
bonding in the planar coordination of waier. which s absent in Rh and which can
also affect the orientation and twist angle of the coordimted water.

4.2, Twist angles rekative to the MY O, framework

Whereas the hydrogen bonding ramework plays an extremely important role in
determimng the orientation of the water molecules, the metal{ 111} wuater interactions
also perturb the structures at @ level which 1s revealed in the precise neutron structure
determinations. The three-fold degencrucy of the t,, orbitals in octahedral symmetry
is Iifted in the S, sie of the alum lattice. The relutionship between the angle that
the plane of the water molecule makes 1o the Oy axes and the energy difference
between the a, and ¢, (8.} components of the 5, (O} orbitals is shown in Fig. 5
[ 14]. Orbrtal energies were calcutated using Eq. ¢ 1) which is derived from the angoiar
overlap medel {AOM ) [15.16] assuming (1) trigonal-planar coordination of the
water molecule. {11} S, symmetry. (1) metal ligand 7t interaction greater normal 1o
the ptane than in the plane of the water molecule. and {1v) neglect of configuration
interaction

A Bep sing 2é)) il
where @ is the absolute magnitude of the trigonai-field splitting and ¢, is an AQOM
parameter related to the difference in the metal Hgand r interaction normal to and
in the plane of the water molecule.

The tervalent cauons can be grouped according to the electronic stabtlisation
gained by the {ifting of the degeneracy of the metal t,, orbitals by a change of é:
(1) where there is equal occupaney of the metal ts, orbitals. there is no preferred
twist angle: (2} () and (1,1 cases Tor which the electronic minimum occurs with
$= =45 sand {3) (1) and (1,7 cases where the clectronic minimum oceurs with
# - +45 . In the case of chromium(11} there is no electronic stabilisation energy
to be gained by adopting a particular value of ¢ since cach of the Ls, derived orbitals
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Fig. 5 Reknionship between molecular structare and orbital energies, Top: relative energies of the a, and
¢, vomponents of the L, arbiadss wd bottom: relationship of twist angle o and ingle o made between
the plane of ihe water molecule and three-Told s ol the octahedron.

are stngly occupied. The observed twist angle of -- 19.0¢4) [14]1s. within expenmen-
tal error, also that found for the corresponding tron alum (19.4{3)7) [13] where
similar considerntions apply to the (53¢, )* conliguration. For the ruthenium( 111}
cation, the {1,,) configuration achieves its muximum clectronic stabihsation energy
when g= 45 . In this case the observed twist angle of -22.3(3) [17]is a compro-
mise between the clectvonic factor and the hydrogen bounding requirements of the
alum lattice.

A recent high  resolution powder  ncutron diffraction study  of
CsTH SO, 1213,0 has permitted the characterisation of the coordination geametry
of [THOD,L) " In this case the twist angle is — 20.5(3) ., between that obtained
for the case where MB =Cr and Ru. For the d' case the global minimum ol the
clectronic energy corresponds to o twist angle of +45  however. within the hvdrogen
bonding nctwork ol the alums it 15 encrgetically more favourable to distort wowards
a tocal ¢ 45§ rather than a global minimuin in the electronic encrgy. On this busts
the more negative twist angle observed for the CsTi(S0,). - 12,0 alum than for
the corresponding r salt is consistent with the simple analysiy outlined above. [t s
¢lear that hydrogen bonding considerations are mmportant and the relative magni-
tudes of the twist angle observed For the T and Ru alums reflecis the subtle balance
of electronic. hydrogen honding and steric fuctors.

4.3 Fleciron spie diviributions

A key assumption of this analysis 1s the presence of a significant and anisotropic
meta] water momteraction. The 7 bonding characienstics 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. [n principle this may be obtained from the charge density
about the metal ligand bond or, for puramagnetic complexes, from the spin density
within the complex. While there have been significant advances in the extraction of
churge densities from low-temperature X-ray scattering experiments. the small per-
turbations 1o the charge distmbution which result from bonding interactions must
be extructed from the total seaticring which containg contributions from all the
electrons in the unit cell. The spin distribution gives the spatial distnibution of the
unpaired electrons and, in cases where the bonding orbitals are involved. the measure-
ment provides a senstiive probe of the bonding interactions. Experimentadly. the
spin distribution may be obtained indirectly from analysis of the hyperfline couplings
of the ESR spectra [ 18] or, more direetly, from magnetic structure fuctors oblamed
by single crystal polarized neutron difiraction (PN} [19.20]. PND measurenents
have been reported for [Mo(OD.) ]! in the caesium sulphate salt [21]. In an
oclihedral eavironment the three unparred electrons of molvbdenum( 111} occupy
the tz, orbitals: therefore the spin distribution ought be sensitive to the extent and
spatial distribution of the metal water o bonding.

The spuuial distribution of the magonetic moment within the unit cell may be
obiained from the Fourler transform of the magnetic structure factors. Where there
1s no contribution to the magoetic mement from the orbital angolar momentum this
corresponds Lo the spm distribution |22, Owing (o limitations in the extent of data
collection, analysis of the PND duta 15 best completed within the {ramework of
orbital-buscd models [23.24]. although more recent work involving the use of
maximum citropy techiiques 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 hexaagua cations the least squares fits of the
PND results from CsMo{SO.3, - 120.0 will be deseribed (21}

Fits of the most important ortatal-based models of the spin distribution aboui
the oxygen atom to the PND data are given in Table 4, In each case the spin on the
metal s modelled by 4d orbitals of appropriate symmetry (4, e, and ¢} and a
diffuse Mo-centred Ss orbital. The high quality of the fit of the experimenta! 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. Y0%) in
metal dd-ty, (Oy) orbituls. The extent 1o which the experiment can give insight into
the details of the metal water bonding interaction must be assessed in terms of e
improved quality of fit obtained with the orbital models used to describe the spin
distribution gbout the oxygen atom. In terms of the coordination geometry of the
oxygen atom the most appropriate orbital deseription of the oxygen site may be
either sp? (model 23, based on the trigonal- planar coordination geometry about the
oxygen atam. or sp” (models 3 and 43 bused on the H O H bond angle ¢111.1 ).
[n terms of chemical intuition the sp-based model would seem most reasonable and
the R factor and goodness of {it obtamed in this case 1s the best obtained of all the
models examined and is a sufficient imprevement oo a simple isotropic function
{model 1} to jusufy the modeiling of the spin anisotropy about the oxygen atom,
The contributions to the magnetisation given by maodel 2 (sph) show thot the
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Magneusation populaiions obtaned fram Huing the PRI resuiis ol CsMa{Se,y,- 1202,0
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. Dr
D

Mo

3 Ma S@MG
Sk
3
Model 1 (2sh 2 |_'sp2} 3 (spg} 49 s‘p3)
| eim 0.05(3) ! 0.032) -0.04(3) 0.03(2) |
B i i.7613) 1.65(3) L.75(3) £7003) '
ay i.072) KUY 1.05(2) 102Dy
id radial “-.nln.{l—?}i{«l] : T ehTRT] 147614y F069(4)
i Sx T ﬂ -0 104 -1 604 0.08(4)
. S radial 11l o 1.6(3) Ll e
?-_(_)rbital A | _(;0_5{‘3‘)& 0.435(5) 0.015(3 0.020(3)
Orbital B - D01HH -0.002(4 A0 3(3)
Orbital C 0.003(2) 8.007(2) 0.01002)
: D,(1s)= 1.009(2) 0.009(2) 0.00712) 0.006(2)
| 3.1 1s)
‘| R £.0382 0.0317 06370 0.0333
' SR
E| £ .48 1.23 144 (.29

p-orbatal, which s normal to the plane of the water molecule. has a well-defined
and significant occupation whereas the (wo hybrid arbitals which ic in the water
plane and which point toward the deuterium atoms have well-defined but insignili-
cant populations. The signilicant negative occupation of the hybrid orbitat directed
at the molybdenum diom 1s attributed (o spin polarisation. an eflect which has been

commonly observed in the PND studies of divalent hexaagua cations [26 30

When sp' hybrid orbitals are used to model the spin density about the oxygen
atony. there are choices tor the directions of the guantisation axes as shown for
models 3 and 4 1 Table 4. Model 3 has two hybod orbitals directed along ie O D
bonds and this leaves the remuning hybrid orbitals disposed above and below the
Mo O bond. In this model no orbitals are available to deseribe the significant spin
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density along the Mo (O bond and the y* and Ry values are significantly higher
than those of modcl 2 where a sp® hybrid orbital is available 1o describe the spin
polarisation which results from the Mo O bonding interaction. and are Intle better
than those of model 1 where a single s orbital is used te 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 disposcd so as to preserve a local plane of symmetry
normal 1o the plane of the water molecule. While the small tilt of the planc of the
coordinated water molecule relative to the Mo O bond vector {1.8 ) leads 10 two
incquivalent arrangements this effect has only a marginal effect on the guality of
the fits obtained, the better {it 1s given in Table 4. Neither of the sp? fits of the data
(models 3 and 4) have a sausfactory relationship with the molecular framework.
The significant spm in the Mo O miterbonding region and insignificant spin in the
) D bonds resulls in a considerably better fit for model 4.

For both the sp® and sp* modcls there s clear evidence of anisotropy of the spin
distribution of the Mo O bond. However. m both cases the chowee and disposttion
of the orbitals on the oxygen atom permit deseription of the Mo O = bhonding
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 Torm of the models.
Accordingly. the models were extended by the inclusion ol orbitals which would
desertbe the spin transfer to the oxygen atom as a result of in-plane Mo O =
bonding. Model 2 was exiended by the addition of @n oxygen 2p-orbital normat 1o
the Mo O bond and parallel to the plane of the water molecule located wt (a) the
oxygen atom, {b) 756 of the Mo O bond length and {¢) the midpetnt of the bond.
b all three cascs the population of the additional orbital remammed below the 1 es.d.
level and the quality of the fit of the experimental data was not improved signilicanily.
This observation was tuken to imply that there is no significant Mo O rinteraction
in the plane of the water molecule.

In summary the PND resubts for [Mo(OD,) " in CsMo(SO,) - 12,0 provide
dircet evidence for a significant and anisetropic Mo O n interaction {21}, This
observation supports the analysis of the structural chemistry of the alums in ecrms
of the metal ligand minteractions. As shown in the foliowing sections this conclusion
is consistent with analvsis of the clecironie spectra and magnetism ol the alums
as well,

4.4 Electronic spectru

The alums have been used as a convenient vehicle for the examination of the
clectronic specira of hydrated metal trivalent cations |31 33]. The analysis of the
tow-temperature electronic spectra of NH,V(SO,),-12H,0 by Hitchman and
co-workers [34] revealed that the vanadium{IIT} cation 1s subject to a surprisingly
large trigonal field considering that the VO, framework is litde distoried from
ovtahedral. A satisfactory it of 1he spectra could be obtained vsing a trigonai-ficid
spliting of 1930 ¢m ' This 1s comparable with the value of 1940 ¢m ! suggested
by the clectronic Raman band aitributed to the intra-ty, transition {'E,«- A} of
vanadium{I11) in a range of B alums [35]. Anguiar overlap model calculations
showed that the trigonal ficld could not be atinbuted 1o a distortion of the VO,
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framework but required the inciuston of metal ligand = interactions which are
different in- and normal to- the plane of the ligand [34}].

An estimate of the energy difference between the % and B alwm structures can
now be made from this estimate of the trigonal-ficld splitting. The argument 1s that
the potassium and rubidium vanadium alums would adopt the customary ¥ structure
were 1t 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 273 of the trigonal splitting or about 1300 em ™! or 15 kI mol ', This can be
taken as an upper imit of the energy difference between the o and § stroctures for
the potassium and rubidium vanadium sulphate alums [36].

4.5 Lunvinescence

The “E,—*A,, luminescence of chromium(HI) o series of pure and doped
alums provides additional insight into the metad Tigand 7 interaction. The “E, excited
state is split by spin orbit coupling between the *E and T, states in the presence
of a trigonal field and the magniude of the splitting s related to the strength of Lhe
trigonal field [37]. When chromium s doped mto x alums the magnitude of the
splitting is small (<10¢m M) [38.39] whercas  splittings of the order of
125 130 cm ¥ are obtained for chromiumi 11 -doped B alums | 38]. The magnitude
of the splitting is dominated by the slum type and not by the size ol the tervalent
cation of the host lattice. The mean origin energy of the "L A, transition is also
found to depend on the alumy 1ype, with encrgics of ca. 14950 and 14 3 eom !
respectively, for o and § alums [38]. The lower transition encrgy for the B alums
suggests lower mterelectron reputsion such as would result from greater delovahsa-
tion. This 15 consistent with & reduction in dn pr overlap as the plane of the
coordinated water molecule is tilted away Itom 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 MO, framework. Moreover, 1t is clear
that the relative 6 and & character of the metal water mnteraction depends strongly
on the ornentation of the coordinated water molecule,

4.6 Muagnetism’EPR

Many of the early expernimental studies of the magnetie properties of trunsition-
metal complexes have been conducted on tervalent hexaagua cations m the alums,
These have been deseribed in many of the classic texts on the subject 140 3], One
aspect of this work which merts Torther consideralion concerns the cases where
there is unequal vccupaney of the 1, (O orbitals, In these cases the temperature
dependenee of the magnetic moment may be used W0 extrigt the trigonal-field
sphitting. Although these estimates suffer from overparameterisation. the trigonal-
field spliting of [ V{OH,3,)" " deduced from magnetic measurements of the annno-
num sulphate alum |44] is in close agreement with that obtained from clectronic
Ruaman measurements [35].
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A prablemy which has persisied in the literature since the 1930s has involved the
interpretation of the magoetism and EPR spectra of CsTi(SO,); - 1211,0. Numerous
maodels of the cleetronie structure of JTHOH,LP ™ have until recently assumed that
the tigonal symmetry of the tervalent cation 1s retained over the whole ol the
experimental temperature range and that the trigenal licld lowers the orbital degener-
acy of the “T,, (Oy) pround term to give an orbitaily nondegencrate (*A,) ground
term [44 56]. This anadysis implies that the effect of the trigonal field on the relative
energies of the arbitals which comprise the 1, (Og) set s dilferent for the titanium
and vanadiom alums. Since the cacsium sulphate alums of titanium and vanadium
arc isostructaral [6,57| this would imply that the principal metal water ninteraction
is nornal o 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 -
wiler 1 banding [21]. The assumpnon that the trigonal ficld acts on the ttaniom{ {1}
to give an orbitally nondegencrate ground term is based on the magnetic properties
of the Kramers dagblet which arises from the 3T3g terin aller perturbation by
spin orbit coupling and the action of an axial hgand field. If the [Ti(OH)J** s
axjally svmmetric then a “E, ground term would give a ¢ value ol zero. The
observed value of g 1 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 retinns ingonal symmetry over the experimental tempertiure range
(1.5 10 308 Kb has been shown to be in error [ 58], High resolution powder neutron
diffraction experintents huave perntitted the characienisation of a phase transition
ol CyTHEO,), - 1212.0 10 an orthorhombic phase with a transition temperature of
12 K. Low temperature single crystal Raman measurements of the pure salt and
of the analogous rubidivm alum and EPR studies of chromium{111)-doped
CsTH SO 12H.0 are consistent with the structural measurements. [n the low
temperature orthorhombic phase the site symmetry of the ttaniumt TH) cation 1s
reduced to ) that s the three-fold symmetry of the alum siwe is lost, The apparent
axial symmetry of the g tensor and the observed magnitudes may be explained using
a simple model mowhich the trigonal dickl fcaves a llfg ground term which s then
subjeet to Jahn Teller distortion. Long-runge interaction between the Jahn Teller
centres uftimaicly resulis in o cooperative Tahn Teller effect and the observed phase
transition ot the crystal [38]. The anomalous fine structore observed in the EPR
speetra of 11" as an nupurity m B alums has also been calculated on the basis of
the trigonal ficld giving rise to a “F, ground terim with coupling strength and low-
syRMClry strain as parameters inthe analysis [39) The important conclusion from
this analysis is that a sclf-consistent interpretation of the clectronic structure of the
icrvalent cations s possible based on the coordmation geometry of the metai, the
oricatation ol the coordinated waier molecule refative to the MO, framework. and
the meiusion of significant and anisotropic metal water ' interacton in cases where
the maode of waler coordimation is trigonal-planar.

4.7 Thewretical calordutiony

A number of approximate ¢ gand field AOM [13]. Fenske Hall [12]. extended
Hickel [15]) and higher tevel (multiple scattering X, [13], ab initio MO [60 63])
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calcuiations have been reported for tervalent hexaaqua cations with a view lo
resolving the electronic structure or clucidating 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,), | H:OL 1 CF,80;] led Cotton to consider the effect of metal water n inter-
actions on the electronic effects associated with partial occupaney of the metal t,,
{Oy} orbitals [12] Through simple consideration of ligand-field citects. supported
by Fenske- Hall calculations, it was concluded that for an octahedral MO, arrange-
ment the ligand-fleld stabilisation energy would be at a maximum for d' cations
when the geometry is «ff verticed Dy, for d? cations when the geometry s aft
haorizontal Dy, and there should be no preferred twist angle for d° cations. These
conclusions were supported by Daut [15] based on MS-X, and extended Hickel
calculations of [Ru{OH;. ) .

The trigonal-field splitting caleutated for the complex with afi-horizontad 13,
geometry by the X, methods was 4900 cm ' and this permitted an estimate of the
AOM parameter ¢, of 1633 ¢ 7' [13]. The magnitude of the trigonal-field splitting
for Ru™ in the caesium sulphate alum. 2300 em ' was deduced Trom ecartier EPR
measurements [66 ). The authors [ 137 assumed. incorrectly. that the M site symme-
try of the alums to be €, and not 8,;; this complicates the AOM-derived expression
relating the twist angle to the Uigonal-field splittmg. If the expression ginven in
Section 4.2 s used to caleulate the twist angle then a value of 16 s obtained. n
tolerable agreement with that obtained for CsRutSO, ), 12H.0 by neutron ditfrae-
ton {--22 ) [171. [L 13 probably more appropriate te use the tngonal-field splitting
and the twist angle 1o estimate the trigonal-field splitting fov the efl-horizonial Dy,
geometry of [Ru(OH L) 1P The value of 3675 em ! therchy obtained may be com-
pared with the value of 4900 cm ' given by the X, calculations.

A clear focus of a4 number of the calculations has been the interpretation of the
clectronice structure of [ TIOH,3 )" in the caesium sulphate alum [63] with the view
ol resolving the anomalous g values observed n these experiments. Ab initio SCF
MO calculations have been completed on [Ti(OH), ]! to give optimised structure
predictions and this has been supplemiented by the caleulation ol the clectronic
structure for several fixed structures (60, In keeping with the simple analysis of the
system the aff-vertical 1 seometry 15 predicted to be the most stable in terms of
electronic elects. The EPR and ENDOR spectra of titanium{ 1[I} doped into
methanol water glasses are consistent with thas interpretation [67]. The mterpretation
of the EPR spectea ol fitanium( 11} in the caesium sulphate alum was not resolbved
by the theoretical work where, although the dependence of the trigonal-field spiiting
on the twist angle is evident in these calculations, fatlure 1o allow for the possibility
of low temperature distortions [67] mvalidates the analysis,

While the cooperative Jahn Teller effect operating in CsTu SO, - 12H,0 may
have some ellect on the structural purameters obtained for the cubic phase. the
larger twist angle observed for Ti than Cr or Mo in'the cacsium suiphate aluws is
consistent with an increase in the electronic stubilisution with an increased magnitude
of the twist angle. Within the alums the hvdrogen bouding arrangement appears (o
require twist angles of approxmmately 0 {2) or 20 (1. The negatinve value of the
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twist angle corresponds 1o the distortion of the d! complex towards a local electronic
encrgy mininum, with the Jahn Teller effect giving a more negative twist angle for
titanium. consisient with the structural data

Cualeulations have been performed lor a number of transition-metal hexaaqua
cations W compare the Ty, eff-horizontal and all-vertical Dy symmetries [60].
Wiicreas clectronic lactors favour the adoption of all-rertical 1y geometry when
the metad has a d'-cleciron configuration hydrogen hydrogen repulsions operate in
favour of the T, geometry. For Ti' the afi-vertical 13y geometry was calvulated to
be 3.5 kfmol ! less stable than the T, geometry. For larger d! cations the opposite
result was obtained. 1 was noted by the authors that MR-SDCT level calculations
on an solated [ THOHS L] complex gave the alf-rerticaf D5y peometry as the lowest
cnergy, Similar conelusions were obtained for the adoption of ali-horizontal geome-
try by d- cations. Lo, VY was calealated o be 5.8 kI mol ' more stable i (he T,
geometry but lurger d ¥ cations were caleulated to be more stable in the all-horizontad
DDy, geometry, These results were interpreted 1o idicate thal external factors such
as hydrogen bonding are responsible Tor the adoption of near «/-horizontal 34,
geometry of [ViOH,),]7 " tn the triflate salt [12]. The suructural chemistry of the
atunium [57.58] and vanadium | 36] alums deseribed above argues sirongly against
this conclusion and indicates that clectronic Tuctors afect the geometry of the water
coordmation. It would appear that while there have been sigmificant advances i the
ab inttio calcolations of hexaagua cations which permit the calculation of trends in
o wide range of physical properties there remain problems concernmg the caleulation
ul the orentation of the plane of the coordinated water molecule.

An extensive ~eres of large basis set SCE level calculations have recently been
published in which ligand-field effects are examined for hydrated divalent und
wervalent metal 1wons of licst and second row lransition metals [60]. For the tervakent
caons the structral and vibrational properiies of the cacsium sulphate alums
provide an excellent test ol these caleulations since the experimental results have
been abtaned under equivalent conditions, While the calcaiations are conducted on
i vaeies hexaagua cations, the similarity of the M site within the alums ought to
mmtmise the vsual difficelizes which arise when examining trends of this soirt. The
experimental and caicalated M O bond lengths are plotted in Fig. 6. The oflset
belween the observed and calculated vadues (ca. 0,00 A was attributed to the absence
ol the second coordination sphere about the metal. the hydrogen bouds o which
merease the strength of the metal water bonding [6{]. 11 s important 1o note that
the bond lengths were calculated for hexaagua cabions with T, symmeiry. The
significant tilting o the plane of the coordinated water molecule of the Co and Rh
hexaagui cattons woukd appear 1o have litle effect on the bond lengths. consistent
with the expermiental resuits discussed above,

The svmmetrie stretching frequency of the hexaaqua ions has also been caleulated
and this s shown plotied against the vii MO} vibrational freguency obtained from
the caesium sulphate alums in fow temperature single-crystal Raman experbments o
be deseribed in the following section {Fig. 7). The caleulated vibrational frequency
was derived by harmoaic approximation [rom the curvature of the potential energy
ol the system near 1o the equilibrium bond length, The caleutated frequency was
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found Lo be sensitive 1o the choice of fitting pomnts and this s reflected by the crvor
bars. The large offset between the caleulated and observed vibrational frequency is
due to the absence of consideration of the hydrogen bonding interactions 1o the
second coordination sphere: this both affects the metal water bond strength and
provides a “wall” effect. which raises the observed frequencies above the caleulated
frequencies,

5. Vibrational spectra

The high symmetry of the alum lattice. the someorphous replacement of the
trivatent metal lons. the substitution of selenate for sulphate und of deuterium for
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hyvdrogen. and the fortuitous appearance of all, or almost all, of the allowed
vibrations of cortain symmetries has cnabled @ comprehensive assignment of the
single crystal Raman spectra of many alums [10.68 72]. For example, between §
and 1200 cm ' factor group analysis predicis that 17 E, modes should oceur, and
for CsAISO 3, - 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,0 by [2,0. or sulphate by selenate. In this way a self-consistent
set of assignments ol the E, modes has been made. The A, and F, components are
then assigned by association with consideration of the sume cliccts,

There are several noteworthy features of these assighments. One s that they
include the very Iow-frequency latiice modes [72]. Clear distinctions are observed
between the ¥ and 5 atums. There is a correlation beiween the observed [requencies
and the M™ © bond length, which reflects the strength of the hydrogen bonds
involved in the futuce. A complete normal mode analysis of the alum lattice has not
been reported. but the data necessary for it appear to be available.

A sccond impoertant feature s the aviniability of the symmetric M, stretching
frequencics of the hexaaquametal (1117 1ons. many tor the first ume. This v, mode
is largely uncoupled from other vibrations and 13 a direct meesure of the metal water
foree constant. A linewr correlation is observed between the observed lreguencies
and the inverse of the M O bond lengths (Fig 83 An wnexplained feature of the
Raman spectra, however, is the dramatic difference in the imensities of the totully
symmetric sireiching frequency. This is illustrated in Fig. 9. One speculative conrela-
tion is that the inteastiies are related o the reduction potential of the metal ions,
but no proper explanation has been advanced.

The infrarved spectra of some of the alums have also been reporied | 73], but these
have nat been subject to the same comprehensive analysis as the Ruman spectra.

6. Solution structures

Recent neutron scatiering experiments conducted on clectrolyte solutions contain-
ing chromium (111 [ 74} indicate that the strength of the chromium water interaction
is insensitive 1o the stercochemistry of water coordination. In CriCIl0,) solutions
22 moldm Yy the tilt of the plane of the coordinated water molecule is reported
to be 34+ 6 with & Cr O bond distance of 1.98(2} A [74]. Whereas the uncertainty
of the Cr O distance is too large to pernut usctul comparison, the frequencey of the
totally symmetric stretching mode of [Cr{OH ). v((Cr0,). obtained from Raman
spectra ol a range of crystals and of solutions of chromium( 111} salts give values
which are very similar [69]. Since the frequency of vt MO} is simply related to the
M O force constant, the similanity of v{ MOy} for the range of differeat (lt angles
for water coordinated 1o chromium(111) also implies an nsensitivity of the metut
ligand force constant to the stereochemisiry of water coordination,
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7. Geometry of the water molecule

The metal water interaction will influence the elecireon distribution of the coordi-
nated oxyvgen atom and this in turn may be expected to influence the geometry of
the water molecoie. Hydrogen bonding will. of course. contnbuie 1o the obscerved
structure. In the most simple case the change from trigonat-planar 1o trigonal-
pyramidal water coordination ought to be accompanied by a reduction in the HOH
bond angle. In those cases where accurate neutron siructure delerminations are
available the HOH bond angle is plotted against the metal water bond length
(Fig. 10y, 1t iy clear that there s a distinetion between the HOH bond angles
obtuined {or the o and [ aiums with the § alums giving the karger HOH bond angles,
as might be expected on the basis ol the trigonal-planar mode of water coordination.
In order to ascribe this effect to the metal water interuction i 18 necessury
cstablish that this 5 not a consequence of the hydrogen bonding network of the
different alum wvpes. When o broader range of structures is considered, which
includes divalent and rtervalent hexaagua cations [78]. the {rizonal-planar waier
coordination remains associazted with larger values of the HOH bond angle. This
suggests that the local structure of the water molecule Is expressed even within
strongly hydrogen bondmg environmenis.
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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 &t the heart of
the dimorphism of the caesium sulphate alums of titanium{ 1) and vanadium{{Il)
and has been suggesied to influence the geometry of [V(OH) P in the salt,
[VIOH ) H.OCE,80,),. 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 illustraied by the alums where three
distinct types of behaviour are observed which appear to be linked with the clectronic
structure of the metal cation. The occupancy of the metal T acceptor orbitals (i,
(3,) is of key importance. The tervalent cations of Co, Rh and Ir have fully occupicd
1, and empty ¢, orbitals and only trigonat-pyramidal water coordination has been
observed. In cases where there is unequal occupancy of the t,, orbitals trigenal-
planar water coordination occurs (Ti. VY and in the remaining cases (Cr, Fe. Al
Ga. [n} the mode of water coordination may be either trigonal-planar or tnigonal-
pyramidal according to the relative energies of the hydrogen bonding arrangements.
These obscrvations suggest that in certain cises. at least, the electronic factors arsing
from the metal water interaction may influcnce the stereochemistry of the complex.
It iy surprising that these preferences may be expressed even in strongly hydrogen
bonding cnvironments.

The hexaaqua complexes therefore provide a remarkably beautiful example of the
interplay between electrenic 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 {(CsTHSOY), - 12H0}. Tt 15
perhaps appropriate that this subtlety be apparent in a venerable series of salts.
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