Coordination Chemustry Reviews
Elsevier Publishing Company, Amsterdam — Printed in The Netherlands

THE COORDINATION CHEMISTRY OF THALLIUM()

AG LEE

Medical Reszarch Council, Molecular Pharmacology Unit Medical School, Hills Road, Cambridge
(Gt. Britain)
(Recewved December 29th, 1971)

‘When we are in possession of a few more local monographs — then, and only then, by grouping
their data, by minutely confronting and companng them, we shall be able to reconsider the subject as
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In 1864, Sir Witham Crookes wrote 1.

“The position of thallium amongst elementary bodies has given nise to considerable dis-
cussion. On the Continent 1t 1s generally classed amongst alkali-metals, in England 1t is, on
the other hand, generally regarded as belonging to the silver and lead group.’

Fortunately, this 1s no longer an 1ssue that needs to be thrashed out between Britamn
and the members of the Common Market But the effect of the ‘heavy-metal-like’ proper-
ties of thallium on 1ts behaviour as a umvalent cation 1s still of considerable interest.

Apart from 1ts intrinsic importance as a problem in morganic chemistry, there is the
possibility that, in the future, it will help to throw some light or: a very different problem-
that of the mteractions of univalent cations (particularly potassium) in biological systems.
Not only can the differences between thalhum(I) and the alkali metal cations be used to
argue the sites of mteraction of the alkali metal cations, but thalhum(I) can be used as a
probe for the alkalt metals, whereas the alkali metals have very few properties which can
be studied spectroscopically, thalllum(I) has many — intense UV absorption, fluorescence,
nuclear spin 7 = %, and temperature-independent paramagnetism

A INTRODUCTION

The first three 10nmsation potentials of thallum are 142, 472 and 688 kcal/g atom
respectively ? The stability of thallum(I) with respect to thalllum(HI) 1s high 2. The
standard oxidation potential of thalllum(I) in aqueous solution1s® —1 25V

The thallium(I) 10n has the ground state electronic configuration 6s> Such a pair of s
electrons beyond a completed shell generally results 1n a non-spherical charge distribution
around the element in sohids and thus, 1n turn, results 1n a lowering of the symmetry of
coordination of negative 1ons around the element. The first excited state of the thalllum(l)
ion has the configuration 6s5* 6p! and 1s only 7.4 eV above the 65> ground state *. Extra
stabilisation can thus be gained by s—p mixing °. As the s atomic orbital 1s spherically
symmetrnc and a p orbital 1s not, such stabibisation 1s only possible for an unsymmetrical
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distortion of the environment of the ion; a symmetnc distortion could only mix the 65
electrons with other s or with d orbitals, but since energy states involving 64 and 7s orby-
tals are highly excited, effects of s—s and s—d muoxng should be unimportant. Thallium(I)
derivatives can thus be expected to adopt distorted octahedral or cubic structures. It may
require low temperatures to reveal these distortions since at hugh temperatures the distor-
tions at different sites may be disordered, in which case the crystal, as'a whole, will
behave as if 1t were undistorted

TABLE 1
Physical properties of thalhum(I) and the alkali metal cations
M lonic radu Polansability 7 Electronegativity 8 Electron Enthaipy of
M* (&) M* (A3) m* affimty 2’1 hydration 1!
(keal mole™!)
I 086 003 098 060 —-134
Na 112 041 093 035 -107
K 144 133 082 030 — 87
Rb 158 198 082 0.27 -~ 80
Cs 184 334 0.79 023 - 76
T1 154 52 162 032 or — 92
121

The 10n1c radu of TI* and K* are very simular (Table 1}. Thalllum(l), however, hasa
considerably greater molecular polarisability This wall lead to differences between
thallium(l) and the alkali metal cations; to distinguish between those differences arising
from this cause and those differences ansing from ‘partial covalent bonding’ is extremely
difficult. To some extent polarisation and ‘partial covalent bonding’ mean the same thing,
and ‘partial covalent bonding’ appears to mean very much more than in reality 1t does
Electronegativities and electron affinities of thalllum and the alkali metals are also given
in Table 1. 3

The thallium(l) 10n 1s only very weakly hydrated mn solution (Table 1). In view of the
very low value for the enthalpy of hydration 1t 1s not clear whether one 1s justified mn
speaking of a hydrated 1on in solution at all, that 1s, 1if by hydrated 10n one means an 10n
with a constant hydration number. One might say that the 10n is simply stabilised by
macroscopic dielectric hydration !?. Measurements of the self-diffusion of thallum(l)
1ons mn aqueous perchlorate solutions suggest that no water molecules move with the
thallum(l) 1on 13, although recent measurements of the apparent molar volumes of
aqueous thallum(I) perchlorate solutions seem to indicate 1952 the formation of a diaquo
complex [TI(H, 0),]*. There 1s also httle evidence for solvation in dimethyl sulphoxide
or acetonitrile as solvents 4716 but there 1s possibly stronger solvation 1 dimethylfor-
mamude as solvent 7. The complex TI(CH;3CN), SbCls, however, could contain the
TI(CH;CN)," ion 2.

The inability of thallium(I) to form strong complexes 1s clearly due to the presence of
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two electrons in the outer s orbital which will always be g-antibonding Thus the
thallium(I) 10n shows little tendency to amine formation in solution, and a monoamine
complex 1s formed only at very high amine concentrations i both ammoniacal and
ethylenediamine-containing solutions *°-2® With histamine 1n aqueous solution, a com-
plex 1s formed with stability constant 2! ca 1 X 10~ The thallum(l) 10n 1s a very weak
acid in aqueous solution with a pK, of 13 2 at zero 1onic strength 22

B THALLIUM(I) HALIDES
(1) Thallium(1) halides in the solid state

Both thalllum(I) chloride and thallhum(I) bromide possess a cubic, CsCl-type structure 23,
but the crystal structure of thalllum(l) fluoride 1s uncertain. Ketelaar 24 reported a
centrosymmetric structure in which thallium was at the centre of a distorted octahedron
Alcock 25 has proposed another structure in which thallium has five nearest-neighbour
fluorine atoms (average TI—F distance 2.58 A) and two more distant (TI—F distance
3 53 R), these later two fluorines occupy cis postitions 1n the distorted octahedron around
thallum Possible space groups were P2, ma, Pm2a or Pmma Barlow and Meredith 26, on
the other hand, find a space group of either Pbcm or Pca2,, the latter being thought more
likely, and propose a structure mnvolving a distorted cubic geometry, similar to that found
in thallium(I) methoxide (see p. 321) An infra-red and Raman study 27 1s in disagreement
with all these structures, but the vibrational spectra contain a number of unexpected
features. For example, a strong band was observed 1n the infra-red spectrum at 475 cm™,
which was assigned “to monomeric TIF which seems to be present in the lattice 1n small
quantities” At 82°C, thallum(I) fluonde 1s transformed to a tetragonal distortion of the
rock salt structure, slightly more dense than the room temperature modification, the
structure can be considered to be a compromuise between the NaCl-type structure and that
of the room temperature modification 26:28:2% A high pressure phase also appears 29 at
12 6 kbar and 22°C

Thallium(I) 10dide adopts a layer structure i which the thallium(I) has five nearest-
neighbour 10dine atoms, and two 10dines at a greater distance (Fig 1) *°. On heating
thalllum(I) 1odide at atmosphenc pressure to 170°C, it 1s transformed from this ortho-

3.49

Fig. 1. The environment of thallium in thallium(l) 1odide (reproduced from A G Lee, The Chernustry
of Thallium, Elsevier, Amsterdam, 1971).
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rhombic structure to a cubic, CsCl-type structure 3°, in which the thallum(l) has eight
equidistant 10dine neighbours located at a distance of 3.64 A The transformation can
also be brought about ! at room temperature by applying a pressure of about 5 kbar
This transformation of thallium(I) 10dide 1s somewhat unusual in that the high tempera-
ture phase has the higher density. For a given substance, the phase of lowest density 1s
generally the one of higher entropy and lower symmetry and would be expected to be
stable at hugher temperatures Thus the alkali halides adopt a NaCl structure at high
temperatures and a CsCl structure at low temperatures For thalllum(l) 1odide, however,
the denser and more symmetric form has the higher entropy. Thus, at the transition, the
entropy of the cubic phase is 0.75 cal/g.mole °K greater than that of the orthorhombic
phase 3! The presence of some ordering effect in the orthorhombic phase 1s implied by
these observations.

Distorted structures of-the thallium(l) fluornide and 10dide type have been rationalised
m terms of s—p mixing on thallum 32 An antisymmetric displacement of anions from
an octahedral or cubic field will lead to a mixing of the s and p levels, and the stabilisa-
tion due to such moung will offset the normal forces which hold the octahedron or cube
11 1ts regular configuration. If the stabilisation 1s electrostatic m ongin, then it would be
expected to be greatest for the fluornide, whereas if it were due to covalent effects it
would be expected to be greatest for the heavier halogens A measure of the s—p muxing
on thallum in these compounds can be obtained from magnetic susceptibility measure-
ments In the orthorhombic form of thalhum(I) rodide, the s—p nuxing 1s about 71%
complete on thalllum, whereas in the cubic form, 1t 1s only about 28% complete 32_ In
the cubic thallium(I) chlonde and bromde, the s—p mxing has been estimated as 11%
and 9% respectively 3% Although these latter two compounds adopt an undistorted
CsCl-type structure, they do have very high dielectric constants ?* , attnbuted to the fact
that, because s—p mixing will tend to reduce the restoring force opposing ionic displace-
ments, these compounds will be particularly susceptible to atom polansation by a static
electric field * Unfortunately, no mnformation about s—p mxmg in thallum(l) fluonide
1s available

Information about the structural transition i thallium(l) 10dide can be derived from
thalllum NMR measurements 3. At the temperature of the transition, there 1s a consider-
able linewidth change, from a second moment of 26 gauss® just below the transition
temperature to 2.5 gauss® just above In the low-temperature form (orthorhombaic), the
second moment is an order of magmtude greater than that expected for dipolar inter-
actions alone. The linewidth has therefore been attributed to indirect (electron-coupled)
spin exchange 1nteractions between the thalhum and the 1odine The orthorhombic
phase can be visualised as a structure intermediate between a hypothetical molecular
solid of thallium(I) 1odide molecules and a more tonic, cubie CsCl-type structure. In the
orthorhombaic phase, there 1s a single short mteratomic distance between thallium and
iodine, such that the structure could be considered to be made up of Tl—I pairs, and this
distance 3 36 A 1s intermediate between that of the gaseous thalhum(l) 1odide molecule
(2.81 A) and the TI—I distance in the cubic phase (3 64 A) Thus, although the cubic
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phase 1s the more dense, the nearest-netghbour distance 1s actually greater than 1n the
orthorhombic phase.

The decrease in the magmitude of the TI—I indirect spin exchange 1s then what would
be expected if rather isolated covalent TI—I bonds were bemng weakened n the orthorhom-
bic to cubic phase change Thus, the change 1n the mndirect spin exchange interactions
implies a decrease 1n the ‘covalent’ bond character between thallium and 1odine i the
transformation, due to a lengthening of an unusually short thalhum—iodine interatorme
distance 1n the transformation to the cubic phase

An estimate of the degree of covalency in the thalllum-—halogen bonds in the cubic
forms of thallium(l) chlornde, bromide and 10dide can be made from measurements of
the 29571 chemucal shift 3738 Degrees of covalency of 4, 6 and 10% have been estimated
n this way for the TI—Cl, TI—Br and Tl—I bonds respectively. For these halides there 1s
also a sigmificant discrepancy between the lattice energies calculated from an electrostatic
model and those obtamed from a Born—Haber cycle (Table 2) The values calculated from
the electrostatic model take into account polansation, quadrupole interactions and the
zero-pomnt energy of the crystal.

TABLE 2

Lattice energies of the thallum(l) halides (kcal mole—l)

Compound Calculated from an Obtamed from a
electrostatic model 1 Born—Haber cycle 11

TI-F 196 200

T-Cl 165 178

Ti-Br 163 174

Ti—{ 157 168

The value of the lattice energy calculated for thallium(l) fluoride 1s based on the
structure of Barlow and Meredith. The calculated lattice energy based on the structure
proposed by Alcock 2% 1s 184 kcal mole™ (ref 11). The increase in the difference
between the calculated and Born—Haber cycle lattice energes from thallium(l) fluonde
to thallium(l) 1odide 1s in accord with the increasing polanisabilities of the antons It also
provides a ready explanation for the fact that thallium(l) fluonide 1s the only thallium(l)
halide which 1s readily soluble 1n water

A study of the Ly,; X-ray absorption edge of ! Tl in thallium metal and thalbum(I)
chlonde and bromude has led to the suggestion of a greater covalency for thallium(l)
chlonde than for thallium(I) bromide; on compound formation there 1s generally a shift
in the absorption edge towards the high energy side of the metal edge, unless the shuft 1s
suppressed by covalent character in the bond #%:%!. The shifts (relative to thalllum metal)
are 0.8 eV for thallum(I) chlortde and 6 2 eV for thallum(l) bromide. However, 1t 1s
thought necessary to take into account changes in hybnidisation of the thallium 399, and
other data already discussed suggest that changes due to the latter will be most important
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for thalblum(l) bromude. These X-ray absorption edge shifts are, as yet, httle understood.

Compressibility data also suggest that thallium(l) chloride may have some ‘covalent’
character. Thus the pressure—volume data for most of the alkali metal halide crystals can
be fitted by a completely tonic model, whereas for thallum(I) chlonde there 1s a definite
deviation at high pressure m the direction of smaller compressibility from that predicted
from low-pressure data *?. The compounds are clearly, however, largely ionic Thus the
shifts of the optical absorption edges for the cubic phases of the thalbum(I) hahdes with
changes 1n applied pressure are relatively insensitive to the anion mvolved *3. In a simple
1omuc crystal, the valence electrons have been completely transferred from cation to anion,
50 that the valence band is made up entirely of anion wave functions and the conduction
band 1s made up of cation wave functions. Since the conduction band represents an
excited state, 1t would be expected to be the more sensitive to pressure *3 Thus 1t would
be expected that the shift of the absorption edge with change in applied pressure (1e of
the density of the crystal) would be relatively insensitive to the anion if the crystal 1s
largely 1onic This can be contrasted with the very considerable sensitivity to anion ex-
hibited by the mercury(I) hahides 43

Extensive studies of ionic conduction and diffusion m the alkah halides with NaCl-type
structures have revealed the presence of Schottky defects The ionic transport processes
mvolve yjumps of nearest-neighbour 1ons into single cation and anion vacancies, with the
cation usually being more mobile, and therefore tending to dominate the conductivity.
In sitver(I) chlonde and bromide, which also have the NaCl-type structure, the presence
of cation Frenkel defects has been proved. Diffusion measurements show that for these
crystals the transport processes mvolving cation vacancies are the same as in the alkah
halides, but that those involving 1nterstitial 10ns occur by a combination of collinear and
non-collinear interstitialcy jumps. These differences have been attnibuted to the larger
polansability of silver 438 Iy caestum chloride, bromide and 1odide, Schottky defects
predominate, and the rate of anion diffusion 1s comparable to, but somewhat larger than,
the cation diffusion rate In thallum(l) chlonde, Schottky defects also predominate, but
now with highly mobile anion vacancies The smaller cation mobility i TI—Cl compared
with Cs—Cl has been attributed to the greater polarisability of thallum(l), imncreasing the
actvation energy for cation movement *32

Little 1s known about the structures of the molten thathum(I) halides, although NMR
measurements suggest that the degree of covalency in the TI—Cl, TI—Br and Tl—I bonds
mcreases shghtly on melting 37-4%. Measurements of the electrical conductivities of fused
thalhum(I) halides suggest some association, but cannot distinguish the cause 45 Con-
stderably more 1s known about the structures of the thallium(I) halides in the vapour

phase.
(ii) Thallium(I} halides in the vapour phase

Mass spectrometric analysis of the vapours of the thallium(l) halides shows that for the
fluonde 46*7 dimenc species (TIF), predominate, with some monomer, trimer and

Coord Chem Rev, 8(1972)
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tetramer also present, whereas for the chlonde *® and bromde *® monomers predommate
with a little dimer present, and for the 1odide 50 there 1s less than 1% dimer The dimer-to-
monomer ratio for the thalllum(I) fluoride vapour is considerably higher than that for the
alkali metal fluonides *°. Consideration of the experimentally determined entropy of the
Tl, F, species led Keneshea and Cubicciotti to suggest that the nature of the chemical
bonding for the thallium-containing dimer is quite different from that for the alkali metal
halide dimers The structures of the latter are generally assumed to be rhombohedral
(planar) as found for L1, X, by electron diffraction °'>5? and matnix infra-red studies 53
Theoretical studies indicate that, for an 1onic compound, the thombohedral structure is
more stable than the linear dimer *#

Ci
L1< > L-C-L-d
Cl

Keneshea and Cubicciottt 48 proposed a linear symmetrical X—TI—T1—X structure for
the thallum(I) halide dimers, giving better agreement with the absolute entropy of the
le FQ dimers

As additional evidence 1n favour of a structure with a thallum—thallium bond, the
observation of a Tl," species of medium ntensity tn the mass spectrum of the fluoride
vapour was noted 46, but there 1s some disagreement over this point Berkowitz and
Walter 55 found that the Tl,* peak intensity was only 0 85% of the Tl, F* peak imntensity,
whereas Cubicciott1 *? reported that it was 12% of the major dimer peak Tl, F*. However,
1t should also be noted that the mass spectra of a number of dimeric organothallium(1il)
compounds also show a Tl," peak 56, although no strong thallium—thallium bond can be
postulated to be present in the compounds (R, T1X), The Tl,* ion 1s presumably formed
by some rearrangement process 1n the mass spectrometer

The postulated structures for the thathlum(I) halide dumners are consistent with the
infra-red spectra of Tl F, and Tl Cl, trapped in argon and krypton matrnices at low tem-
peratures *7 . Two infra-red absorption bands in the spectra were assigned to each dimer,
1n agreement with a hinear, symmetric structure A simple molecular orbital scheme can
easily be constructed for such a molecule. One sp hybrid orbital on each thallium 1s used
to form a o-bondmg MO between the thallium and halogen and the other 1s used to form
a 0-bonding MO between the two thalhlum atoms. The two p orbitals remaining on each
thalhum are used to form a pair of degenerate # MO’s. Of the six valence electrons from
the two thallium atoms, four are used 1n the o-bonding, leaving two which are assigned
to the two 7-orbitals, giving the molecule a triplet electronic ground state. The extended
Hiickel MO calculations of Gimarc 8 predict an essentially similar scheme, with a trplet
ground state These calculations also show that for a 20-valence-electron BAAB system,
a linear structure has a lower energy than a structure with a cis or frans geometry

Arguments based on second-order Jahn—Teller effects also suggest that the linear
symmetrical structure will be stable for the thalllum(I) halide dimers. Pearson ¢° suggests
that the alkali halide dimers do not adopt a linear, triplet, structure because the p orbitals
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TABLE 3
Dissaciation of dimeric TIX at 1000°K

Compound AH o {dissociation) AS® {dissociation) Monomer/dimer Ref.

(kcal.mole™!) (cal mole™! °K) ratio
TIF 310:04 279+ 05 1.05 46,59
TIC! 17008 183+12 015 48
TICI 27.7+02°% 3024 61
TIBr —2+5 2:4 007 49
2 At 1100°K
TABLE 4

Comparison of gaseous and crystalline thalliuml) halides

Compound Metal—halogen bond lengths (A)

Vapour Solid CsCl
structure
TIF 2 0844 (refs 62,63)
TICI 2 4848 (refs 62,64,65) 332 (1ef 66)
TIBr 26181 (ref. 62) 3 44 (zef 66)
TH 28135 (1ef 62) 3 64 (ref 66)

on the alkali metals are too high 1n energy to be of significance 1n the bonding

The high stability of the Ti, F, dimer 1s presumably caused by the electron-withdrawing
effect of the highly electronegative fluorine atoms Data for the dissocation of the dimers
Tl X3 are given in Table 3

The thalhlum—halogen bond lengths found 1n the gaseous monoriers are considerably
less than those found 1n the crystalline state (Table 4) The decrease in mnternuclear dis-
tance 1s more than that observed, for example, for the potassium halides Further, the
dipole moments of the thallium(I) halides are considerably smaller than those of the
potassium halides: 4.4 debye for TICl, for example, compared with 10 6 debye for KCl
(refs. 66—68). In the gas-phase, monomeric molecule TiX, the T1" 1s subject to the un-
symmetrical field of X7, so that s—p mixing becomes possible. Such mixing, by concen-
trating electronic charge in a mixed s—p orbital on the side of the TI* remote from X,
allows closer approach of TI* and X, and the contrnibution from the lone pair would
give a smaller dipole moment for TIX as observed. Any covalent bonding between the
thallium(f) and the halide ions will also have an effect on the internuclear distances and
dipole moments. The percentage covalent characters of the gaseous halides have been
estimated from quadrupole couphing constants to increase from 17% for thalhum(l)
chloride to 28% for thallmmm(I) iodide 2-67.

Coord Chem. Rev., 8 (1972)
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(1ii) Thallium(I) halides in aqueous solution

The thallium(l) halides are classical examples of ‘ncompletely dissociated’ 1 1 electro-
lytes > The association constants for the thallium(I) halides 1n aqueous solution are con-
siderably higher than those of the alkali halides, the order of association constants in
aqueous solution at 25°C 1s TIF < TICl < TIBr < Til. Thus the heat of hydration of the
halide 1on, decreasing in the order F > C1 > Br > I, 1s probably the dominating factor,
coupled with either an increase, or only a small decrease, 1n the heat of association of TI*
with halide 10n from fluoride to iodide

The association constant of thallium(l) with fluoride ion is very small. Polarographic
studies show that the formation constant 8, , defined by

8
TI* +n F~ < TIF,~(-"

must be less than 0.4 in a solution of 1onic strength 0 1 M, and that, in fact, the association
constant 1s less than that between thallum(I) and perchlorate 1on ¢° Similarly, thallium
NMR 7° and potentiometrc studies using an amalgam electrode 7! or a fluoride 10n elec-
trode 72 also failed to detect any complex formation between thallium(l) and fluoride
10n. As a consequence, fluornde 10n 1s a more suitable ‘non-complexing’ 10n for maintain-
1ng a constant 1onic strength than 1s perchlorate. Using fluoride 1on as the ‘non-complexing’
ion, association constants (8;) for TICl of 2 1 and 1 O were obtained at 10nic strengths
1 O M and 4 O M respectively 8. In all previous work, perchlorate 10n has been used to
maintain 1onic strength, although this should not make any considerable difference
Thermodynarmuc data for the association of thathum(l) with chloride and bromide i1ons
are given 1n Table 5, and compared with data estimated 73 for the potassium halides. The
data can be analysed in terms of the following cS,'cle

TxgiaMg*+xg‘

3

MX,q < Maq* +Xaq~

Values for AHy, and ASj; for the thallium(I) and potassium halides are given in Table 6.
The values of AH and AS? have been assumed to be the same for the potasstum
halides as for the thallium(I) halides; this assumption 1s probably not far wrong, and will

not affect the conclusions of the analysis 5. It is immediately apparent that there are
considerable differences for AHY between the thallium(l) and potassium hahdes This
can be attributed to the deformation of the thallum(l) 1on 1n a TIX species by s—p mix-
g of the type already discussed. For the hydration process

Mg" +X, T > Maq"‘ +Xaq~
AH® and AS° are very similar for TI* and K*. Thus suggests that in the hydrated ion
TI*(H, 0),, , the thallum(l) ion 1s surrounded symmetrically by water molecules, so that
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TABLE 5

Thermodynamic data at 25°C for the reaction
Maq”"" Xaq- - MXaq
(from refs. 73-75)

MX aG? AH® AS©O
(kcal/mole) (kcal/mole) (cal/deg.mole)

TICE —~093 —143 —~1.7

TiBr -1.2 -2.45 —4.2

KC1 +24 O +24 1 +0 4

KBr +20.7 +200 ~2.2

TABLE 6

Values of AH: and AS,? at 25°C (from 1ef 75)

AH) (kcal/mole)

o o o
AHy AH, AHS
TIC1 -279 1395 ~166 0
TiBr —273 1331 -157 9
KCt (—279) 1128 —164 8
KBr (—273) 1094 -156 7
AS,(: (cal/deg mole)
o 0 0
AS) AS, ASy
TICL -192 17.5 -350
TIBr -183 17.1 ~312
KO (—19.2) 164 -36 0
KBr (—-18.3) 161 ~322

s—p muxang 1s not possible. However, for the association reaction

TI*(H, 0),,, + X~ (H,0), = TI*X~(H,0), + (m+n—x)H,0

299

there are considerable differences between thallium(l) and potassium. Again, 1t 1s possible

that in the unsymmetnecal field of TI*X™ (H, O), , s—p muxing occurs, the effect of this

being to decrease the distance of closest approach of thalllum and halide 10n, and so to

stabilise the molecule 7 There 1s quite strong evidence from ultra-violet spectroscopy
that the bonding 1n the associated rons must be largely 1omic 7¢.

An attempt has also been made to explam the association 1 terms of mutual polan-
sation, 1 which each ion in an M pair will induce 1n the other a dipole, and the ions are

Coord. Chem Rev., 8 (1972)
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then attracted by the mduced charges 7”7 . This model has, however, been effectively
cnticised 78

(iv) Thallum(I) halide complexes

There is considerable evidence for the formation of anionic thallium(I) hahde com-
plexes 1 solutions containg a high concentration of halide ion By solubility measure-
ments 798! | studies of molar absorptivities 3982 and luminescence spectra 82, the
species TIX, TiX, ~ and T1X, 3" have been detected 1n aqueous solutions containing
chloride and bromide 10ns. The interpretation of data at high halide ion concentration 1s,
however, rather difficult, and some authors 7! have claimed the formation of TIX; 2~
spectes. whereas others discount this. On the basis of solubility data, the species TII,
TiI, ™, TI; %" and T1I, " have been postulated in solutions containing 10dide ions 71:84
The formation constants reported by Nilsson 7! are given in Table 7. In an aqueous solu-
tion of 10nic strength 4 0, but with fluoride 10n rather than perchlorate as medium,
overall formation constants of TICl and TICl, ~ are 1 0O and O 36 respectively %°.

TABLE 7

Association of thallum(I) hahdes 1n solution 7!, stepwise formation constants 1n aqueous solution
lonic strength = 4 M 1n perchlorate

Complex K, K, K, K,
(T 079 02

(T1Br,)*™ " 2.1 068 035 0.18
ey ML 50 15 15 042

The complexes are weak, which is only to be expected since 1n the ground state of T1,
the s-orbital in any symmetry will be g-antibonding The stability constants give an order
F < C1 < Br < for increasing strength of complex formation. In a solution containing
two different halide ions, 1t was found 8% that the stability constant of TIBil™ was
greater than that of TIBrCl™—.

The suggestion has been made that, because the absorption spectrum of the thatlum(l)
1on mn these solutions of high halide concentrations 1s so simlar to that of the K(T1)Cl
phosphors (see below), rather than having discrete 1on pairs 1n solution, there is a quasi-
crystalline assembly of 1ons, in which the thalhum(I) 10n is symmetrically surrounded by
six halide 10ns 8¢. As the halide 10n concentration decreases, the thallium—halogen inter-
1onic distance increases and the interaction decreases, causing the observed changes in the
spectra.

In dimethylsulphoxide as solvent, these antonic complexes are considerably more
stable than in water 87 (Table 8) Whereas, in water, the iodide complexes are stronger
than the chloride, in dimethylsulphoxide the relationships are reversed. Thus is consistent
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TABLE 8

Association of thallium(l) halides in dimethylsulphoxide solution, overall formaton constants
dimethylsulphoxide solution 7

8y B2 83 8
crc )yt 180 2300 1460
(TBr,,)* " 300 1000 800
)yt 73 180 230
m,cn* 1000
(T, B* 370
(1,D" 9
T,H* 74

with a higher enthalpy of solvation of 10dide ion in dimethylsulphoxide than in water,
whereas the reverse 1s true for the chloride 1on. Further, in dimethylsulphoxide, cationic
complexes are also present Similar cationic complexes have been proposed to explain the
electrical conductiwvity of thatlum(I) chloride in ethylene glycol~water mixtures %,

Not surpnisingly, no solid anionic halide complexes of thallium(l) have been solated 2.
There is, however, evidence for complexes of the type K;[TIBr3] in mixed melts of TiBr
and KBr, both from density 3° and conductance °® measurements Sumtar complexes
have been suggested as being present in thallium-doped alkali halide single-crystal
phosphors When a small amount of a thallum(I) halide 1s added to an aqueous solution
of an alkali halide, 1t emuts a blue luminescence accompanied by the appearance of a new
absorption band. Both absorption and emission spectra of aqueous solutions of TICl in
KCl indicate that TICl, ™ 1s the species responsible, the absorption and emission bands of
this complex are at 243 and 430 nm respectively 7. Solutions of TIF in aqueous KF
solutions show no such bands, this being consistent with the lack of complex formation
found by other techniques In K(T1)CI crystal phosphors there are two main absorption
bands at 196 and 247 nm, and two mamn emission bands at 305 and 475 nm (ref. 76). It
was therefore suggested i the early 1930’s that complexes simular to TICl, ™ are present
m the crystals 192 The spectra were then analysed in more detail 1n terms of electronic
transitions of a thallium(l) 1on substituted mnto the cubic crystalline field of the alkali
halide crystal 293 | transitions occur from the ground state 65% to the excited configura-
tion 6s6p. However, the model is not completely satisfactory, smnce some of the absorp-
tion bands exhibit structure, and show polansation effects. There are three possible
causes for this,

(/) An interaction between the optical electrons of the thalllum(I) with non-totally
symmetric modes of vibration of the anions (the dynamical Jahn—Teller effect).

(i) Preferred bonds formed between the thallium(I) and some of the surrounding
anions.
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() An ‘off-centre’ position of the thalbum(I) in the crystal

The Jahn—Teller effect 1s usually the most important, and effectively explains the ob-
served effects in K(T1)Cl phosphors °* There 15, however, a marked dependence of polan-
sation effects on the amon mvolved, and 1a the Cs(T1)I phosphor a partially covalent bond
with some of the anions was invoked %%

C. THALLIUM(I) PSEUDOHALIDES

Thallum(l) cyamde adopts a CsCl-type structure *®°7 which 1s at first sight rather sur-
prising in view of the non-spherical symmetry of the cyamde group Free rotation of the
cyamde could account for the structure, but heat capacity measurements suggest hindered
rotation °® A second posstbility 1s that thalbum(l) cyanide has only trigonal symmetry,
znd the Tl 1ons are distorted by s—p mpang just sufficiently to compensate for the non-
spherical cyamide 1on. The remaining possibility is that the cyamde 1ons adopt a random
orentation, as 1s possibly the case for the niirate 1on 1n the cubic form of TINO,

(see p 307)

There are three phase transitions for thalllum(I) cyamde below room temperature, of
unknown structure °®. The 2°5T1 NMR linewidth at room temperature is consistent with
dipolar broadening, but on cooling the absoprtion becomes broad and asymr netric %,
Whereas the linewidth at room temperature 1s independent of the magnitude of the
applied magnetic field, there 1s a inear increase in linewidth at 210°K with increasing
applied field This has been attnbuted to a change mn the thalllum chemucal shaft tensor at
the phase transition, implying the possibility of defimite bonds among the 1ons which
change at the phase transition °® Of the alkali metal cyamdes, only caesium cyanide
adopts a CsCl-type structure, potassium, sodium and rubidium cyanides adopt a NaCl-type
structure *°

Thallum(l) azide, Iike potassium azide adopts a tetragonal, distorted CsCl-type
structure at room temperature '® The azide group 1s inear and symmetrical The
thalhum—mtrogen distance 1s rather short compared with the alkali metal azides TI-N
298 A, K-N25%6 A, Rb—N 3 11 A, and a partially covalent thalllum—nitrogen bond 1s
suggested %! The lattice energy of thalhum(I) azide (163 5 kcal/mole) Lies between those
of NaN; and KN, (175 and 157 kcal/mole respectively), giving no evidence for extensive
covalent bonding (cf AgN,, lattice energy 204 7 kcal/mole) 1°2

At 290°C, thallum(l) azide transforms to an undistorted CsCl-type structure %3,
which probably involves random onentation of the amons parallel to the edges of the
cubic unit cell

Thallum(I) thiocyanate probably adopts a thombic unit cell, 1somorphous '* with
KNCS Infra-red spectra suggest that the thiocyanate 1s N-bonded %% Infra-red spectra
show that both TISCN and TISeCN are predormnantly 1omic %617 Both thallium(I)
cyanate %8 and fulminate %% crystallise with a body-centred tetragonal lattice, probably
1somorphous with the room temperature modification of thathum(l) azide Infra-red
spectra again suggest predomnantly ionic structures *°8:2%® The structure of thallium(l)
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cyanamide is unknown, but measurements of optical and electrical properties suggest a
marked degree of covalent bonding to thallium. A polymeric structure has been
suggested 11011 iz

N SN

N=C= N=C=—N, N=

2NN

Both potentiometric and polarographic studies give a formatton constant of zero for
TICN 1n aqueous solution 71:*12 A detailed study of the TICN—KCN—H, O system failed
to find any evidence for complex formation, and T1* 10ns can replace K* 1ons in sohd KCN
up to ca 37 mole % TICN and still retain the basic KCN structure *7 In solutions con-
taimng T1* and N, ™, a formation constant of 2 5 has been obtamned 7#!!3 for TIN, at
25°C A number of studies of complex formation between TI* and SCN™ 1n aqueous
solutions contaiming high concentrations of SCN™ have led to the suggestion of the
presence of TISCN, TI(SCN), ™, TI(SCN),?™ and TI{SCN),>" (refs 114,115), and even
TI(SCN);*~ and TI(SCN)¢*~ (refs 116,117) It has been observed that thiocyanate com-
plexes are more stable than the corresponding complex chlondes, and are sumilar in
stability to the complex bromides !5

Tl

D THALLIUM(I) OXIDE SPECIES
(1) Thallium(I) oxide

Tournoux et al **® report that thalllum(I) oxide crystalhises with a rhombohedral unit
cell at room temperature, whereas Sabrowsky 119120 reports a monochnic unit cell The
monoclinic unit cell dess not correspond to an elementary umt cell '8

The structure according to Sabrowsky 129 is of che ant1-Cdl, type, in which each
thallium has three oxygens as nearest neighbours and each oxygen 1s surrounded by six
thallium atoms in the form of an elongated octahedron. Cs, O adopts a closely related
ant1-CdCl, type structure '*!, whereas the other alkali oxides M,0 adopt the quite differ-
ent anu-fluornte structure 56, The Cs—O distance of 2 86 A in Cs, O can be compared with
the sum of 1on1c radu of 3 24 &, and the TI-O distance of 2.51 A n Tl, O with the sum
of ionic radii of 2 94 A

Above 354°C, thallum(I) oxide transforms to a second form '*? It 1s appreciably
volatile with a vapour pressure of about 23 1 mm at 580°C. The nature of the gas phase
species has attracted some attention. The vaponsation of thalhum(I) oxide gives
mainly 2% T1, O and a hittle Tl, O, . The infra-red spectra of Tl,'°0 and T1,*®O trapped
1n a variety of matrnices at low temperatures have been reported 1257127 [ al| three
papers it 1s agreed that Tl, O adopts a bent symmetrical structure; there is, however, con-
siderable disagreement about the TI—O—TI angle. The strongest band observed in the
infrared spectrum is assigned to the antisymmetric v, stretch (Table 9).

The symmetrnc stretching mode v, 1s less strong, but has been located by Brom et al.
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TABLE 9

Matrix infra-red of thalllum(I) oxide, T1,O

vz (em™)  Matrx Ref
N, Arat 10°K Krat 10°K

T1,160 6253:01°¢ 125
6232:04 6433:04 6346+03 126
626 1 643 6 127

T2 %0 5912019 125
5909:04% 6093:05 60003 126

Z At 10°K

At 15°K.

at 571 cm™ for T1,"®O 1 an argon matrix on the basis of **O enrichment and matrix
warnung studies '*® Makowiecki et al 27, however, assign a weak band at 510cm™ to
v,, whereas Brom et al '*¢ tentatively assign this band to the dimeric species T1,0, The
bending frequency v, should also be 1nfra-red active, but Brom et al 1?6 failed to find
any evidence for 1ts appearance 1n any of their spectra Makowiecki et al 27 assigned a
band at 381.5 em™ to this mode, whereas the corresponding band observed at 383 cm™
by Brom et al !?® was assigned to the dimeric species 11,0, . An mnfra-red study of the
heated vapours above Tl,05 (manly T1,0) also shows !28 a strong band at 620 cm™!
assigned to v, of T1,0, and a weaker band at 480 cm™ assigned to v, , which Brom

et al. ¢ think is more likely to be due to T1,0,

Unfortunately, the calculated TI—O—TI1 angle is very senstitive to the v; frequency.
Hinchchliffe et al. '*® have reported an angle of 131 + 11° and, using the same data,
Brom et al 2% recalculated the angle as 125° Using their own data, Brom et al. 26 ob-
tained an angle of 77°

An approximate force constant calculation *?¢ with an assumed apex angle of 90°
gives TI-0 = 1.86 A and TI--Tl = 2 63 & Since the single bond covalent radius of
thaliium 1s of the order of 1 5 A, the calculated TI—TI distance suggests some strong
metal—metal interaction 1n the T1,0 molecule This would also explain the unusually
large magmtude of the ‘interaction’ force constants calculated on the basts of internal
coordinates that neglect termunal atom wnteractions in XY, species

A fauly strong TI—TI bond is also suggested by thermodynamic data. The enthalpy of
formation of solid T1,0 from the elements at 298°K has been measured as —404 + 1 4
kcal/mole, from which the enthalpy of formation of gaseous T1,0 can be calculated 1?°
to be 1.2 kcal/mole The enthalpy of atomisation of gaseous T1,0 is then 145 6 kcal/mole
at 298°K. Assumung that the molecule consists of only two TI—O bonds, a TI-O bond
energy of 72.8 kcal/mole 1s obtained, this can be compared with dissociation energies of
TI-F 105, TI-Cl 88.0, TI—Br 79.2 and T1—I 64.9 kcal/mole. The bond dissociation
energy for TI-O would be expected to be between those of the fluonde and the chioride,

1
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as observed, for example, for the corre v
The appearance of a relatwe ly strong T1," peak mn the mass spectrum of T1,0 has also

been taken to mdicate the presence of a fauly stron b o

served, such evidence 1s suspect.
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former two compounds form red monochmic crystals *3%, whose structures may be

roa

analogous io !\ﬂgU, Wﬂl(aﬂ is cnarauensea OY square lAgQUQI groups 13s - lne uuuum
compound corresponds to Li, (vacancy),TIO, and is an ordered denvative of the L1,0-
type structure 138

E THALLIUM() SULPHIDE AND SELENIDE
Thallivm(l) sulplude adopts a structure similar to that of Pbl,, each thallium being
surrounded 37 by six sulphurs at a distance of 2 85 A The shortest TI—T! distance is

3.62 A. Thallum(I) selenide 1s tetragonal (space group Cy ;> —P4/n) and has a structure
different from that of thallum(I) sulphide *38.

¥ THALLIUM(®) NITRIDE AND PHOSPHIDE

Thallum(I) nitride, prepared by reaction of thallum(l) nitrate and potasstum amide,
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1s of unknown structure 282 . Other thalbum(I) nitrogen denvatives are discussed in sect 1
Two phases, T13P (ref. 391) and TIPs (ref 392) have been claimed in the thallum—
phosphorus system, although more recent work 32 has found evidence only for the latter
compound. TIP; crystallises in the orthorhombic space group, and the compound can be
considered 3%3 to be a phosphide of thallum(l). The phosphorus atoms are connected 1n
a two-dimensional network simiar to that observed in the monoclinic modification of red

phosphorus, known as Hittorf’s phosphorus In this modification of phosphorus, 1t 1s
posstble to discern tubes with pentagonal cross-sections as a very charactenstic structural
element. Tubes very simular to those n Hittorf’s phosphorus can also be seen in the
phosphorus arrangement m TIP; (Fig. 2) There are two non-equivalent thalhum atoms in
the structure, both with a very uregular coordination, with two phosphorus atoms at
rather short distances of ca 3 0 A, and seven additional phosphorus atoms at distances

3 25--3.69 A. For both thalliums, the short TI—P distances are to phosphorus atoms
within the same phosphorus layer, one of them serving as a bndging atom between
different phosphorus tubes, while most of the longer Tl-P contacts are to phosphorus
atoms 1n adjacent layers. It 1s probable that the TI—P contacts of ca. 3 0 A have appre-
ciable covalent character, whilst the others are largely 1onic 3%3

m& Aty <

643 A - e GAT7 A e

Fig 2. The phosphorus arrangements in Hittorf’s phosphorus (a) and T1Ps (b) (reproduced, with per-
misston, from O. Olofsson and J Gullman, ref 393)

G THALLIUM() OXYACID DERIVATIVES
(i) Thallium(I] nitrate

There 15 now a considerable body of evidence which suggests partial covalent character
1n thallum(I) nitrate. Details of an infra-red study of matrix 1solated thallum(l) and
alkal: nifrates are given 1n Table 10

An undistorted nitrate ron has Dy, symmetry and the v;(e) and v, (&) modes are
degenerate. The extent of the splitting of these degenerate modes n any particular com-
pound 1s related to the distortion of the anion. For the alkali metal nitrates, cation polan-
sation of the anion 1n a monomer causes differences in the force constants K, and X, and

hence a splitting of v

K» k.0
M«———O——N/
\0
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TABLE 10

Infra-red spectra of metal mitrates in argon matrices 139

Modes [LiINO3 NaNO; KNO; RbNO; TINO;

vy 1017 1023 1031 1033 1020
v 823 825 830 1830

v3(a) 1275 1283 1291 1293 1252
v3(b) 1515 1484 1462 1456 1495

Values for the cation polanising power have been estimated from the expression
P=(ZIr)(52'¥"[r"I)

where r 1s the 10mic radius, Z 1s the cation charge anzl I 15 the 10nisation potential It can
then be shown 3% that cation polansation of the anion is the dominant source of the
amon distortion 1n the alkalt nitrate monomers This cannot be the case for thallum(l)
nitrate, however, since the polansing power of thallum(l) is roughly equal to that of the
potassium 10n, and the p,; splitting s 1 5 times greater for the TINO,; monomer. It was
therefore suggested ' that the covalent contribution to anion distortton is of the same
order of magmitude as that from cation polansation of the anion

Infra-red and Raman studies 14° 73 of solid thalllum(l) nitrate are also consistent
with a basically D, symmetry for the nitrate group, so that the compound 1s more an
ionic nitrate TI"NO,™ than a ‘mtrato’ compound TI-0-NO,

At room temperature, thalllum(I) nitrate adopts an orthorhombic structure, which
transforms at 79°C to a hexagonal form which in turn changes to a cubic form at
144.6°C (refs. 144—150). All three polymorphs are based on the same subshell 4°
Thermodynamic data for these transitions are given in Table 11

TABLE 11
Parameters for thermal transitions n thallum(f) mtrate !5
Transition Transiton AS AV %
temp (°C) (cal/deg.mole) (% vol. change)
Orthorhombic to hexagonal 75 07 04
Hexagonal to cubic 143 2.18 14

For the hexagonal to cubic transition, AS is remarkably close to R In 3 (= 2.19).
Since, owing to the close relationship between these two phases (they are both related to
the CsCl type) there are good grounds for believing that the vibrational entropy 1s virtually
unaltered at the transition, it seems that this difference must be a difference m configura-
tional entropy '*!:1%2 The suggestion of free rotation of the nitrate group (for example,
in the plane of the oxygen atoms) in the cubic phase can then be ruled out, since com-

Coord Chem. Rey , 8(1972)



308 A.G.LEE

pletely free rotation would mean an entropy contribution 5! of some 25 cal/deg mole.
The configurational entropy of the hexagonal phase is probably zero, and it has been
shown 5! that anion disorder 1n the cubic phase could lead to a configurational entropy
of R In 3. The source of the anion disorder is not yet certain. From considerations of

the entropy change at the transition 1t has been concluded that the disorder was dom-
nated by the nitrate 10n being shghtly displaced from the C, axus in the direction of the
N—O bond 5! It has also been suggested, however, that the disorder arises from rota-
tional randomisation in which the C; axis 1s maintained *2 The Raman spectrum of this
phase 1s in agreement with the structure being that of a disordered solid 143,

It seems probable that disorder of the nifrate 1ons 1s accompanied by positional dis-
order of the thalllum(I) ions. At the phase change from hexagonal to cubic thereisa
very large mcrease mn electrical conductivity whereas at the orthorhombic-to-hexagonal
phase change there are only very small changes 143 The shght electrical conduction of
the orthorhombic and hexagonal phases is probably due to the mobility of defect 1ons
At 3 thermal transformation some change mn this ionic conductance 1s to be expected,
and there could possibly be a large increase in defect 1on mobility at the hexagonal-to-
cubic phase change as a consequence of an increase in mterstitial space accompanying the
change of structure However, there 1s a large change 1n the *°5T1 NMR linewidth asso-
ciated with this transformation *53. In thalhum(l) mitrate, the % Tl linewidth 1s about
0.1 G near the melting pomnt It remains unchanged on cooling to 143°C, the tempera-
ture of the transition to the hexagonal form, when there 1s a large and sudden mcrease to
ca 135 G. There is probably also a further, small increase in Imewidth on cooling through
the hexagonal—orthorhombic transformation at 75°C The sharp lines observed m the
cubic phase are consistent with ready diffusion of thallium(lI) 1ons in this structure

The hexagonal phase of TINO, 1s not stable at room temperature and goes over to an
orthorhombic form below about 79°C Thus transition probably involves no orientatio-
nal disorder. Neither rubidium nor caesium nitrates, which have the same high tempera-
tu.e phases as thallium(l) mitrate, have a low temperature phase of this type, and the
deviation from a symmetncal 1on arrangement could well be connected with the ability
of thallium(I) to undergo asymmetrnic distortion

There 1s some evidence for partial covalent character in the thalllum—oxygen bond
The lattice energy of thallium(l) nitrate (ca 165 kcal/mole) 1s greater than might have
been expected by comparison with the alkali mitrates %155 The vapour pressure of
thaltum(I) nitrate is twenty times higher than the alkali nitrates but between ten and
twenty times lower than that of the ‘nitrato’ derivatives of copper, zinc, mercury and
indium '°%. Other data also suggest that thallum(I) nitrate 1s an intermediate between
nitrates hike the alkali nitrates and nitrato derivatives. It has a high electrical conduc-
tivity 1n the fused state; at 600°C, A = 39 2 ohm™.cm? (ref. 157). The ultra-violet
spectrum of solid thallium(l) nitrate at 20°C 1s similar to that of sohd rubidium nitrate,
both showing a band at 32,000 cm™, characteristic of the nitrate ion However, the
spectrum of rubidium nitrate undergoes relatively little change on fusion, whereas that
of thalbum(I) nitrate changes more markedly 8:15%_ A small amount of covalent bond-
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g m fused thallum(l) nitrate has been postulated to account for the heat of nuxing of
thallum(I) nitrate with fused alkal: nitrates *°® and for the excess volumes of fused
thallum(l) nitrate—alkal: nitrate mixtures '*! . The definite and significant chemical shift
n the 2°5T1 NMR resonance frequency on fusion has been attributed to an increase in the
vibrational overlap of the anion—cation wave functions in the molten state, 1.e. the 10n-
pairing 1s attnbuted to an increase in the partial covalency of the anion—cation contact
pair 162 Electrical conductivity and viscosity measurements also indicate anion—cation
interactions **7 . Raman spectra of molten thalhium(l) nitrate are also mterpreted in
terms of pronounced nearest-neighbour interactions, although the data have also been
mterpreted in terms of short-range, quasi-crystalline, order, without postulating any
specific association 62

The mass spectrum of the vapour over molten thallium(I) nitrate shows the presence
of mainly monomenic species with some dimeric '°%, in agreement with vapour pressure
measurements ¢

In aqueous solution, association between thallum(I) and nitrate 1ons 1s weak *'%. In
3 M perchlorate at 25°C, the stability constant K, 1s 2 15 (ref 74) and 1n 1 M fluonde 1t
is 0.65 (ref 69). Conductance measurements *5° gve a value of 3.2 at 25°C. No evidence
has been found for higher complexes in solution. Measurements of the apparent molar
volumes of solutions of thalllum(l) nitrate 1n aqueous solutions contamning excess sodium
nitrate suggest that an inner-sphere complex [TI(H,0)(NO; )] 1s formed, but the stability
constant determined in this way 1s about 1/5 of the value determined by thermodynamic
methods. It 1s suggested that only about 20% of the nitrate 1ons associated with thalhum(l)
are 1n the inner coordination sphere, the remaming fraction consisting of ion pairs 452
Although no compound formation was detected m the NaNO,;—TINO, or CsNO;—TINO,
systems 165:167 3 compound LiNO;.2TINO; of unknown structure has been found 1n
the LiINO,—TINO, system % Crystals of TINO;.2HNO; have been obtained % from
saturated nitric acid solution, and are suggested to be TI{(HNO;),NO,}

(ii} Thallium(I} carboxylates

Thallium(l) salts of a wide range of carboxylic acids have been 1solated 2. With
dicarboxylic acids, both normal and acid salts can be prepared, and with hydroxycar-
boxyhic acids, both the normal salt and the hydroxy denvative can be prepared. Thus,
whereas only a dipotassium salt of tartanc acid can be 1solated, both dithallum(l) and
tetrathalllum(I) denvatives have been reported *7°. A number of derivatives of sugars
have been reported, but sugars with reducing properties led to formation of thallium
metal Most of these denivatives are obtained as anhydrous salts, investigation of the
thallium(l) formate— and thalbum(I) acetate—water systems '71:!72 gave no evidence for
hydrate formation The tartaric acid derivative C,H,(OH),(COOT1), can, however, be
1solated as the hemihydrate 1%, and is thus one of the very few known thallium(l) denva-
tives with water of crystallisation ; another such 179 1s the thatlum(l) salt of 2-methyl-
pyridine-3 4,6-tricarboxylic acid, CH,C;HN(COOTI), . H, 0.

Coord. Chem. Rev., 8(1972)
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The structures of the thallum(I) carboxylates are unknown. In the infra-red spectrum
of thallium(I) formate, the symmetric OCO stretch and asymmetric OCO deformations
appear as doublets, in the alkali formates these bands appear as singlets A difference 1n
structure was therefore suggested 3. The spectra of thalllum(l) acetate and the alkali
acetates also show charactenstic differences !7*. Interestingly, the shift of the L, ,,

X-ray absorption edge of ®*'Tl in thallium(I) acetate relative to thallium metal is very
large (15.4 eV) The ongins of these shifts are little understood. and the suggestion #%:4!
of thalllum—thallium bonding must be taken as unproven at the present time.

Thallium(I) acetate 1s tncompletely dissociated in solutton and, from conductivity
measurements, the association constant K; = 0 78 at zero 1onic strength has been ob-
tained 7> The stability constant of the malonate complex (log K, = 0 54 at 10nic
strength O 15) '7° 1s considerably larger and the oxalate complex 1s even more stable *77
(log K, = 2 03) This considerable increase mn stability of the small dicarboxylate com-
plexes as compared with acetate indicates chelation. The oxalate 1on would form a five-
membered ring complex and be more stable than the six-membered malonate complex
Succinate could only form a seven-membered ring, and thus complexing is weaker 176

The ultra-violet spectrum of thallium(l) oxalate in aqueous solution 1s indicative of a
structure 1n which the bonds from thallium(l) to the carboxyl groups have some covalent
character (unhke 1n the alkali oxalates)'”®.

The complex with citrate may well be more stable than those with the dicarboxylic
acids, but the correct value for the stability constant 1s uncertain A spectrophotometric
study '7¢ gives a value of log K = 1 36 at 1onic strength 0 15 and 25°C, whereas an 10n
exchange study !7° gave a value of log K = 1 04 1n a 0.1 A solution at 25°C and a con-
ductivity study gave a value of log K = 2 82 1n a medium of unreported 1onic strength 180,
A hagher value for citrate would suggest the possibility that thallum(I) bonds to all three
of 1ts carboxylate groups. A conductivity study 8% also suggests that the stability constant
of the 1 1 thalhum(l) tartrate complex is less than that of the citrate (logK =1 39)

Very few association constants have been measured for the corresponding alkal: car-
boxylates 183, but, using a cation-sensitive glass electrode, values for alkali citrates of
logK, = 0 83 for ithium and log K; = 0 59 for potassium have been obtained 181 4n
0 1 M perchlorate at 25°C.

The complexes formed with nitrilotnacetic acid (log K, =4 42 at 1onic strength 0.15
and ethylenediaminetetraacetic acid (log K, = 6 55 at ionic strength 0.1) 82 are even
stronger. It 1s noticeable that the mtnlotnacetic acid complex 1s considerably stronger
than the citrate, although both have three carboxylate groups, this suggests strong binding
of thallum(I) to nitrogen-contaming ligands. Association of thalllum(l) with diethylene-
triarmnepentaacetic acid is weaker than with ethylenediaminetetraacetic acid- stability
constants of log K = 5.45 at 1omc strength 0.4 (ref. 184) and logK = 5 97 at 10mic strength
0.1 (ref. 185) have been obtamned. The binding of both sodium and potassium to
ethylenediaminetetraacetic acid 1s very considerably weaker (Table 12)

The position of the v (C=0) stretch 1n the solid tetrathalllum(l) complex of ethylene-
diaminetetraacetic acid 1s closer to that suggested for 1onic bonding than to that for

) 176
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Stability constants for alkali metal and thalhum(l) derivatives in aqueous solutton (u = 0 1 M) at 20°C

log KM1,
Carboxylic acid | 81 Na K 11!
Ethylenediaminetetraacetic acid ~ 2.79° 1662 07 6472
Oﬁ/n o ! 490® 2720 123% 5992
HN\“;/EN(CH2COOH)2
o
CHs
OY Q
H N(CHLCOOH)2 486° 267° 111° s579°€
o)
SHs o
HLCN N(CH,COOH)a 491¢ 253¢ 094¢ s573°€
Q
[ 4 ggsd a
N/ CHaN(CHaCOOH ), 171 085 3 84
e
QCHzN(CHZCOOH)g 174¢ o08s° 406
ﬂ . H—CHZN(CHZCOOH)z 311¢€
H
N(CHCOOH), 220°f 108 234°€
CH3
N(CH,COOH) 2 4798
COOH
N(CH2COOH), 205¢ o089°€ 293¢

2 Ref. 114, 0

Coord. Chem. Rev., 8 (1972)

ref 182; € ref 186; L ref 187; € ref 188; f acid sait; £ neutral salt



312 A G.LEE

TABLE 13

Thermodynamic data for the reaction of uramildiacetic acid with univalent metal 1ons 132
Metal —AH —AS

It 70 15

Na 8.7 182

K 118 352

! 154 25+ 4

covalent bonding, despite the large formation constant found n solution 178

The high stability constants found with uramldiacetic acid, I, are surprsing (Table 12)
Thermodynamic data are given 1 Table 13. The most striking observation 1s that all the
metal complexes are stabilised by a negative enthalpy change and that the entropy
changes are mvanably opposed to complex formation. Although the stabilisation by the
favourable enthalpy change increases n the order Li* < Na* < K*, the opposing entropy
effect increases in the same order but more rapidly, thus leading to the reversal of the
order of the stabiities The stability of many 1.1 metal complexes is due to a favourable
(positive) net entropy change resulting from the circumstances that the entropy increase
due to the liberation of water from the hydrated cation and the hydrated ligand on
complex formation exceeds the concomutant loss in configurational entropy of the ligand
and that due to the reduction in the number of reacting molecules. It 1s then significant
that the net entropy change with complexes of uramildiacetic acid 1s almost zero for the
strongly hydrated lithium 10n and that unfavourable values of AS are most negative for
the largest and least hydrated 10ons. The greater stability of the thallium(I) derivatives could
again be due to the presence of nitrogen in these denvatives.

It has been observed '*° that the association constant of thathum(l) and salicylic acid
(log K, = 3 90) 1s greater than that of thallium(l) and thiosalicylic acid (log K, = 3 66)
and similarly that the association constant of thallium(I) with lactic acid is greater than
that with thiolactic acid **°. Thus thallium(I) 1s behaving as a ‘class a’ metal 1n these com-
plexes

Stabihity constants for thallum(I) with a-alanine and B-alanine have been measured *°*
aslog K, =1 49 and log K; = 1.04 respectively at 28°C.

A study of the thallum NMR spectra of aqueous solutions of the acetate and citrate
suggest that the association 1s due to electrostatic rather than to covalent forces 70-192
The proton NMR spectra of aqueous solutions of thallum(l) ethylenediaminetetraacetic
acid and nitrilotriacetic acid have been observed !79. The fact that the protons on the
carbon attached directly to the nitrogen in EDTA have about the same shift on complex-
g with thalllum(I) as those near the carboxylate group has been taken as evidence that
the mitrogen 1s also bound to thalllum(l), as deduced from stability data.

Aithough the stability constant for the thallium(I) complex of S,S'-1,2-cis-dimercapto-
ethylenediacetic acid
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~SCH,COOH
H\SCHZCOOH

1s lugh (log K, = 3 28 1n 0.1 M KCl at 20°C), the proton NMR spectrum suggests that there
1s essenually no covalent thallum—sulphur 1nteraction present '°4. The proton NMR spec-
trum of this compound, as with those discussed above, shows no Ti---H coupling,
thallium(I)—proton coupling has, as yet, only been observed for one compound, a
thalllum(l) cryptate (see sect. O ()). The stabihity constants for association of thallum(I)
and -mercaptopropionic acid, HSCH,CH, COOH, 1s also lugh (log K, = 2 78 at 20°C,
with AH® = —3 34 kcal/mole and AS® = +2 91 cal/deg mole at 30°C) !9%

The structure of thalllum(I) carbonate 1s unknown, but 1t 1s interesting that whereas
rubidium carbonate melts at 873°C (ref 193), thalhum(l) carbonate melts at 270°C
(ref 196)

(i) Acids of the Group V elements

Thallum(l) nitrite adopts a CsCl-type structure '°7, which presumably implies dis-
order of the nitrite 10ns rather than the free rotation onginally suggested There 1s no
compound formation between thalhum(l) nitnte and sodum, potassium, rubidium or
caesium nitrtes, but with hithwum mtnte a compound TINO, 311NO, 1s formed 9%:1%7
Association between thallum(I) and nitnite 10n 1n aqueous solution 1s shightly stronger
than with the nitrate 1on,logK; = 0.81 at 25°C in aqueous solution corrected to zero
1onic strength 2°°  Addition of thalhum(l) 10ms to solid alkali metal nitnites causes a red
luminescence, and this was attrnibuted to a weak nteraction between the thallium and
mitrogen atoms ’°

Reaction of thallum(I) hydroxide with nitroethane produces a thallium(I) salt 201,202
whose infra-red spectrum 2°3 suggests the structure CH;CH=NO.OTI. Derivatives are also
formed with nitromethane and 1,3,5-trinitrobenzene, but these are explosive 291,203

A large number of thallum(I) phosphates have been prepared 2, but the structure of
only one of them has been determined. Thalulum(I) metaphosphate 1s tetrameric in the
solid state, [TL(PO,)],, and contains cyclic P,0,,* antons °* There are two types of
thallium(I) 1n the unit cell One of these has two pairs of thallum—oxygen distances less
than 3 A (2.70 and 2 74 A) whereas the other forms only one such pair (2 85 A).

The stability constants of a number of thallium(I) phosphates have been determined
(Table 14). Pyrophosphate forms the most stable complex, probably owing to a chelation
effect mving a six-membered ring complex. Pyrophosphite (H,P,0, *”) cannot form such
a chelated nng, and binds less strongly than pyrophosphate 2°5. Phosphate and protonated
pyrophosphate form complexes of about the same stability. Comparison of the data for
protonated phosphate and ribose phosphate suggests that the nbose does not have any
appreciable effect on the stability constant Companson of the ADP and protonated
pyrophosphate stability constants then shows that the punne base of ADP has a marked
destabulising effect. Phosphorus NMR spectra ' 7 suggest that in both the pyrophosphate

Coord Chem Rev, 8 (1972)
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TABLE 14
Stability constants of thalllum (I) phosphates in aqueous solution at 25°C, 1onic strength = 0 15 M
(ref. 176)

Ligand log K
HPO4 % 073:01
Ribose phosphate?” 0 87 = 0 15
ADP3~ 132:01
ATPY 199+01
HP,0,3" 234:01
PO,3" 241:01
P,0,%" 305:004

and ADP there 1s chelation, causing appreciable chemical shifts for both phosphorus
nucler In ATP, there are shifts for all three phosphates, and 1t has been suggested 17 that
thalllum(l) 1s binding to the oxygens of all three phosphorus atoms. This 1s consistent
with a structure for thalllum(I) ATP with a direct bridge across the -y position and a
slightly longer bridge to the « position '’® The binding to three oxygens would explamn
the five-fold increase in stability of the ATP complex compared with the ADP.

Comparison with the alkalt metal denivatives 1s difficult because of the lack of data for
the latter However, stability constants of pyrophosphate and ATP with the alkali metals
are generally 11%:183 3 factor of ten weaker than those of thallum(I).

(v ) Acids of the Group VI elements

The room temperature modification of thallium(I) sulphate 1s 1sostructural with the
room temperature form of potassium sulphate 2°6~298_On heating to about 500°C, it 1s
transformed to a hexagonal form analogous to the high temperature modification of
potassium sulphate 207-29% _In the hexagonal, high-temperature, form 1t has been suggested
that there 1s disorientation of the sulphate groups rather than free rotation 2°¢.

Thallum(I) sulphate vaporses to give manly %!® the monomeric species, with a little
T1,0, SO, and O, . The vaporsation products of metal sulphates depend on the relative
energtes of the metal—sulphate, metal—metal and metal—oxygen bonds. Silver sulphate
vaporises to give solid siver, SO, and O,, owing to strong intermetallic bonds n silver
metal. Sodium sulphate vaponses to gaseous sodium, SO, and O, Rubidium and caesium
sulphates form the corresponding M, SO, vapour molecules to some extent, indicating the
ncreasing stability of the metal—sulphate bond for the heavier alkali metals #'9.

The stability constants § for complex formation between thalllum(I) and sulphate 10ns
n aqueous solution have been determined ! as TI(SO,) ™, 8, = 0.33 and T1(SO,),>",

B, = 0.13. The Raman spectra 2!2 of these aqueous solutions suggest outer sphere com-
plexes of the type TI(H, 0),,*8042' The ultra-violet spectrum of thallium(I) sulphate in
concentrated sulphuric acid and NaHSO,—KHSO, glasses shows a thalium(l) 'S, ~ °P,
transition closer to that observed in the ‘free’ 1on than to that in, for example, the chloro
complexes, implying predominantly 1onic binding 213,
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Complex formation between thiosulphate and thallium(I) has been studied in aqueous
solution, and Nilsson 2!# found evidence for {T1S,0,] ™ (log K, = 0.86), [T1(S,0,),]>"
(ogK, = —0 14), [T1(S,05)5]% (log K3 = —0 54) and [T1,,,(S;03)pm,] ™9~ (1 > 2).

The structures of thallum(I) and potassium trithionates, M,S;0,, have been reported
to be different 2! Thallium(I) selenate adopts the same structure as the room tempera-
ture modification of thallum(l) sulphate 216

{v} Acids of the Group VII elements

Both thallium(I) chlorate and bromate crystallise with the space group Csw5 .
thalhum(I) bromate has the same structure ?!7:2!% 3 KBrO, The structures are a simple
rhombohedral distortion of the NaCl-type structure, and the three oxygen 2toms of any
ClO; or BrOj; 10n are equidistant from the thalllum atom on the same axis. The infra-red
spectrum of TIBrO; shows a Br—O stretching vibration at some 40—50 cm™' lower than
m NaBrQ;, together with a weak splitting of the degenerate BrO; deformations, suggest-
ing mteraction of the thalllum(I) with the three BrO, oxygens 219 Solubility measure-
ments 229 show that thallium(I) bromate is associated in solutton, and at 30°C 1n solu-
tions of 1onic strength less than 0.1 M, K, =19%05

The association constant of thalllum(I) and perchlorate 10n 1n aqueous solutions of
ronic strength 1 0 M in fluonde has been obtamned as 0 32 by polarographic studies 7.
Conductivity measurements suggest an association constant close to unity 1n aqueous
solution 22!, whilst in acetomtrile, the association constant 1s 32 (ref. 222), compared
with an association constant of 14 for thalhum(I) and BF,™ ions in acetonitrile If the
10n paming were electrostatic 1n ongin, the smaller BF,™ 1on might be expected to
associate most, a specific interaction between thallium(l) and perchlorate was therefore
suggested 222, The Raman spectrum of an aqueous solution of TICiO, contamns a large
number of very low frequency absorptions not assignable to the ClO,™ 10n, so that the
presence of some sort of complex was suggested 223 . The ultra-violet spectra 2?4 of
aqueous solutions of thallum(I) perchlorate, however, show no changes with concentra-
tion up to 0.02 M, but 1t 1s known that 1on-pairing may sometimes have no effect on the
ultra-violet spectra of free 1ons. Measurements of apparent molar volumes of thallium(I)
perchlorate solutions i water give no evidence of inner coordination sphere complex

formation '6%2
(vi} Acids of the transition metals

Thallium(I) chromate has three polymorphic modifications the room temperature
modification 1s isomorphous with thallum(I) sulphate 225-226  Thallivm(]I) trichromate
adopts a structure, analogous to potassium trichromate 227 consisting of CrO4 octa-
hedra and CrO, tetrahedra, the polyhedra being arranged in layers by shanng corners,
and the layers being held together by thalhum(I) ions which have ten nearest oxygen
neighbours The structure of TllTlm(CrO4)2_ 1s related 228; the thallum(I) 10ns occupy
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sites with eleven nearest-neighbour oxygen atoms at distances of ca. 3 A, and four more
at42—45A. )

Thalllum(I) pertechnetate and perrhenate both crystalhse in an orthorhombic system
and have a high-temperature, tetragonal modification of the closely related scheelite-type
structure 2297231 Infra-red and Raman spectra confirm a basic T; symmetry for the
ReO,~ and TcO, ™ 10ns 1n these crystals 232233 The thioperrhenate TIReO,S probably
has the BaSO,-type structure 23%_ The structure of the phosphotungstate TI,PW,,0,, 1s
analogous to the corresponding caestum salt 235,

Base-exchange experiments with ammonium ions led to the suggestion that the
thalltum(I) 10n 1s more tenaciously held in T1;PMo,,0,, than the other univalent cations
Thas has been attributed to distortion of the amon structure by polarisation; the cations
in these compounds are fitted between the ‘outer sph:re’ formed by the twelve hinked
MoQ, octahedra and the PO, group 1n the centre 2367238 The effects of thallum(I) on
oxide glasses are discussed 1n sect Q

(vu) Sulphur and selemum analogues

The structures of TU[TIIS, | and T[T Se, ] are analogous The thalllum(1II)
1on 1s surrounded by four sulphur or selentum atoms 1n a tetrahedron (TI-S=2 60 A,
Tl—Se = 2.68 A) and the thallium(I) has eight sulphur or selentum nearest neighbours
(Tl-S =332 A, TI-Se = 3 42 R) 239:290 The structure of TiTe 1s completely different 24!,
1t 1s a substitution variant of the structure of W, S15. In TI;VS, the vanadium is surrounded
by four sulphurs at 2 3 & and each thallium 1s surrounded by four sulphurs at 3.1 A and

four at 3.7 A (zef. 242)
H THALLIUM() METAL DERIVATIVES

A very large number of thallhlum(I) metal derivatives have been prepared, they are
listed elsewhere > Most of the halides TIMX,, adopt structures very similar to the corre-
sponding potassium salts, and the coordination numbers of thallum are very high (usually
between eight and twelve) In this thalhum(I) 1s more hike the alkals metals than like
stlver, for many silver compounds, the structure distorts to bring the silver close to just a
few of the surrounding MX,, groups Presumably, because of 1ts smaller polanisability,
this does not happen for thalllum(l) Thus, for example, the isomer shift 1n the Mossbauer
spectrum of TIFeCl, 1s consistent with a tetrahedral FeCl,™ 1on and a largely 1onic inter-
action with the thallium(I) 10n 243,244

There 1s strong evidence for a thallum(I)—metal mnteraction in thalhum(l) hexacyano-
ferrate(IIl), TI;Fe(CN), Stnce 1t 1s 1somorphous with K;Fe(CN), with only shightly
different umt-cell dimensions, and since thalhum(I) can be substituted in K;Fe(CN), in
all proportions, it can be assumed that thalllum(I) 1ons occupy the same sites as potassium
ions 245 The unit cell of K;Fe(CN)4 contains two types of potassium. one type 1s sur-
rounded by an wregular octahedron of mtrogen atoms, two at 2 87, two at 3 02 and two
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at 3 14 A, and the other type has a roughly tnigonal-prismatic coordination, with two
nitrogens at 2 57 and four at 2.77 A Infra-red spectra show httle effect on the absorp-
tion frequencies of the cyanide 1on when K* 1s replaced by TI*, so that the Fe(CN),>~
10n cannot be very different in the potassium and thalbum(l) salts. However, the qua-
drupole splitting of the Mossbauer spectrum of TI,Fe(CN); is considerably greater than
that of K;Fe(CN);, indicative of a sigmficant TH—Fe(CN),3™ interaction The thallium
NMR chemucal shift observed for solid Tl;Fe(CN)g was considerably greater than that
observed for other thallium(l) compounds This could not be attributed solely to the
presence of a paramagnetic Felll 1on since the thallum chermical shift in

TIFe(804); 12H,0 1s constderably less It was concluded that the shuft was due to un-
paired electron density on thallum, transmitted from Felll through the cyamde groups.

The absorption spectrum of solid T13Fe(CN)g shows a band at 21,200 cm™ , absent
i K3Fe(CN)s There 1s also an increase both in the intensity and the bandwidth of the
lowest energy internal charge transfer band of Fe(CN)¢3~. The most interesting feature
of the spectrum, however, 1s the polanisation of the 21,200 cm™ band in the plane per-
pendicular to the ¢ axis of the crystal. It is the thalllum with trigonal nitrogen coordina-
tion which, together with the iron atoms of the Fe(CN);3", define this plane, and hence
1t 1s from the set of more closely coordinated thallium atoms that the electron mugrates
to Fe(CN)s>~ duning the mtermolecular charge transfer process 245:296

The electrical conductivity of solid Tl;Fe(CN), 1s unusually hugh, and cannot be attn-
buted to 1on mugration 247 Rather, electron transfer from thallum(I) to wron(If) can
occur, with formation of thalhum(II), and the conduction is best considered as a series
of ‘hops’ from one localised site to another. As neitther TI3Co{CN)s nor Tl3Fe(CN)s con-
tain both a reducibie and an oxidisable 10n, this mechanism for electnical conduction 1s
no longer avaiable, and they both have low conductivities 1n the solid state. Further,
there are no charge-transfer absorptions m their visible and ultra-violet spectra %%

The new bands appearing 1n the thallium(I) salts of [OsClg]*~, [OsBrg}* and [IrClg]*”
have also been attributed to charge transfer from thallum to the metal 246.248,249

Thallium NMR spectra of aqueous solutions of Tl3Fe(CN)¢ show '%? that association
occurs with an association constant of about 70. It was also noted that the thallum
chermcal shift was very simular to that with a diamagnetic 1on of sumular charge. Any
appreciable covalency 1n the 10n pair would lead to some unpairing of the thallum(l)
electrons due to the paramagnetic Fe(CN)s> 10n, causing a considerable shift of the
thaillium resonance to lower applied field, as observed 1n the solid. Further, the charge-
transfer band found at 21,200 cm™ 1n the sohid 1s absent 1n aqueous solution This
suggests that there can be no significant covalent bonding in the 10n pairs.

Strong association also occurs between thallium(l) and ferrocyanide 10n 1n aqueous
solution, association constants of log § = 0 82 i 3 M perchlorate solution at 25°C and
log B = 3 at zero 1onic strength have been reported 73:224:250

The infra-red spectra of M;[Cr(NCS)s] show a slight increase in py from the potassium
salt to the thallium(l) salt, a weak interaction between the sothiocyanate and thalhium(l)
has been suggested 251,
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No thalllum(l) derivative of cobalt(II) cyamide has been 1solated, but such a species has
been observed 1n solution **2 Aqueous solutions of thallum(l) nitrate react very rapidly
with solutions containing the pentacyanocobaltate(Il) 10n to give a new complex,
characterised by an intense charge-transfer band at 389 nm The complex 1s diamagnetic
since it gives no ESR signal, and has been formulated as [(CN);Co—T1—-Co(CN)s]*~

A thalllum—gold interaction has been suggested 23 in TIAu(CN), . The compound is
vellow, whereas the alkali metal denvatives are colourless, and it 1s also 1nsoluble i water,
whereas the alkali metal derivatives are soluble The infra-red and Raman spectra give no
sign of an interaction between thallium and the cyamde groups. Rather, the spectra are
consistent with a T-shaped molecule, with a weak Ti—Au bond and a linear or nearly
hnear Au(CN), group

The alums TIMIB(S0,), . 12H,0 (M = Al,Cr) 254:255 adopt the a-alum structure, in
which the next nearest neighbours of the thalbum(l) are six water molecules The anhy-
drous sulphates and selenates 'I’le(SO4)2 and TIME(Se0.). [M = Al, Ga, Cr, Fe] adopt
the KAI(SO,), structure, in which each thalhum is surrounded by twelve oxygen
atoms 256:257_ The anhydrous double sulphates Tl M!L,(S0,), adopt the K;Mg,(S0.);
structure 256-258 The sulphates, selenates and chromates TI;M(X04), [X =S, Se, Cr,

M= Sr. Pb, X = Cr, M = Ba] adopt a structure of the Sr3(P0O4), type, in which the
thallium has ten oxygen atoms as nearest neighbours 2597262 [n thalblum(l) voltaite,
{T1,(Cds,Fe)Fez[SO4] 12-12H,0} [Al 6H,0], thallium 1s surrounded by twelve sulphate
oxygens 263

Little 1s known about thalhum(I)—metal carbony! derivatives TICo(CO),; has been
prepared by the reaction of a mixture of thallum and cobalt metals with carbon mon-
oxide 264, although 1n the reaction 265 between a thallum(l) salt and NaCo(CO),,
TICo(CO), 1s formed as a yeliow compound which readily redistributes to thallium
metal and T1{Co(CQ)4]; The thalhlum(l) denwvatives TI[MoC5H5(CO);] and
TI[WCsHs(CO)s] are more stable, however, and can be prepared by the reaction of a
thallium(l) salt and the appropnate sodium salt 1n aqueous solution, the former compound
1s yellow and the latter orange-yellow, in contrast to the colourless sodium salts 265 The
tungsten carbonyl TI{WCsHs(CO)s] has also been prepared 26¢ from CsHs;W(CO)sH
The chromium carbonyl TI[(CsH,CHPh),Cr(CO);] is almost certainly largely 1omc €7
Reaction of [Fe(CO),]?~ with thalllum(l) hydroxide produces a compound 268
Ti,Fe3(C0O),y;, which, on the basis of infra-red evidence, does not seem to contain bridging

carbonyl groups 265

I ORGANOTHALLIUM() DERIVATIVES

Cyclopentadienyl thallium(i) 1s precipitated when cyclopentadiene 1s added to an
aqueous solution of thallium(I) hydroxide 26°
TIOH + CsHg —~ CsHs;T1 + H,0

A number of methyl and tugher alkylcyclopentadienyls, hydropentalemde and 1sods-
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cyclopentadiemde denvatives have similarly been prepared, but 1n general these products
are, unlike TIC;H; , air-sensitive 2707274

The microwave spectrum of TICsHs 1n the vapour phase has been interpreted 275:276.2762
n terms of a symmetric top model with a planar CsHs ring, the distance from the
thailium to the centre of the ring being 2 4 A, and the thalllum—carbon distance 2 70 A.
This distance 1s relatively short when compared with the sum of the van der Waals radws
of carbon and the ionic radius of thallium(I), which 1s about 3.1 A. It has therefore been
suggested that there 1s appreciable covalent bonding in the molecule 1n the gas phase, and
1t has been shown that metal orbital—ring orbital overlap 1s substantial, even when pure p
metal orbitals are used — sp hybndisation would 1ncrease the overlap, but at the expense
of the 65—6p promotional energy 277

In the solid state, TICsH; consists 278 of an infinite lattice containing z1g-zag chains of
—Ti—CsHs—T1 The thalllum—carbon bond distance 1n the solid 1s very probably greater
than that in the gas phase, and considerable 10nic character seems likely The NMR spectra
of a varniety of cyclopentadienyl thalbum(I) denivatives suggest that they are largely 1onic
1n solution, and no 23Tl -+- H or 2°57T1--- H couplings are seen 27!

The standard free energy of formation of TICsHs has been measured 279 at 298°K as
AG°(formation) = 42 3 + 0 5 kcal/mole.

The only other thalllum(l) organo denvative to have been 1solated 289 1s the denvative
of trs(methylsulphonyl)methane, TIC(SOsMe);, which is presumably largely 1omic. The
stability of these dernivatives is presumably associated with the stability of the respective
amons. Although monoalkyl- and monoaryl-thalhum(l) denivatives have been postulated
as reaction mntermediates, they have never been 1solated 2>281

J THALLIUM(I) NITROGEN DERIVATIVES

Thallium(I) mtride has been prepared by the reaction between thalllum(l) mitrate and

potassium amide 1n liquid ammonia 282

3 TINO; + 3 KNH, - TI3N + 3 KNO, + 2 NH;

With an excess of potassium amude, a yellow crystalline compound 1s formed which
could be either TINK, 4NH; or TINH, 2KNH, 2NH3; On warming to room tempera-
ture, the compound loses ammonia to give TINK,.2NHj3;, which on heating to 100°C 1n
turn loses ammonia to give *32 TINK,.11NHj; . Thallum(I) nitride 1s very sensitive to
shock, and reacts explosively with water to give thallium(1) hydroxide No evidence has
been found 222 for the formation of TINH, or Ti;NH. No simple organoamine denva-
tives of thalhum(l) of the type TINR, have been reported, although the thalllum(l) salt
of hexanitrodiphenylamne has been prepared by reaction with thallium(l) carbonate 283
Thallium(I) acetamide, benzene sulphonamide and p-toluene sulphonamide have been
prepared from thallum(I) mtride 1n hquid ammonia 2% Thalllum(l) benzarmde has
been prepared from thallum(I) hydroxide and benzamide 1n water ' Thus 1s unusual 1n
that most compounds containing a thalllum—nitrogen bond are very moisture-sensitive
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Thallium(I) urate and thallium(I) phthalimide *®°, and imidazolyl thallium(l), benzimi-
dazolyl thallium(I) and trniazolyl thallium(I) 286 can also be prepared m aqueous solution,
viz

NvNH « TIOH :_i-_!z_O_’ NV—TI—O-‘IM N%/N-——Tl-—
2

The infra-red and Raman spectra of imidazolyl thallium(l) are consistent with a polymernic
structure rather than an anionic structure as adopted by the sodium salt of imidazole 285.
Both the uitra-violet and the NMR spectra indicate that imidazolylthallmum() 1s incom-
pletely dissociated i aqueous solution ?2¢ The stabilisation of mmidazolylthallium(l) 1s
clearly associated with the additional mtrogen atom in the heterocyclic ning in the three
position to the —NH group, thus there 15 no reaction between pyrrole and thathum(l)
hydroxide 1n aqueous solution 287

A number of thallium(I) Schiff base derivatives (N-substituted salicylaldimines) have
been prepared 228 Infra-red spectra of the solids suggest bonding via the phenolic oxygen
and 1mune nitrogen atoms. A structure analogous to that adopted by thalllum(l) acetyl-
acetonate (see sect. M) has been suggested *8

No further structural or chemical information is available on thalbhum(I) mtrogen
dernwvatives. A hist of these dervatives has been given elsewhere 2

K THALLIUM(I) ALKOXIDES AND PHENOXIDES

Thallium(I) alkoxides and phenoxides can readily be prepared from thalhum(l)
hydroxide or thallum(I) ethoxide and the corresponding alcohol or phenol In contrast
to thalllum(I) methoxide, which 1s a white solid decomposing without melting at 120°C,
thalllum(l) ethoxide is an oily liquid, decomposing before it can be vaporised The
alkoxides are soluble m, or muscible with, most orgamc solvents The methoxide,
ethoxide, #-butoxide, amyl oxide and trimethylsilyl oxide are tetrameric in benzene m
about N/20 solution, and somewhat less associated 1n more dilute solutions 2917293
more concentrated solutions, thallium(I) ethoxide seems to undergo some further poly-
mernsation #®! . Thallum(I) phenoxide 1s trimeric at about V/50 in benzene, which 1s the
limt of its solubility Thallium(l) ethoxide 1s also tetramenc mn boiling ethanol, whereas
thallium(I) methoxide 1s monomeric n boiling methanol 2%! . The thallium(I) derivatives
of the following three ligands have also been shown to be either tetrameric or polymeric

m solution 295

QCH3
QOCH. "~
N 3 @ O
P o
CHCOO™ (;\,/ OCHCHAOH
CO0™
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Thallium(I) phenoxide derivatives have very low 10nic conductances 1n acetone solu-
tion, suggesting that there 1s little ionisation *’.

The hgand w—r* transitions 1 solutions of a number of metal phenoxides in 2,4-
dimethoxyethane and dimethylformamide have been shown to be sensitive to the metal 17
The perturbation of the molecular energy levels of the anion by the cationic field is the
prnimary influence determining the observed spectral shifts in these associated anions, the
role of the solvent 1s secondary. For the alkali metal phenoxides, there exists a pnimary
cation effect in which a blue shift results from an increased cationic field (1 e. Cs* to Lt¥),
which means that excitation results 1n net movement of negative charge away from the
centre of positive charge. This indicates a stronger interaction of the cation with the
ground state than with the excited state. Thalllum(I) has been shown to exert a greater
cationic field than mught have been expected from 1ts ronic radws ' . Thus 1s consistent
with a greater covalent character for the thalllum—oxygen bond than for the correspond-
ing alkali metal—oxygen bond In valence-bond language, the metal phenoxides may be
descrnibed by a wave function containing contnnbutions from covalent and 1onic structures

YROM = @¥cov(ROM) + b4 (ROT M*)

Presumably 1n the ground state a 1s large, whereas 1n the electronic excited state b 1s of
greater importance Thus an increase i covalent character of the ground state should
mcrease the electronic transition energy and produce a red shift. The experimental results
thus suggest that the thallium—oxygen bond is more covalent than the corresponding
alkali metal—oxygen bond 7. The resuits obtained also suggest that the degree of covalent
bonding decreases with decreasing pK, of the phenoxides '7. Unlike the alkali metal
phenoxides, the thalllum(I) phenoxides are incompletely dissociated in aqueous solution 17
A partial single-crystal X-ray structure determination of thallum(l) methoxide shows
the presence of tetrameric molecules [TIOCH;] 4 1n which the thallium atoms are at the
corners of regular tetrahedra 2°*. The average intramolecular thallum—thalhum distance
1s 3 48 A. The posttions of the methoxy groups could not be determined, but the most
lIikely structure was thought to be a distorted cube 1n which the oxygen atoms occupy
the corners of a tetrahedron smaller than that occupied by the thalllum atoms (Fig 3)

Fig 3 The thallum(l) methoxide tetramer (zeproduced from The Chemustry of Thallum, Elsevier,
Amsterdam, 1971).
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This structure can be contrasted with those adopted by the alkali metal methoxides.
Potassium, rubidium and caestum methoxades adopt layer structures with the methyl
groups on both sides of each layer, with the cations in the central part, each cation being
surrounded by five oxygen atoms 1n a tetragonal-pyramdal array 29-2°7 | Lithium
methoxide adopts a layer structure of the type ABCBAABCBA. ., where A=Me, B=0
and C= Li, in which the htluum is surrounded by a distorted tetrahedron of oxygen
atoms 298,

Exammation of the *°3T1 and 2°° TI NMR spectra of pure liquid thallium(I) ethoxide
confirms a tetrameric structure 2%? . The observed spectra are complex, which indicates
the presence of 292 T1+++293T] couphing (J = 2560 Hz) since there 1s no Tl++ H coupling
1n the proton NMR spectrum of the compound. From considerations of the relative neutral
abundance of the two thallium isotopes it 1s possible to calculate the relative amounts of
the vanous tetrameric molecules contaimng different combmations of the isotopes and to
show that if the calculated NMR spectra ansing from the various forms of such a molecule
were supennmposed, the observed 2°3T1 and 295 Tl spectra would be obtamed. The lack of
Tl -+« H coupling 1n the proton spectrum 1s somewhat surprising. This coupling would be
expected to be much less than the very large 23Tl «+« 2°5 T1 coupling. One possible expla-
nation, therefore, 1s exchange of methoxide groups either between tetramers, or between
tetramers and lower polymers, at such a rate as to collapse the smaller Ti -+ H couphng
but not the greater 29371 +++ 295 T1 coupling

The low-frequency vibrational spectra of thallum(l) ethoxide and n-propoxide are 1n
agreement with tetrameric structures 3%, Force field calculations suggest an appreciable
thallium—thallium nteraction 2°°. As long as the valence mnteractions are limited to
thalllum—oxygen and carbon—oxygen bonds there is poor agreement between experi-
mental and calculated frequencies for vibrations of the skeleton The inclusion of
thalhum—thallium mnteractions, however, leads to a very close fit of the data. It is
possible to get agreement with the expenimental data using alternative force fields, but
none of these alternatives provides a chemically satisfactory account of the cage defor-
mation frequencies 3° . Although the force field with a large thallum—thallium force
constant 1s the only one that seems to give a natural explanation of the frequencies, the
calculated force constants would predict much more mntense spectral hnes than are in
fact observed. Calculations based on spectral intensities suggest that the electron density
wnvolved in the thallium—thallium bond 1s of the order of 5 to 10% of that associated
with a normal covalent bond. This is consistent with the relatively large TI—T1 distance
(3 84 A) in [TIOMe] 4 (cf. TI—T1 distance of 3 4 A n thalhum metal).

A bonding scheme can readily be constructed to allow for weak thallum—thallium
bonding 1n the alkoxide 3°°. If hybnidisation of the s and p, orbitals on thallum occurs
(z is taken to be the direction on each thallium towards the centre of the cage) then the
resulting hybnids would be favourably onientated for mutual overlap These hybnds can
form a bonding set of four molecular orbitals inside the T, cage, in which the eight
thalhum valence electrons can be delocalised, with a corresponding antibonding set
outside the cage. The thallum p, and p,, orbitals are then available for bonding with the
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alkoxide oxygens. Eight bonding molecular orbitals are then available for sixteen of the
alkoxide electrons, and one filled orbital on each oxygen is left non-bonding.

The mass spectrum of thallium(I) phenoxide shows the presence of both monomeric
and dimernic species in the gas phase 7.

Although the thallum(l) alkoxides are, m general, rapidly hydrolysed by water,
thallium(I) phenoxide denvatives can be prepared from thalltum(I) hydroxide and the
appropriate phenol mn aqueous solution. A number of thallium(I) denvatives of poly-
hydnc alcohols can also be prepared n aqueous solution Di-, tri- and tetra-thallum(l)
denivatives of ethylene glycol, glycerol and erythntol, respectively, have been so )
prepared 392 So far as 1s known, all hydroxy! hydrogen atoms in a straight chain com-
pound can be substituted by thallium(l) When, however, the compound contains a
pyranose, furanose or an attached benzene nng, substitution may be incomplete. Thus
methyl arabinoside gives a trthalhum(l) denivative, as does methyl glucoside. Sucrose,
with eight OH groups and salicin with five, give tetrathallium(l) sucrose and trithalbum(l)
salicin It is only m nings contaiung an oxygen atom that incomplete substitution has
been observed tnositol, in which all six OH groups are secondary, forms hexathalbum(I)
inosttol. These polymeric polythallium(I) derivatives are generally insoluble 1 organic
solvents 3% Only a monothallium(1) derivative of 1,2-dthydroxybenzene could be 1so-
lated 393,

A number of fluoroalkoxide denvatves of thallium(I) have been prepared from
thalbum(I) hydroxide, but the structures and properties of these compounds have not
yet been reported 394

Conductance measurements suggest that thallmm(l) salicylaldehyde 1s largely undis-
sociated in acetone solution 7. The mass spectrum shows no peaks corresponding to loss
of the —CHO radical, although such a peak 1s prominent in the mass spectra of aromatic
aldehydes. Thus is perhaps indicative of chelation *”.

L QUINOLINATES AND SIMILAR DERIVATIVES

The ultra-violet spectrum of thalhum(l) 8-hydroxyquinolnate 1s suggestive of
chelation 17,

Lo e 1]

The mfra-red spectrum 1s also suggestive of a chelated structure for the thalbum(I) deri-
vative m the solid state, i contrast to largely 1onic structures for the alkali metal derva-
tives }7. Chloroform solutions of thalhum(I) 8-hydroxyquinolinate are very light-sensitive;
photochemucal decomposition 1s accompanied by a change 1n colour from clear yellow
through cloudy red, brown, green and bright blue to pale yellow with deposition of a
white solid 9%, The nature of these transitions has not yet been established.

The complex formed between thallium(I) and 8-mercaptoquinoline is very considerably
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stronger than that with 8-hydroxyquimnoline 3°¢. A complex has also been reported
between 1-hydroxyacndine and thallum(l) 3°7, viz

4ee
N/

Om—T}

In the thallium(I) derivative of 2-satoxime

\N—-O H

H
it is probably the —N—OH group that 15 acting as an acid, and coordination with etther
the carbonyl or the —NH group 1s possible 3°8
Thallium(I) denvatives of 4-1sorutrosopyrazolone and its denivatives have been pre-
pared in aqueous solution, the product depending on the pH of the solution 289290
acid media (pH 3-4), salts of the type HTIPz are formed, which could contamn three- or
four-coordinate thatlium

o g o o ™o
/3‘\ } 1 i
H —-t N R R A .
N T T L T
N/ N ~ X \ P N/N
of—t i | |
R 24 R K

At pH 5-~7 5, derivatives of the type TIPz are formed, which could be either monomernc
or dimeric of the two types

or

& -
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M. THALLIUMQ) 3-DIKETONE DERIVATIVES

Thallium(I) denvatives of enolisable -diketones have been prepared from thallum(l)
ethoxide or thallum(I) carbonate and the §-diketone. Both thallium(I) hexafluoroaceton-
ate and thalbum(I) dibenzoylmethane are monomeric in benzene solution, and their
dipole moments are consistent with chelated structures with only moderately polar

thalllum—oxygen bonds 3%9.
R
v
O—C
7T
LA
o—¢
S

Thallwm(l) ethylacetoacetate, however, 1s dimeric 1n benzene solution 291 A single NMR
vinyl CH signal 1s observed for a number of acetylacetonate derivatives in solution 310=312
No spin—spin coupling was observed with 2?3 Tl or 295 Tl, although metal—proton coupl-
ing 1s known for the tin and platinum denvatives 312313

The crystal structure of thallum(I) acetylacetonate shows the presence of 1.1 com-
plexes, with TI—O distances of 2 43 and 2 54 &, with each thallium atom bonded to
oxygen atoms of neighbouring molecules in such a way that molecules are linked 1n-
defimitely along the @ and ¢ axes, but not along the b axis >** Infra-red spectra support a
chelated structure; the complexes show no carbonyl band, but a C=C stretching vibration
appears 3157318 3¢ 1630—1650 cm™ Infra-red spectra of a variety of other thalhum(l)
dervatives of 8-diketones and of monothodibenzoylmethane are also consistent with a
chelated structure 319329,

The ultra-violet spectra of thallum(I) and alkali metal acetylacetonates agaur indicate
a greater covalency for the thallum—oxygen bond than for the alkalh metal—oxygen
bonds, and indicate mncomplete dissociation for thalllum(I) acetylacetonate 1n aqueous
solution 17.

The mass spectrum of thallium(I) acetylacetonate shows the presence of both mono-
menic and dimeric species in the vapour phase '7.

With carbon disulphide there 1s an unusual reaction in which acetylacetone and the
dithallium(l) salt of 1-acetyl-2-methyl-2-hydroxydithioacrylic acid are formed 321:322,

iyl
FHa s/
Oo—C e
i\ SN
2 T ,‘/CH +CSy —ma CH3COCHZCOCH; » Ti } CrmCO—CH3
e N -
o Sminl; o0==C_
CHj, CHy
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N. THALLIUM() SULPHUR DERIVATIVES

A number of thallium(I) denivatives of thiols have been prepared from thallium(I)
hydroxide in agueous solution, but no details of structures or reactivities have yet been
reported 2 More 1s known about thallium(I) denivatives of dialkyldithiocarbamates The
structure of thalhum(l) dipropyldithiocarbamate can be considered as built up of dimers
[(C3H;);NCS, T1]; (Fig. 4) 22, linked together by thalhlum—sulphur interactions into
chains runmng parallel to the 2 axis The central part of the dimer consists of thallium
and sulphur atoms in the form of a distorted octahedron. The sulphur atoms of thus
octahedron form a tetragon which 1s not far from being planar. The two thalllum atoms
1n the dimer are crystallographically non-equivalent The four Tl,—S distances range from
291 to 3.29 A, whereas three of the Tl,—S distances are short (2 88—3 12 A) but the
fourth is considerably longer (4.37 A). There 1s also a difference in the way that the two
thalllum atoms are hinked to the sulphur atoms of adjacent dimers, the two sulphur atoms
which are linked 1n this way to Tl are situated in different dithiocarbamate lhigands,
while the corresponding sulphur atoms linked to Tl; belong to the same hgand.

C

Fig. 4. The dimeric unsts of thallum(l) dipropyldithiocarbamate (reproduced by permission from L.
Nilson and R Hesse, ref. 323)

It is probable that whereas some of these thallium—sulphur bonds are largely 10nic,
others are appreciably covalent. The sum of the 1onic radu for thallum(l) and sulphur is
3.38 &, and can be compared with the thallium(I)—sulphur distances of 3.32 and 3.43 A
respectively found in T1,8.T1,S; (ref. 324) and TINO; .4SC(NH;3), (ref. 325). The three
shortest T1—S distances found for each thallum (2.88, 3.02 and 3.12 A for Tl, and 2 91,
3.11 and 3.12 & for Tl,) then probably correspond to essentially covalent bonds, and the
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other T1—S distances to largely tonic bonds The TI—T1 distance within a dimeric umt is
3.98 A, shghtly longer than the distance of 3.84 A found in the TIOMe tetramer

Thallium(I) dipropyldithiocarbamate also exists as a dumer in benzene solution 326.
The dithiophosphinate TISSPPh, has been found #27 to be associated in benzene solu-
tion, with = 1.6, and is probably a mixture of monomer and dimer. The thallium(I)
dralkyldithiophosphates TIS;P(OMe); and TIS;P(OEt), are dimeric in chloroform solu-
tion 328

O. DITHIZONATES AND SIMILAR DERIVATIVES

The structure of the primary dithizonate of thallum(I), TI{PhN=NCSN.NHPh] could
mvolve chelation of two nitrogens or nitrogen and sulphur. The similanity of the infra-red
spectrum of the thallium(l) derivative to that of the copper(Il) denvative (whose crystal
structure shows the presence of N,S chelation) led to the suggestion of structure I for
the thallum(I) derivative 329-330,

H, Ph

N

The compound 1s red in the sohd state. On irradiation of a chloroform solution with a
low-pressure mercury arc, the colour changes irreversibly from orange-red to red-violet;

the nature of these changes 1s unknown 329,
Nitrogen, sulphur chelation has been suggested 33! 1n the thallium(l) denvative of

thiopicolinanilide, I, and salicylaldehyde thiosemicarbazone 332 III

CH,
/ 2
e e e
N "\ oH T‘\s/
T
C.
HeCeNZ ~"
hry oI

The thalhum(Ill) derivative of dicyancethylene-1,2-dithiolate (mnt) reacts with
sodium chlonde solution to give black crystals of a uni-bivalent electrolyte,
K, [(mnt) TI(C,H3N, OS)] . Three possible structures were drawn 333 for this compound,
all involving thallum(I).
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The posttion of coordination of thallium(l) in its 2-thiouracil salt 1s unclear 34!
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P COMPLEXES OF THALLIUM(I)
(i} Nitrogen complexes

Weak complexes are formed with ammomnia and ethylenediamine 1n aqueous solution,
with stability constants of 0.1 and 0.25 respectively '* Although no solid complexes
could be 1solated with ethylenediamine or pyridine 227, with 1,10-phenanthroline,
Ti(phen),NO; and Tl(phen),ClO, can be prepared 33%:335 The electnical conductivity
of TI(phen),NO; corresponds to that of a binary electrolyte 33°. Reaction of
Ti(phen),NO; with sodium chlonde produces Tl(phen),Cl, but with sodmum bromde
and 10dide, the major products are thallium(I) bromide and 10dide respectively.
Bis(1,10-phenanthroline)thallium(l) 10dide can be prepared 3¢ by the action of heat on
the thallum(III) derivative Tl(phen),I; The corresponding bipyridyl denvative Tl(dipy),1
has also been prepared by the reduction of Tl(dipy),Is with sodium sulphite 336

The nfra-red spectra 37 of these denvatives are too complex to yield any useful in-
formation. The NMR spectra of solutions of the [Tl(phen),]* ion show no Ti--+H coupling,
and show that the two halves of the phenanthroline ligand are equivalent magnetically on
the NMR time scale®*®. Exchange of bgands between the 1ons would seem to be very
likely. The 1nfra-red spectrum of the complex with p, p'-diamino-2,3-diphenylbutane,
TI(DPB);Cl0,4, shows bands due to a free Cl04 ™ 10n 32°,
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(1} Oxygen complexes

A number of complexes of the alkali metals of the type ML HL and ML.HL' have been
reported, where HL includes the $-diketones, salicylaldehyde, o-mitrophenol, 8-hydroxy-
quinoline, o-ammnobenzoic acid, 2,4-dinitrophenol, o-nitrobenzoic acid and 1somtroso-
acetophenone 3427345  The 1somtrosoacetophenone dervative
K*[PhC(O)CH=NOHON=CHC(O)Ph] ~ has been shown to be an acid salt rather than a
complex 348, The crystal structure of the complex formed between isonitrosoaceto-
phenone and potassium o-nitrophenoxide, however, shows 1t to be a complex 1 which
the potasstum 1s surrounded by seven oxygen atoms and one oxime-nitrogen atom 3*7.

Thallium() does not readily form derivatives of this type. With salicylaldehyde, a
derwvative TIL.HL has been prepared '7. No solid denvatives of this type have been 150-
lated with other ligands, although the observation that thallm(I) diphenol 1s soluble in
chloroform solutions contaimng diphenol suggest that a compound of the type

CgHy O ~, /o CeHa

/\

csﬂq O CSHc
mught be formed 338

(iii) Thiourea complexes

A wide variety of thiourea complexes of thallium(I) has been prepared With singly
charged anions, derivatives of the type TIX.4TU (TU = thiourea) are formed. With doubly
charged anions, the same cation thiourea ratio can be retained 325 as in T1,S04.8TU.
With triply charged cations this 1s no longer so 349 thallum(I) orthophosphate forms a
complex Ti;P0,;.6TU.

The arrangement of sulphur atoms about thallium in TINO; .4TU 1s shown in Fig. 5.
The thallium atom environment 1s almost that of a tetragonal prism, but shightly distorted
towards an antiprism. The eight sulphur atoms are equidistant 3?° at 3.43 A. Thus distance
1s very simular to the thalhum(I)~sulphur distance 32* 1n TH(MMS,) of 3.3 A and hence
the thiourea complex must be largely 1onic, and the major cohesive mnteractions in the
crystal are ion—dipole interactions The structures of a number of other thiourea com-
plexes have been determined and all involve a very similar thallium(I) environment, they
have been discussed at length elsewhere 2349 _ The alkaii metal hahide thiourea complexes
MX 4TU (M =K, Rb, Cs; X = Br, I) are 1somorphous 3?5 with TIC10,.4TU.

It can readily be seen that, on the basis of maximum repulsion, eight hgand 1ons around
a central ion will 1deally lie at the corners of an Archimedean antipnsm. For a thiourea
complex MX.4TU whose structure 1s determined largely by electrostatic forces, the
cations would then be regularly spaced n linear chamns where they are each surrounded by
eight sulphur atoms at the corners of a cubically distorted and shghtly elongated antiprism
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Fi1g 5 Arrangement of sulphur atoms about thallium in TINO3; 4TU (reproduced by permission from
J C A Boeyensand F H. Herbstein, ref 325)

centred on the cation. The elongation occurs because cation—cation separations are on
the average longer than the distance between 1nterstitial positions between antiprismatically
close-packed sulphur atoms, and the cubic distortion 1s necessary to simuitaneously
optimise the cation—sulphur and sulphur—sulphur distances 34

Assuming that the free 1ons in the complexes MX.4TU have umit charges, and the
sulphur atoms and —NH, groups have charges determined by the dipole moment of
thiourea polanised 1n the field of the free 10ns, a lattice energy of 179 kcal/mole can be
calculated 359 Since the electrostatic attraction between four moles of thiourea amounts
to approximately 17 kcal, 1t follows that thiourea will form solid complexes of the above
type with compounds of lattice energy less than about 162 kcal/mole. Ths satisfactornly
explains the data for the alkali halide complexes Whereas KBr with a lattice energy of
158 kcal/mole forms a complex, NaBr with a lattice energy of 172 kcal/mole does not 347,
The fact that all the thallium(I) halides form complexes 1s therefore anomalous (see
lattice energies 1n Table 2). There are two factors which could well contnibute to an in-
creased stability of the thiourea complexes for thalllum(I) The first 1s a greater polansa-
tion of the thiourea by the thallium(I) than by other univalent 10ns, and the second 1s a
degree of covalent bonding 1n the TI—S bond. As has already been mentioned, however,
the T1—S bond length is relatively long, so the latter factor must be relatively small.

It 1s possible that thiourea complexes are also formed 1n aqueous solution, although

the thalllum(I) halides are virtually msoluble 1n water, they dissolve 1n aqueous thiourea 323,
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(iv} Cryptates and polyether dervatives

The binding of thallium(l) to a number of macrocyclic ligands has been reported, but
1t 15 obvious that this 1s a field 1 which much more work must be done before any de-
taled picture can be given

Complexes have been prepared 3°°* between thallum(I) and crown ethers such as
benzo-15-crown-5, IV

Palhe
o

~™

Stability constants of the complexes between the cryptate V and thalllum(l) and the
alkah metal chlondes are given mn Table 15.

gy
SvS

The crystal structures of the alkali metal denvatives of V show that the metal 1s 1n a central
posttion, surrounded by the two mitrogens and six oxygens **>3%3, For the alkali metal
dervatives there 1s a good correlation between the 1onic radwus and the stability constant
The estinated cavity size of the cryptate can be measured by the radius of the sphere
which may be mcluded without distorting the ligand, and has a value of 1 4 A The low
stability constant of the sodium complex anses from the fact that the 1on is somewhat

too small for effective coordination whilst the low stability constant of caesium can be
attributed to 1ts large size >5* The high stability constants observed for thalllum(I) and

TABLE 15

Stability constants in water (ca. 1073 Min hgand) for complexmng between metal 1ons and cryptate, V,
with chloride 10n 351

Ion logK
L <20
Na* 390
x* 540
RbY 435
cst <20
T 6 30
Ag® 960

Coord Chem Rey, 8 (1972)
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siver() clearly show that other effects are also mmportant besides considerations of
radius ratios It would clearly be of considerable interest to know how much of this high
stabihity constant for thallium(I) 1s due to the presence of nitrogen in the cryptate V,
and to know the stabihity constants with a sernies of peclyether derivatives

Shifts i the proton NMR spectra of the CH; groups occur as a metal salt 1s added to a
solution of V in chloroform or water, and 1n this way it has been shown 354 that complex
formation 1s complete when the metal-to-ligand ratio 1s 1.1. With metal-to-ligand ratios
of 1 2, signals due to both the complexed and the free form of the cryptate can be ob-
served at low temperatures, but as the temperature 1s raised, the rate of exchange of metal
between one complex and another becomes fast on the NMR time scale and only one
broad set of resonances 1s seen. The rate of exchange for the alkali metals is faster in
water than 1n chloroform, for thallblum(I) the oppostte 1s true 33% For thallum(l) the
rate of exchange was sensitive to the amon present, exchange 1s faster for the thallium(I)
nitrate cryptate than for the sparingly soluble thallium(I) chloride cryptate The reason
for thus 1s not clear. Interestingly, this molecule shows the presence of Tl --- H coupling at
low temperatures (below 40°C for the chloride and beiow —6°C for the mitrate), with
J(Tt-++CH;N) ca 14 Hz and J(T1 +-- CH,C) ca 12 Hz This s the only thallium(l) deniva-
tive for which thalllum—proton couphng has been observed, 1t strongly suggests that the
lack of coupling m other species 1s due to rapid exchange of thallium(I) between higands

A thalhum(l) derivative of the higand VI has also been prepared 3°3.

LN
N/\/O/\/O/\/N
K/SL_/S\_/

The structure of this derwvative 1s unknown NMR spectra of the alkali metal denvatives
show that only hydrogens on the CH, groups attached to nitrogen were affected by
complex formation, whereas for the silver and lead dernivatives, the resonances of the

S~CH, groups were also shifted
These derivatives are all closely related to a number of antibiotics of the valinomycin

and nigenicin group Compounds of the valinomycin group are highly selective for po-
tassium and have the property of increasing the cation permeability of artificial lipid
membranes and induce the transport of alkali metal 1ons into intact mitochondrnia Com-
pounds of the migericin group have the property of interfering with the uptake of alkali
metal cations mnto mitochondria when uptake 1s induced by antibiotics of the valinomycin
group. Studies of the interaction between these compounds and thallium(I) have yet to
be reported.
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Q THALLIUMQ) IN GLASSES AND ION-SELECTIVE GLASS ELECTRODES

A number of thallum(I) germanate 356 | aluminogermanate 399, borate 337:3%% and
sihicate 359:360 glasses have been studied Pure GeO, glasses possess a structure consisting
of corner-shared GeO, tetrahedra that form randomly arranged, three-dimensional poly-
meric networks. The addition of an alkali oxide or Ti,O to molten GeO; causes a sudden
elimmation of the network via the formation of sigmficant concentrations of GeOg4 octa-
hedra 3%6.

The alkah germanate glasses are colourless at all concentrations For thalbum(I}
glasses, however, there 1s 2 marked concentration dependence, up to ca 10 mole % T1,0,
the glasses are colourless, at 15 mole % T1,O the glass 1s green, and the colour gradually
deepens in mtensity and the wavelength of the transmitted hght (colour) shifts to longer
wavelengths until 1t 1s yellow at 36 mole % T1,0 With Ag” ions in GeO, glasses, at a
given 1onic concentration, the colours are more intense and are shifted to longer wave-
fength than with thathum(I)

Due to the stronger polansing power of thallium(I) than of .he alkali 1ons, an anion
such as 0%~ or O™ near to a thallium(I) will act as 1f 1t were encountering a larger positive
charge than 1f 1t were near to a potassium 1on, for example Consequently, the anion near
the thailrum(I) will be more distorted Conversely, because of the greater polarisabiiity
of thalium(I), the thallium(l) is in turn more easily polarised by the anion thanis a
potassium 1on. Large polarisation effects can cause intense charge-transfer bands in which
an electron 1s transferred from the anmion (02~ or O™ 1n the glass) to the cation 1n short-
lived excited states

The sudden appearance of colour in these thallum(1) glasses would suggest a sudden
structural change, and one might guess that this would consist of a shortening of the
thalllum—oxygen bond. There 1s indeed strong evidence for this from studies of the
thallum NMR spectra of borate glasses 338. The thallmm(I) borate glasses are also systems
m which the network-forming species, boron, changes coordination with added thallium(I)
The NMR studies led to two conclusions (i) low T, O content glasses (0—25 mole % T1,0)
have 1omic thallium bonding (diamagnetic chemical shuft with small anisotropy),

(12) agher T1,0 content glasses (> 35 mole % T1,0) have covalently bound thalhum
(paramagnetic chemical shift with large anisotropy)

It was also found that there was an abrupt increase of the dipolar width and a sudden
203T] NMR broadening relative to 2°5Tl at 0 25 mole fraction T1,O This was associated
with a substantial molecular orbital overlap between the thallium atoms (covalency) 3°®
At this composition the BO4/BOj3 ratio was reportec 358 as 0 4. The onset of colour at
15 mole % T1,0 1n germanate glasses occurs 3°% at a GeO4/GeO, ratio of ca. 0 3

The concepts just considered for thallium(I) incorporated mto glasses also apply for
thallium(l) in 10n-selective glasses When a thin membrane of glass 1s interposed between
two solutions, an electric potential difference 1s observed across the glass, which depends
on the 10ons present in the solutions 1n a simple and reproducible manner Depending on
the exact composttion of the glass, the response may be mainly to H* or to one of the

Coord. Chem. Rev , 8 (1972)
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alkali cations or to NH,*, Ag* or TI*, or to some polyvalent ion. By varying the composi-
tion of the glass (usually an S10,—Al,03;—Na, O mixture) a vanety of selectivity prefer-
ences for the monovalent cations can be generated 35!,

The observed selectivities are attributed to the different attractive forces, mainly
Coulombic, exerted on different cations by water on the one hand and by membrane
negative charges on the other The glass electrodes specific for these cations are 10n ex-
changers in which the negatively charged site for cation exchange 1s {AlOS1]™. The cation
preferred by the negative site will be that cation which experiences the greatest decrease
in free energy when 1ts nearest neighbour becomes that site rather than water. Thus the
relative affinities of the site for two different cations n and m will be governed by the
free energy difference

A‘Fn,sue - AIrm,sxte - AFn,water + AF'm,water

where AF}, water and AFy, o0, are the free energies of hydration and AF, .. and
AF,, e are the free energles of interaction between the cation and the negative site. In
the case that the site has a very high electric field strength, so that the cation negative site
AF’s and their differences are much higher than the hydration energies and their differ-
ences, then affinities will be controlled by the term

AI;'n,slte - A'Fm,site

Since the smallest cation will have the greatest AF, the affinity order will decrease with
1ncreasing 1onic radus and the sequence Li > Na > K > Rb > Cs 1s obtained for the

alkali cations. If, on the other hand, the stte has a very low eiectric field strength, cation—
site AF’s will be smaller than the hydration energies, and then cation selectivity will be
governed by

AFn,wan:er - AFm,water

In this case, the smallest cation, which has the highest free energy of hydration, will have
the most unfavourable value of AF,,, 1o — AF o yater SO that affimity will decrease
with decreasing 1onic radius and the alkali 1on sequence Cs > Rb > K > Na > L1 will be
observed As the site strength 1s varied continuously from a very low to a very high value,
the observed series of cation sequences 1s obtamed 36! .

In order to reproduce these cation sequencies m a semi-theoretical manner, values of
AF,,,; site have been calculated 1n one of two ways, both using the metal halides as ex-
amples of anionic sites with different field strengths 36! The first method was to apply
Coulomb’s law to a system of a negatively charged sphere of vanable radius and a posi-
tively charged sphere of radius equal to the cation radius This method neglects all non-
Coulombic forces. In the second method, AF,;, o4 for halide-type sites of different
field strengths was equated with the expertmentally determined free energies of forma-
tion of the metal hahdes Both methods yield curves of (AF,,, gte — AFjon water) 352
function of the site field strength or the radius of the halide ion, for the metal cations
For the alkali metal cations, both methods yield similar curves, which are similar to those
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obtamned experimentally For silver(I), the observed curve is intermediate between that
calculated for the thermochemical model and that calculated for the purely electrostatic
model, showing that polarsation effects are important for silver(I) For thallium(l), two
different curves for (AFp g1e — AFT) yater) are also obtained from the two models, but
now the agreement with the electrostatic model 1s much better than with the thermo-
chemical model, so that polarisation effects for thalhum(l) are relatively unimportant 1n
these oxide sites 361

R CATALYSIS OF ORGANIC REACTIONS

The rate of hydrolysis of a number of organic compounds in water has been found to
be slower when thallium(I) hydroxide 1s the base than when 1t is sodium hydroxade, bu*
a number of cases have also been found where the reverse 1s true. Thus the rate of depoly-
merisation of diacetone alcohol,

CH, COCH,.CMe; OH 289 Me,cO

which shows specific hydroxyl 1on catalysis, 1s slower with thallum(I) hydroxide than
with sodium hydroxide 382 | This was attributed to mncomplete dissociation of thallium(l)
hydroxide. The kinetics of the base-catalysed hydrolysis of ethyl acetate have also been
measured, and the second-order rate constant for this reaction was found to be the same
with thalllum(I) hydroxide as with sodium hydroxide 3% However, 1n the alkaline
hydrolysis of a2 number of half-esters of dicarboxyiic acids, a much more marked effect
was observed 3% It was found that the alkali metal cations only had a small, negative
salt effect on the rate of alkaline hydrolysis of the half-esters of adipic and sebacic acids.
Thallium(I) 1ons, however, had a marked catalytic effect on the hydrolysis of the half-
esters of oxahic and malonic acids The catalytic effect was attributed to chelate forma-
tion between the transition state of the hydrolysis and the thalllum(l) 10n, resulting in a
stabilisation of the transition state

t QEL
9= [ on
o=C-—~—0H O==C”  TM™
L i
O=C\°/.M" HZC\ /0
o)

It has also been found that the benzil rearrangement caused by bases

Ph
“~c=o0 Phy——C—OH
P e 1 5 E——

pr” =° ]
is also strongly dependent on the cation of the base 355 Here again, thallium(I) is much
more effective than the alkali metal cations (Table 16). This can be attributed to a stabili-

sation of the transition state VI by coordination of thallium(T).

Coord Chem. Res , 8 (1972)
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Ph OH Ph OH Ph
32— C=0 .OH == 0X-C—0L3 — = 0O—C—C—0"
L, B b

v g
O" Ph

=C~?—OH
Ph

TIndoubtedly, many other hydrolysis and rearrangement reactions of this type will be
found to be sensitive to catalysis by thalium(I).

TABLE 16
Half-life pertod (min) of the rearrangement of 0.01 M 2,2'-dichlorobenzil with bases of 0.01 & wnitial
concentrations 3%° in 1 1 dioxane/water at 60 5°C

Base Half-Iife
KOH 472
NaOH 461
LiOH 459
CsOH 453
TIOH 57

S ACTIVATION OF ENZYMES

A number of enzymes have been found which require potassium ions for activity As
a general rule, 1t has been found that such enzymes are also activated by rubidium, but are
httle activated by sodium and even less by lithium It has aiso been found that the molar
conceniration of potassium and rubidium required for maximum aciivity 1s high, having
an activation constant K, near 0.01 M 1n most cases **¢ The mode of action of the
alkali metal cations 1s not yet completely clear. It has been suggested ¢° that the role of
the monovalent cation 1s to mamntain a specific protein conformation necessary for opti-
mum catalytic efficiency °° The alternative suggestion has also been made that the
monovalent cation exerts 1ts role by forming a complex between enzyme and substrate
(thus see ref 367).
It has been noted 3¢7 that the intermediates for one of the substrates in monovalent-
cation-activated enzyme-catalysed reactions have the structure
X X
I I’.‘
R—-C—-Y—R or R-C=Y-R

K=0,NorC, Y=0O,N
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Thus the following types of reaction have been found to show such catalysis
(a) Phosphoryi transfer

(f) phosphorylation of —C(=0)—OH

(i) phosphorylation of —C(=CH,)—OH

(#if) phosphorylation of —~C(=N—R)—OH
(b) Elimination reactions (such as those with trytophanase and threonine dehydrase)

Thallium(I) has been found to substitute for alkab metal cations in a number of these
systems The comparison with the organic reactitons catalysed by thalhum(l) and dis-
cussed in the previous section 1s obvious.

The enzyme that has received most attention 1s pyruvate kinase This enzyme 1s acti-
vated by Mg?* and also requires a monovalent cation. It catalyses the reaction between
phosphoenol pyruvate and ADP

CH, CH;
fl I

COH, PO; + ADP>CO  +ATP
| !

COOH COOH

Rabbit muscle pyruvate kinase (ATP pyruvate phosphotransferase. EC27 140)1sa
four-subumit glycolytic enzyme 368:36% of molecular weight 237,000 daitons The enzyme
has an absolute requirement for 2 monovalent cation as well as a divalent cation, the
latter probably being invoived 1n enzyme—substrate bridge formation 37°

Thallium(I) has been found to stimulate the pyruvate kinase reaction in a manner
similar to that observed for potassium 37! The relative maximum activities for various
monovalent cations are given 1n Table 17. The most striking feature is that the apparent
affinity of thallium(l) for the enzyme 1s a factor of about 50 greater than that of potas-
sium. Further, the thallium(I) binding becomes shghtly stronger with increasing divalent
100 concentration up to the concentration of maximum activation, and then the apparent
affimty decreases A marked inhibition of the reaction 1s seen at thallium(I) concentra-
tions greater than 10 mM¢ This also depends on the concentration of the divalent ion, the
higher the divalent 1on concentration, the less the mhubition at high thalhum(I) concen-
trations. Since both a divalent and a monovalent cation are required for activation, this
suggests a mutual competition between the two ions, with an inactive enzyme resulting
from the binding of thallum(I) to the bivalent site An alternative explanation, however,
could be thalbum(l) binding to one of the substrates, this would cause an inhibition either
by reducing the free substrate concentration or by the formation of a thalllum(I)—substrate
complex which could act as a competitive inhubitor of the enzyme Addition of ADP to
the enzyme which already had an inhibiting level of thalbum(l) caused a further reduction
1n the reaction velocity. This suggests competitive inhibition by the thalium(I)—ADP
complex (thallium(I) 1s known to complex ADP, see p 314), either at the thalhum(I) site
or at the substrate (ADP) site

The number of binding siteg for thalhlum(I) 1in the enzyme has been found to be four.

Coord Chem Rev, 8 (1972)
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TABLE 17

Relative activation of pyruvate kinase reaction by monovalent cations (CI. as anton [Mg2+] 8 ma) 37!

Cations Vmax(cation) 4 Optimum cation concn
Vimnax(X") (mM)

Li* 002 100

Na' 008 100

K* 100 100

Rb" 065 100

cs* 009 100

NH/" 0381 50

* 061 3

a Vinax 1s the maximmum inital velocity of the re. ction

Again, four binding sites for PEP (ref. 371) and for Mn?* (which also activates the
enzyme) 371-372 have been found, and four reactive lysyl e-amino groups have been 1m-
plicated 7! 1n the binding of ADP The conclusion 1s obvious that a umtary relationship
exists between the substrates, monovalent and divalent activators and the number of
enzyme subunuts.

A thallum NMR study has been reported for the binding of thallum(l) to pyruvate
kinase The ?°*T1 line of a 0 10 M thallum({) nitrate solution 1s broadened from 7 Hz to
16 5 Hz on addition of 4 38 X 1075 M enzyme Addition of Mn?* (4 7 X 1074 M) causes
a further broadening to 30.5 Hz. This additional broadening is probably due to dipolar
interactions of the thallium(I) with the unpaired electronic spin of Mn?* (the addition of
diamagnetic Mg?* causes no broadening), and implies that the thalium(I) and Mn?* are
relatively close in the enzyme 373

A number of other enzymes have been shown to be acfivated by thallium(l) Details
are given mn Table 18. Thalllum(I) activates 37! yeast pyruvate kinase with a half-maximum
actwation at ca 0 5 ma [T1*] (VIIL1/pIX1 1n [NOs] =10, 1n [C17] =0 8) Thallum(I)
activation of both the acetylphosphatase and the p-nitrophenylphosphatase of beef brain
microsomes has been demonstrated, with an affimty 9—10 times that of potassium 374,375
AMP deaminase 1s known not to require K* (or T!*) for activity, rather, the monovalent
cation acts as an allosteric activator

The reaction sequence of the (Na* + K*)-dependent ATPase appears to involve a Na*-
dependent phosphorylation of the enzyme followed by a K*-dependent dephosphoryla-
tion 38% The enzyme 1s particularly important since 1t has been associated with the active
transport of Na* and K* Several models for the mode of action of the enzyme have been
proposed, mncorporating either two sets of 1on-specific sites or interconversion of specific-
ity for one set of sites ATP has been shown *8%2 to bind to a single site on kidney cell
ATPase. This binding is inhibited by K* with antagonism of this inhibition by Na* Thus
addition of Na* to the ATPase causes binding of ATP and addition of K* drives off the
ATP from the bindin, site. Further addition of Na* reverses the action of the K* and
allows the ATP to return to the binding site. The ATP can be driven off with other mono-
valent 10ns, and the sequence of apparent 10n affinity found 382 15
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TABLE 18

Effect of thalhum(l) and other monovalent cations on enzyme activation

Enzyme Order of efficiency (Kgy) Ref
Rabbit muscle pyruvate kinase TIF >K*>Rb*>Cs*> Na*> ir* 371
Yeast pyruvate kinase T >K* 371
Beef brain phosphatases TI* > K*> Rb* > Cs* > NH4* > Na* > L1* 374,375
Diol-dehydratase (By2) TI* > NHg* > K*> Rb* > Cs* > Na* > Lt* 376
Muscle AMP deaminase TI* > K* 37r

E colt homosenne dehydrogenase I Activated by Ti* 371
Na/K ATPases (K-function) TI* >K*>Rb*>Cs*> Na*> Li* 377-379,380a
Aminoacy! transferases NH4 > T1* 381

Rb*=K*"> TI" > NH," > Cs*. For the dephosphorylation step in ATPase, the sequence
of apparent affinities found 3#°2 1s TI* > Rb* > K* > Cs* > NH,;* > L1*, and the
thalllum(l) has an affinity ca. 10 times greater than potassium for the K* site 377 .

In the transfer of amino acids from aminoacyl sRNA to polypeptides, the aminoacyl
transferase 1s most activated by ammonium 10ns, with potassium somewhat less effective
and Na*, Rb* and T1* much less active, Iithium and caesium 1ons were found to be the

least active 38! . The mechanism of this reacticn 1s, as yet, hittle understood.
T THALLIUM() IN OTHER BIOLOGICAL SYSTEMS

Alkali cations are involved 1n at least three roles in biological systems. The first 1s in
neutralising 1onic charge, and maintaining conformations 1n macromolecules. The second
is 1 the activation of enzymes The third 1s in mamntaining a membrane potential (by
accumulation of potassium 10ns and rejection of sodium 1o0ns), which allows nerves and
muscle to function.

Thalhium(I) activation of 1solated enzymes has been dealt with in the previous section
It has also been found that thallium(l) can be concentrated within an erythrocyte mem-
brane nstead of potassium 332 Thallium(I) will also activate the frog sartorius muscle
fibre at external thallium(I) concentration of the order of 74 pM, higher concentrations
lead to irreversible damage 383 Thallum(I) will also start the beating of a frog Rana
esculenta heart which has been stopped by washing with potassium-free water 384,

Thallium(I) has been found to substitute for potassium in‘the stabilisation of ribo-
somes 385 The binding of thalllum(I) to whole casein has been studied at pH 7.0, and 1t
has been found that there are 16.7 independent binding sites per 10° g casein 386

Thallium(l) 1s toxic to hiving species, and causes degeneration in a great many tissues.
It has been suggested that thallum(l) combines with mitochondrnal SH groups, and so
interferes with oxidative phosphorylation 287 The effect of thallum(I) on the develop-
ment of the eggs of Paracentrotus lividus has been studied 38%-3*#° (Clearly, mn such whole-
body studies, there will be very many points at which thallium(I) could interfere with the
normal processes and give rise to toxic mamifestations.

Coord. Chem Rey , 8 (1972)
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Thallium(l) has been shown 34 to have a very lugh affinity for the potassium-specific
binding sites in Chiorella and readily competes with potassium for binding sites on macro-
molecular substances in barley root tissues **° Thallum(T) 1s readily absorbed nto the
protoplasm, but vacuolar accumulation 1s slow and tends to stagnate, and thus latter
feature 1s the only difference between the absorption of thallium(I) and potassium or
rubidium Thus thalllum(I) seems to block the systems that mediate its transport into the
vacuoles The process by which 10ns are released to the vacuole appears to be much more
discriminating with respect to the nature of the 1on than the process of binding to proto-
plasmuc or carrier sites The nature of the vacuolar release 1s unknown, and could be an
enzymatic breakdown of either a chemical or a physical nature of the 1on—carrier complex.

U SPECTROSCOPIC PROBES FOR THALLIUM

Potentially the most useful spectroscopic property of thallium 1s its nuclear spin. It
has two 1sotopes both with nuclear spin / = 4, the most abundant being ?°°T1, with a
natural abundance of 70.48%. It has a high relative sensitivity for NMR (19.2% of that for
protons). Relatwvely few thalllum NMR studies have been performed. Table 19 lists the
295T1 chemical shifts defined as

Veaf — P,
5 ==L P 10

Pref

for a number of solids Clearly, the chemical shift range of thalhum(I) is large. The
chemical shift in a number of aqueous solutions of thallium(I) has been found to be very
sensitive to the anion concentration 7%. At low amon concentrations, the chemical shift
varies non-linearly with anion concentration, but at higher anton concentrations, the
vaniation becomes linear Again, the shifts are large For example, for a 0 3 M solution of
thalllum(I) hydroxide contaiming 6 M KOH, the chemical shift & 1s —1400, and with
acetate as the anion at the same concentration, § 1s ca —400 (ref. 70) At low concentra-
tions, the shifts have been attributed to ion pair formation, and at higher anion concen-
trations, the shifts have been attributed to the effect of 10ns on the hydration atmosphere
of the 10n pair. The change 1n the magnetic shielding is probably due mainly to a change
in the temperature-independent paramagnetism induced 1n the electrons of the thallium
atom 7°. This term is most effective when chemical interactions are strongest, and so 1t
appears that these mteractions are most important for hydroxide 1ons and very small
with, for example, fluoride 10ns

The hinewidth observed 373 for a 0 1 M solution of thalhum(l) mtrate 1s 7 Hz, which
compares well with that calculated from the T; value obtained by progressive saturation,
assunung that T, = T

These large chemical shifts can, 1n principle, be used as a very sensitive probe for the
environment of thallium. Further, a very large 2°3T1 -« 25Tl coupling constant
(J = 2560 Hz) has been observed 1n thalhum(I) ethoxide, the only polymeric thallum(I)
compound to have been studied *°° by thallum NMR. The detection of dimerisation and
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TABLE 19
29511 chemical shifts 5 (p p m.) 37

Compound &
(ppm.)*

Thallmm(I) perchlorate +370
Thallium(l) nitrate -280
Thallmm(I) chloride -610
Thallum(l) sulphate - 90
Thallum(l) formate -1110
Thalhum(l) carbonate -1120
Thallium(lI) fluoride - 790
Thalllum(I) bromide ~1080
Thallium(l) 1odide ~2330
K3TiClg —2230
Zn(TICly) —-2970

0 3 M aq soln TINOj (ref) (L

2 positive values, more shielded than reference

polymensation 1n thallium(l) compounds should, therefore, be readily performed by
NMR.

The only thallium NMR study of thallium(I) 1n a biological system has been a study
of the binding of thalhum(l) to pyruvate kinase (sect R)

The temperature-independent paramagnetism of thalhum(l) also causes large chemucal
shifts in the resonances of other nucle1 present 1 hgands bound to thallium(l) Thus
proton shifts of —0 2 p p.m. have been observed 1n ethylenediaminetetraacetic acid on
binding to thalllum(I), and shifts of up to —2 2 p p m. have been observed 37¢ n
phosphorus resonances on binding of phosphates to thallium(I)

The position of the intense absorption band due to the thalllum(I) 7s > 7p (triplet)
excitation can also, in principle, be used to study the binding of thallium(I). This band
shifts from 215 nm in the aguated cation to 246 nm on binding to ethylenediamine-
tetraacetate, for example 376 However, no clear pattern emerges from consideration of
the shifts with a number of different higands.

The fluorescence of thallium(l) 1s also of potential use, but, unfortunately, most
ligands appear to quench the fluorescence 398,
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