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In 1864, Sir Walllam Crookes wrote *.

“The posttion of thallium amongst elementary bodies has given rise to constderable dis-
cussion. On the Continent it 1s generally classed amongst alkali-metals, in England ¢t is, on
the other hand, generally regarded as belonging to the stlver and lead group.’

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

Apart from 1ts intninsic importance as a problem in inorganic chemustry, there 1s the
possibility that, in the future, it will help to throw some light on a very different problem-
that of the interactions of uruvalent cations (particularly potasstum} in biological systems.
Not only can the differences between thalhlum(I) and the alkali meta] cations be used to
argtie the saites of interaction of the alkali metal catrons, but thailhum(I) can be used as a
probe for the alkall metals, whereas the alkali metals have very few properties which can
be studied spectroscopically, thallum(1) has many — intense UV absorption, fluorescence,
nuclear spin J = 3, and temperature<ndependent paramagnetism

A INTRODUCTION

The first three 10nisation potentials of thallium are 142, 472 and 688 kcal/g atom
respectively ? The stabitity of thallum(I) wath respect to thalbum(HI) is hugh . The
standard oxidation potential of thallium(l) in aqueous solution s > —1 25V

The thallium(I) 10n has the ground state electronic configuration 6s* Such a pair of §
electrons beyond a completed shell generally results in 2 non-spherical charge distnbution
around the element in solids and this, 1n turn, results 1n a lowering of the symmetry of
coordmation of negative 10ns around the efement. The first excited state of the thallum(I)
ion has the configuration 6s* 6p* and 15 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 sphencally
symmetric and a p orbital 1s not, such stabibsation 1s only possible for an unsymmetrical
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distortton of the environment of the ion; a symmetnc distortion could only mix the 65
electrons with otber s or wath 4 orbitals, but since energy states mnvolving 64 and 7s orbr-
tals are highly excited, effects of s—s and s—d mmang should be unimportant. Thallium{I}
derivatives can thus be expected to adopt distorted octahedral or cubic structures. It may
require iow temperatures to reveal these distortions aunce at hiph temperatures the distor-
tions at different sites may be disordered, in which case the crystal, as'a whole, wil
behave as if 1t were undistorted

TABLE 1
Physical properties of thalllum(I}) and the alkali metal cations
M  lomc radu Polansability 7 Electronegativity 3 Electran Enthalpy of
M” (&) M* (A3) Mt affimty #*®  pydratron 12
(keal mote™l)
Ly 086 003 098 D60 —-134
Na 112 41 093 0135 —-107
K 144 133 082 030 - B7
Rb 1 5B 198 082 0.27 - 80
Cs 184 334 0.79 023 - 76
T 154 52 162 032 or - 92
121

The 10mic radu of TI* and K* are very similar (Table 1}. Thalllum(l), however, has a
considerably greater molecular polarisability This wall lead to differences between
thathum(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 polansation and ‘partial covalent bonding’ mean the same thing,
and *partial covalent bonding” appears to mean very much more than in reality it does
Electronegativities and electron affinities of thallium and the alkahk metals are also given
1n Table 1. }

The thallbum(l) 10n 1s only very weakly hydrated m solution (Table 1). In view of the
very low value for the enthalpy of hydration 1t 1s not clear whether one 1s justified in
speaking of a hydrated 10n m solution at all, that 1s, 1f by hydrated ion one means an 10n
with a constant hydration number. One might say that the 10n is simply stahlised by
macroscopic dielectric hydration '2 . Measurements of the seif-diffusion of thalllum(l)
sons 1 aqueous perchlorate solutions suggest that no water molecules move with the
thalbum(I) 1on 3, althouph recent measurements of the apparent molar volumes of
aqueous thallm(l) perchlorate solutions seem to indrcate 552 the formation of a diaquo
complex [TI{H,0),}'. There 1s also httle evidence for solvation in dimethyt suiphox:de
or acetonutrile as solvents **72% but there 1s possbly stronger solvation i dimethylfor-
marnmde as solvent !7. The complex TI(CH3;CN), SbClg , however, could coniamn the
TI(CH3CN)," ion 3.

The inability of thallium(1} to form strong complexes 1s clearly due to the presence of
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two electrons in the outer s orbrial which will always be g-anuibondmg Thus the
thalllum(l) 10n shows little tendency to anmune formation in solution, and a monocamine
complex 15 formed only at very high amine cencenirations 1n both ammeoeniacal and
ethylenediamine-containing solutions *®+2® With histamine 1n aqueous solution, a com-
plex 1s formed wath stability constant 2! ca | X 10~ The thalllum(I) 10n 15 a very weak
acid in aqueous solution wath a2 pX, of 13 2 at zero 1onic strength #2

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

Both thalllum(I} chlortde and thallium(I) brormde possess a cubic, CsCl-type structure 23
but the crystal structure of thallum(I) fluoride 1s uncertain. Ketelaar 24 reported a
centrosymmetnc structure in which thallium was at the centre of a distorted octahedron
Alcock % has praposed another structure 1n which thallium has five nearest-neighbour
fluorine atoms (average TI—F distance 2.58 A} and two more distant (T1—F distance
3 53 A), these later two fluorines oceupy cis positions in the distorted actahedron around
thallmm Posstble space groups were P2, ma, Pm2a or Pmma Barlow and Meredith 24, on
the other hand, find a space group of etther Pbem or Pea2 ., the latter being thonght more
Iikely, and propose a structure mvelving a distorted cubic geometry, sumilar to that found
m thallum(I) methoxide (see p. 321) An infra-red and Raman study 27 1s mn disagreement
with all these structures, but the vibrational spectra contain a number of unexpected
features. For example, a strong band was observed 1n the mfra-red spectrum at 475 cm™!,
which was assgned “to monomerte TIF which seems to be present 1n the lattice in small
quantities™ At 82°C, thallum(I) fluonde 1s transformed to a tetragonal distortion of the
rock salt structure, shightly more dense than the room temperature modification, the
structure can be considered to be a compromise between the NaCl-type structure and that
of the room temperature modification 25:28:2% A high pressure phase also appears 2% at
12 6 kbar and 22°C

Thallmum(I) 1odide adopts a layer siructure in which the thallinm{I) has five nearest-
neighbour 1odine atoms, and two 1odines at a greater distance (Fig 1) *°. On heatmg
thallium(I} 1odide at atmosphenc pressure to 170°C, it 1s transformed from this ortho-

349
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Fig. 1. The environment of thallsum 1n thallium (1} todide {reproduced from A G Lee, The Chenustry
of Thalliim, Elsevier, Amsterdam, 1971).
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rhombie structure to a cubic, CsCl-type strueture *°, 1n which the thallam(d) has exght
equidistant 1odine neighbours located at a distance of 3.64 A The transformation can
also be brought about ®* at room temperature by applying 2 pressure of about 5 kbar
This transformation of thallium(I) 10drde 1s somewhat unusual in that the hugh tempera-
ture phase has the higher density. For a mven 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 alkal: halides adopt 2 Na{l structure at high
temperatures and a CsCl structure at low temperatures For thallum(1) sodide, however,
the denser and more symmetric form has the higher entropy. Thus, at the transitron, the
entropy of the cubic phase is Q.75 cal/g.mole K greater than that of the orthorhombic
phase 3! The presence of some ordermg effect in the orthorhombic phase 1s implzed by
these observations.

Ihstorted structures of-the thallum(l) fluonde and 1odide type have been rationalised
1 terms of s=—p mixing on thallium 3% An antisymimetric displacement of amons from
an octahedral or cubic field wall lead to a mxing of the s and p levels, and the stabrisa-
tton due to such mmxing will offset the normal forces which hold the octahedron or cube
in tts regular configuration. If the stabilisation 1s electrostatic in ongn, then it would be
expected to be preatest for the fluonide, whereas 1f 1t were due to covalent effects tt
would be expected to be greatest for the heavier halogens A measure of the s—p mxing
on thallium m these compounds can be obtained from magnetic susceptsbility measire-
ments In the orthorhomnbic form of thalllum(i) 10dide, the s—p naxing 1s about 71%
complete on thallum, whereas m the cubic form, 1t 1s only about 28% complete 3. In
the cubic thallium{f) chlonde and bromutde, the s—p muxtng has been esttmated as 11%
and 9% respectively 3% Although these latter two compounds adopt an undistorted
CsCl-type structure, they do have very tugh dielecteic constants 3% | attnbuted to the fact
that, because s—p muxing will tend to reduce the restoning force opposing ionic displace-
ments, these compounds will be particularly susceptible to atom polansation by a static
electrtc field 5 Unfortunately, no information about s—p mxing 1n thalitum(1) fluoride
1s available

Information about the steuctural transitron mn thalliwm(l) rodide can be denved from
thallium NMR measurements 3. At the temperature of the transition, there 1s a consider-
able linewrdth change, from a second moment of 26 gauss® just below the transition
temperature to 2.5 gauss? just above In the low-temperature form {orthorhombac), the
second moment is an order of magnitude greater than that expected for dipolar mter-
actions alone. The linewidih has therefore been attributed to indirect (electron-coupled)
spin exchange interactions between the thailitm and the 1odine The orthothombic
phase can be visualised as a structure intermediate between a hypothetical molecular
solid of thalltum(l) 1odide molecules and a more 10mic, cubie CsCl-type structure. In the
orthorhombie phase, there 15 3 single short interatomue distance between thalllum and
iodine, such that the structure could be considered to be made up of TI—I patrs, and this
distance 3 36 A 15 intermediate between that of the gaseous thallum(I) sodide molecule
(2.81 A) and the Tl distance 1n the cubic phase (3 64 A) Thus, although the cubic
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phase 1s the more dense, the nearest-neighbous distance 1s actually greater than m the
orthorhombic phase.

The decrease 1n the magrutude of the Ti—1 mdirect spin exchange 1s then what would
be expected if rather 1solated covalent T1—I bonds were being weakened n the ortharhom-
bic to cubic phase change Thus, the change m the mdirect spin exchange interactions
tmplies a decrease in the ‘covalent’ bond character between thallium and 1odie 1n the
transformation, due to a lengtherung of an unusually short thalllum-—iodme witcratomic
distance in the {ransformation to the cubic phase

An estimate of the degree of covalency 1n the thallium—halogen bonds 1n the cubic
forms of thalllum{{} chlonde, bromide and 10dtde can be made from measurements of
the 29°T1 chemucal shift 37-3% Degrees of covalency of 4, 6 and 10% have been estimated
m this way for the TI—CI, TI—Br and T1-I bonds respectively. For these halides there 1s
also a ssgmficant discrepancy between the lattice energes calculated from an electrostatic
model and those obtained from a Born—Haber cycle {Table 2) The values calculated from
the electrostatic model take into account polansation, quadrupole mterachons and the
zero-point energy of the crystal.

TABLE 2
Lattice energres of the thallmum(I} halides (kcal mole™)

Compound Calcuwiated from an Obtained from a
electrostatsc madel 11**  Born-Haber cycle o

TI-F 196 200

n-_Ci 169 178

Ti—-Rr 163 174

Ti-I 157 168

The value of the Iattice 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 *® 1s 184 kcal mole™ {ref 11). The mcrease in the difference
between the calculated and Born—Haber cycle lattice energmes from thallium (1) fluonde
to thallivm(I) 10dide 1s m accord with the increasing polamsabrtties of the amons It also
provides a ready explanation for the fact that thallium(l) fluoride 1s the only thallium(J)
halide which 1s readily soluble 1n water

A study of the Z;,; X-ray absorption edge of ®*Tl in thallium metal and thaltam(i)
chlonde and bromude has led to the supgestion of a greater covalency for thallrum(l)
chlonde than for thallium(1) bromide; on compound formation there 1s generally a shift
i the absorption edge towards the high energy side of the metal edge, unless the stuft 1s
suppressed by covalent character in the bond 4%?! ., The shufts (relahve to thallium metal)
are 0.8 eV for thallium(I) chloride and 6 2 eV for thalbum(l)} bromide. However, 1t 1s
thought necessary to take into account changes in hybndisation of the thallium 39, and
other data already discussed suggest that changes due to the latter wili be most important
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for thallbum(T) brommude. These X-ray absorption edge shifts are, as yet, Ditle understood.

Compressibihty data also sugpest that thallium(l) chioride may have some ‘covalent’
character. Thus the pressura—volume data for most of the alkalh metal hahide crysials can
be fitted by a completely tomc model, whereas for thalbum(I} chlonde there is a defimte
deviation at high' pressure m the direction of smaller compressibihty from that predicted
from low-pressure data **. The compounds are clearly, however, largely iomic Thus the
shifts of the optical absorption edges for the cubic phases of the thalhum(l) halides with
changes 1n applied pressure are relatively nsensitwe to the anion mvolved *. In a simple
10muc crystal, the valence electrons have been completely transferred from cation to amon,
50 that the valence band is made up entircly of amon wave functions and the conduction
band 1s made up of cation wave functions. Sice the conduction band represents an
excited state, it would be expected to be the more sensitive to pressure 43 Thus 3t would
be expected that the shift of the absorption edge with change 1n applied pressure (1e of
the density of the crystal) would be relatively insensttive to the anson if the crystal 15
largely toruc This can be contrasted with the very constderable sensitivity to anion ex-
hibited by the mercury(l) halides *?

Extensive studies of 1omc ¢onduction and diffusion in the alkali hahdes with NaCl-type
structures have revealed the presence of Schottky defects The 10mic transport processes
mvolve jumps of nearest-nerghbour 1ons mnto single cation and anion vacancies, with the
cation usually being more mobile, and therefore tending to dommate the conductivity.
In sitver{I) chlonde and bromide, which aiso 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 1n the alkal
halides, but that those involving interstitial 1ons occur by a combination of collinear and
non-collinear mnterstitiaicy jumps. These differences have been attributed to the larger
polansability of silver **® In caesium chloride, bromide and rodide, Schottky defects
predomunate, and the rate of anion diffusion is comparable to, but somewhat larger than,
the cation diffusion rate En thallium{l) chlornide, Schottky defects also predominate, but
now with highly mobile amon vacancies The smalier catton mobility s Tl—Ci compared
with Cs—Cl has been attributed to the greater polansability of thalbum(i}), increasing the
actrvation energy for cation movement 43a

Little is known about the structures of the molten thallum(I} halides, aithough NMR
measurements suggest that the degree of covalency mn the T1-Cl, Ti—Br and Ti—I bonds
wncreases shghtly on melting 37** . Measurements of the electrical conductmties of fused
thalllum(¥) halides suggest some association, but cannot distingwish the cause **. Con-
siderably more 1s known about the structures of the thalllum(I} halides in the vapour
phase.

{ii) Thatlium{I} halides in the vapour phase

Mass spectrometnic analysis of the vapours of the thalllum(}) halides shows that for the
fluonde 45+*7, dmerc species (TIF), predomunate, with some monomer, trimer and
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tetramer also present, whereas for the chionide “® and bromide ** moromers predominate
with a hittle dimer present, and for the 1odide 39 there 15 less than 1% duner The dimer-to-
monomer ratio for the thallium(I) fluoride vapour 1s considerably higher than that for the
alkah metal fluorides *¢. Cansideration of the experimentally determuned entropy of the
T1; F5 species led Keneshea and Cubicciotti to suggest that the nature of the chemicat
bonding for the thallium-contaming dimer is quite different from that for the alkali metal
halide dimers The structures of the latter are generally assumed o be rhombohedral
{planar) as found for Li, X, by electron diffraction **>*2 and matrix infra-red studies 52
Theoreucal studies indicate that, for an 1onic compound, the thombohedral structure is
mose stable than the linear dimer °4
Cl
L >u L-cd-L-d
Cl

Keneshea and Cubicciotts ¥ proposed a linear symmetnical X—T1—T1—X structure for
the thalllum(1) halide dimers, giving better agreement with the absolute entropy of the
Tl, F4 dimers

As additional evidence in favour of a structure wath a thalllum—thallium bond, the
observation of a Tl," species of medium intensity 1n the mass spectrum of the fluoride
vapour was notad 46 but there 1s some disagreement over thus point Berkowitz and
Walter ** found that the Tl,* peak intensity was only 0 85% of the T, F* peak intensity,
whereas Cubicciott1 *7 reported that it was 12% of the major dumer peak T1, F*. However,
1t should also be noted that the mass spectra of a number of dimeric organothallium{IiI)
compounds also show a T1;* peak 59, although no strong thallium--thallium bond can be
postulated to be present m the compounds (R; TIX): The Ti;" ion 1s presumably formed
by some rearrangement process in the mass spectrometer

The postulated structures for the thallum(l) halide duners are consistent with the
wmfra-red spectra of T1;F; and T1;Cl, trapped in argon and krypton matnces at low tem-
peratures *7 . Two 1nfra-red absorption bands in the spectra were assigned to each dimer,
in apreement with a hnear, symmetric structure A simple molecular orbital scheme can
easily be constructed for such a molecule. One sp hybrid orbital on each thallium s used
to form a o-bondmg MO between the thallium and halogen and the other 1s used to form
a g-bonding MO between the two thaliium atoms. The two p orbitals refuaining on each
thallium are used to form a pair of degenerate w MO’s. Of the six valence electrons from
the two thalllum atoms, four are used 1n the o-bonding, leaving two which are assigned
to the two m-orbitals, giving the molecule a triplet electronic ground state. The extended
Hiickel MO calculations of Gumare 5% predict an essentially similar scheme, wath a tuplet
ground state These calculations also shaw tnat for a 20-valence-electron BAAB system,
a linear structure has a lower energy than a structure with a ¢is or frans geometry

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

Compound aAH ¢ {dissoctatton} as® {dissociauon) Monomer/dimer Ref.
(kcal.mole ™1} {cal mole™! K} ratio
TIF 310+04 219+45 1.05 46,39
Ticl 17008 18312 015 48
TICI 227:027 302° 65
TiBr -2s5 2+4 007 49
2 At 1100°K
TABLE 4
Comparison of gaseous and crystalline thallinmgI} halides
Compound Metal—halogen bond lengths {A)
Vapour Solid CsCL
structure
TIF 2 0844 (refs 62,63)
TICt 24848 {refs 62,64,65) 3 32 (ref 66)
TIBr 26181 {zef. 62} 3 44 (ref 66)
T 28135 {ref 62) 3 64 (ref 66)

on the alkali metals are too high mn energy to be of sigmficance in the bonding

The high stabality of the Tl; ¥, dimer is presumably caused by the electron-withdrawing
effect of the highly elecironegative fluonne atoms Data for the dissocation of the dimers
T X, are given in Table 3

The thalhum—halogen bond lengths found 1n the gaseous monoriers are constderably
iess than those found in the crystalline state {Table 4) The decrease in intermnuclear 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 hahdes: 4.4 debye for TICl, for example, compared with 10 6 debye for KC1
(refs. 66—68). In the gas-phase, monomeric molecule TIX, the 1 1s subject to the un-
symmetncal field of X, so that s—p muxang becomes posaible. Such mixing, by concen-
trating electromc charge in a mixed s—p orbital on the side of the T1* remote from X™,
allows closer approach of TI* and X~ , and the coninbution from the lone pair would
give a smaller dipole moment for TIX as observed. Any covalent bonding between the
thallium({) 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 coupling constants to mcrease from 17% for thallwm(l)
chionde to 28% for thallum(I) iodide 2+47,

Coord Chem. Rev., B(1972)
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{1if} Thatlium(i} halides in aqueous solution

The thatlium(l) halides are classical examples of ‘tncompletely dissoctated” } I electro-
lytes 2 The association constants for the thallium{I) halides 1n aqueous solution are con-
siderably higher than those of the alkal: halides, the order of assaciation constants in
aqueous solution at 25°C 15 TIF <C T1C1 < TIBr < T1I. Thus the heat of hydration of the
halide 10n, decreasing 1n the order F 2> C1 2> Br > I, 15 probably the domunating factor,
coupled wath erther an increase, or only a small decrease, in the heat of assaciation of T1*
with halide 10on from fluorde 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
T* +n B~ < TIF, (-0

must be less than 0.4 n a sclutron of 10nic strength 0 1 M, and that, in fact, the association
constant 1s less than that between thallnm{I) and perchlorate 1on *® Similarly, thallsum
NMR 7° and potentiometric studies using an amalgam electrode ’! or a fluoride 1on elec-
trode 7% also failed to detect any complex formation between thallium(l) and fluonde
1on. As a consequence, fluonide 10n 15 2 more suitable ‘noncomplexang’ 1on for maintamn-
g a constant 1onic strength than 1s perchlorate. Using fluoride ton as the ‘non-complexing’
ion, association constants (8;) for TICl of 2 1 and ! O were obtained at 1onic strengths
1 O0M and 4 Q.M respectively 5. In 2l previous work, perchlorate 1on has been used to
mamtain onic strength, although this should not make any considerable difference
Thermodynamic data for the assaciation of thatlum{I) wrth chloride and bromde 10ns
are given m Table 5, and compared with data estimated 75 for the potassum halides. The
data can be analysed in temms of the followang cycle

M 5 4
[y ls
MX,q “—M,g" + Xy~

Values for AH and AS, for the thallium(I) and potassium halides are given 1n Table 6.
The values of AH and AS? have been assumed to be the same for the potassium
hatides as for the thalhum(l) halides; this assumption is probably not far wrong, and will

not affect the conclusions of the analysis 7*. It is immediately apparent that there are
constderable differences for AHY betwesn the thallium(l) and potassium halides This
can be attributed to the deformation of the thallum(I) ton 1n a TIX species by s—p mix-
ing of the type already discussed. For the hydration process

h[; + Xa_ - Maq+ + X_aq"
AH® and AS° are very similar for T1I™ and K™. Thus suggests that in the hydrated ion
TI*(H,; 0),,, the thalhum(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 + Xag ™~ MXaq

{from refs. 73-75)

MX AG? AHO AS©
(kcalfmole) (kcal/mole) {(cal/deg.mole)

Tict -093 —~1 43 —-1.7

TBr —-1.2 -2.45 —42

KCl +24 4 +24 1 +0 4

KBr +20.7 +200 ~22

TABLE 6

Values of AH: and AS: at 25°C (ftom ref 75)

AH,? (kcalimole}

0 |14 Q

aH!  aH]  aH]
TICH -279 1395 —1660
TiB1 -273 {331 -1579
KCI  (-27%) 1128 1648
KBr  (-273) 1094 —i567

AS? (caljdeg mole)

as?  as?  asg
TICE ~192 175 -350
TIBr ~183 171 -312
KQ (-192) 164 —360
KBr  (-183) 161 -322

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

TI*(H, 0),, + X~ (H,0), = TI*X"(H,0), *+ (ntr—x)H,0

299

there are constderable differences between thallium(I) and potassium. Again, 1t 1s posable

that 1n the unsymmetneal field of TI*X ™ (H, O}, , s—p muxing occurs, the effect of thus

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

stabilise the molecuie ?* There 15 quite strong evidence from ultra-violet spectroscopy
that the bonding 1 the associated 1ons must be largely 1omc 4.

An attempt has also been made to explain the assoctation mn terms of mutual polan-
sation, it which each ion 1n an MX pair will mmduce 1n the other a drpole, and the ions are
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then attracted by the induced charges 77 . This model has, however, been affectively
criticised 78

fiv) Thallmum{l) halide complexes

Therte 15 considerable evidence for the formation of anionic thalllum(I) halide com-
plexes mn solutions contaming a high concentration of halide ion By solubility measure-
ments 79781 studies of molar absorptivities *%-82 and luminescence spectra 2, the
species TIX, TIX, ~ and TIX, * have been detected m aqueous solutions contaimng
chlortde and bromide tons. The interpretation of data at high halide ion concentration is,
however, rather difficult, and some authors 7! have claimed the formation of TIX;%~
spectes. whereas others discount this. On the basis of solubulity data, the species TII,
Ti1, ™, Tl *" and TII,*" have been postulated mn solutions contarning rodide fons 7184
The formation constants reported by Nilsson ’* are given in Table 7. In an aqueous solu-
tion of 10nic strength 4 0, but with fluonde ron rather than perchlorate as medium,
overall formation constants of TICl and TICl, ~ are 1 00 and Q 36 respectively $%.

TABLE 7

Association of thallimmm{1} halides 1n solution n , stepwise formation constants 1n aqueous solution
lonic strength = 4 M in perchlorate

Complex X, &, Xy K,
(TIcL " 079 02

(MBrY*" 2.1 068 035 0.18
(7 50 15 15 042

The complexes are weak, which is only to be expected since 10 the ground state of T,
the s-orbital 1n any symmetry wall be c-antibonding The stability constants give an order
F <1 << Br < I for increastng strength of complex formation. In a solutton contaming
two different hahde ions, it was found 85 that the stability constant of TIBri~ was
greater than that of TIBrCl ™.

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

In dumethylisulphoxide as solvent, these amontc complexes are considerably more
stable than in water 87 (Table 8) Whereas, 1n water, the iodide complexes are stronger
than the chloride, in dumethylsulphoxide the relationships are reversed. This is consistent
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TABLE 8

Association of thallium(l) halides 1n dimethylsutphoxide solution, ovesall formation constants m
dimethylsulphoxide solution &7

B 1 52 63 ﬂ
crcy " 180 2300 1460
(NBr, )" 300 1000 800
(T~ 73 180 230
Ci,cn’ 1000
(1, By’ 370
(T, 9
(11, n* 74

with a higher enthalpy of solvatron of 1odtde ion 1n dumethylsulphoxide than in water,
whereas the reverse 15 true for the chioride 1on. Further, in dimethylsulphoxide, cationic
complexes are also present Sirmilar catiomic complexes have been proposed to explamm the
electrical conductwity of thalhum(l) chloride in ethylene glycol--water miXtures °°.

Not surprisingly, no solid amomc halide complexes of thallwin(l) have been isolated 2.
There is, however, evidence for complexes of the type K2 [T1Br;1 in mixed melts of TIBr
and KBr, both from density 32 and conductance *® measurements Sumlar complexes
have been sugpested as being present in thallium-doped alkalj halide single-crystal
phosphors When a small amount of a thallum() halide 1s added to an aqueous solution
of an alkalt halide, 1t emits a blue luminescence accompamed by the appearance of a new
absorption band. Both absorption and emisston spectra of aqueous solutions of TICI 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 wath the lack of complex formation
found by other techniques In K(T1)Cl crysial phosphors there are two main absorphron
bands at 196 and 247 nm, and two main emisston bands at 305 and 475 nm (ref. 76). It
was therefore suggested i the early 1930’s that complexes sumlar to TICI, ™ are present
in the crystals 122 The spectra were then analysed m more detail 1n terms of electrome
transthions of a thalhum(I) 10n substituted mto the cubic crystalline field of the alkalt
halide crystal :°2, transitions occur from the ground state 6s5% to the excited configura-
tion 6s6p. However, the model is not completely satisfactory, since 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 thallm(I} with non-totally
symmetric modes of vibration of the anions (the dynamical Jahn—Teller eifect).

(i) Preferred bonds formed between the thallium(l) and some of the surrounding
anions.
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(1) An ‘off-centre’ posttion of the thalbum(l) n the crystal

Tlie Jahn—Teller effect 1s usually the most important, and effectively explains the ob-
served effects in K(T1)C phosphors ®* There 1s, however, a marked dependence of polan-
sation effects on the amon involved, and m the Cs(TDI phosphor a partially covalent bond
with some of the amons was invoked 9%

C. THALLIUM{) PSEUDOHALIDES

Thalhium(}) cyanide adopts a CsCl-type structure 98°7 which s at first sight rather sur-
pasing in view of the non-sphencat symmetry of the cyanide group Free rotation of the
cyarude could account for the structure, but heat capacity measurements suggest hindered
rotatron *® A second possibility 1s that thalllum(l) cyanide has only tngonal symmetry,
znd the T1I 1ons are distorted by s—p mung just sufficiently to compensate for the non-
sphencal eyanide 1on. The remaining possibility is that the cyanide 1ons adopt a random
onentation, as 15 possibly the case for the niirate 1on in the cubic form of TINO,

{see p 307)

There are three phase transitions for thallum(l) cyanide below room temperature, of
unknown structure 2. The *°°T1 NMR linewadth at room temperature 1s consistent with
dipotar broadening, but on cooling the absoprtion becomes broad and asym aetric 2°.
Whereas the lmewtdth at room temperature 15 independent of the magnitude of the
applied magnetic field, there 1s a hnear increase in linewadth at 210°K with increasing
apphed field Thas has been attnbuted to a change 1n the thallium chermicat shuft tensor at
the phase transition, implying the possibility of definite bonds among the 1ons which
change at the phase transition ¥® Of the alkali metal cyamdes, only caeslum cyamde
adopts a CsCl-type structure, potassium, sodwin and rubidium cyanides adopt a NaCl-type
structure *2

Thalhum(1) azide, like potassium azide adopts a tetragonal, distoried CsCl-type
structure at room temperature '® The azide group 1s linear and symmetrical The
thallium--nitrogen distance 15 rather short compared with the alkali metal azides TI-N
268 A, K~N 266 A, Rb—-N3 11 A, and a partially covalent thallium—nitrogen bond 15
suggested ¥ The lattice energy of thallum(l) aude (163 5 kcal/mole) lies between those
of NaN, and KN, (175 and 157 kcal/mole respectively), mving no evidence for extensive
covalent bonding (cf AgN,, lattice energy 204 7 kcal/mole) *°?

At 290°C, thalhum(}) azide transforins 1o an undistorted CsCl-type structure 193,
which probably involves random onentation of the amons parallel to the edges of the
cubic unit cell

Thallum(l) thiocyanate probably adopts a thombic unit cell, somorphous % with
KNCS Infra-red spectra suggest that the thiocyanate 1s N-bonded %% Infra-red spectra
show that both TISCN and TISeCN are predomnantly 1onic °5-1%7 Both thalblum{I)
cyanate 1% and fulmmate '°® crystallise with a body-centred tetragonal lattice, probably
1somorphous with the room temperature modification of thatbum(f) azide Infra-red
spectra again suggest predominantly fonic structures °2:1°% The structure of thallium(l)

a



COORDINATION CHEMISTRY OF THALLIUM({) 303

cyanamide is unknown, but measurements of optical and electrical properties suggest a
marked degree of covalent bonding to thalliurn. A polymeric structure has been

suggested 110111 yiz

Ti T

AN /‘\

N—C=-N
\/ NS

Both patentiometric and polarographic studies give a2 formation constant of zero for
TICN 1n aqueous solution 7?2 A detailed study of the TICN~KCN—H, O system failed
to find any evidence for complex formation, and Ti" 10ns can replace K* 1ons 1n sohd KCN
up to ca 37 mole % TICN and still retain the basic KCN structure *7  In sofutions con-
taiung TI* and N, ~, a formation constant of 2 5 has been obtamned 7***¥ for TIN, at
25°C A number of studies of complex formation between T1* and SCN™ 1n aqueous
solutions contaning hugh concentrations of SCN™ hava 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)5~ (refs 116,117) it has been observed that thiocyanate com-
plexes are more stable than the correspondmmg complex chlorndes, and are simular in
stability to the complex bromdes *'%

D THALLIUM{I} OXIDE SPECIES
{1} Thallium(T} oxide

Tournoux et al **® report that thallum(i) oxide crystatlises with a thombohedral umt
ceil at room temperature, whereas Sabrowsky 119-12¢ reports a monoclme unut cell The
manochinic unit cell dess not correspond to an elementary umit cell ''®

The structure according to Sabrowsky 1% 1s of che ant1-Cdl, type, m which each
thallum has three oxygens as nearest neighbours and each oxygen 1s surroinded 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,0O adopt the quite differ-
ent anti-fluonte structure 8% The Cs—O distance of 2 86 A in Cs, O can be compared with
the sum of 1onic radu of 3 24 A, and the T1—O distance of 2.51 A i T1, O with the sum
of ionic radii of 294 A

Above 354°C, thalllum(l) oxide transforms to a second form **? It 1s appreciably
volatile with a vapour pressure of about '2* | mm at 580°C. The nature of the gas phase
species has attracted some attention. The vaponsation of thallmm([} oxide gives
matnly 24 T1,0 and a littte T, O,. The nfra-red spectra of T, 0 and T1,'® O trapped
I a variety of matnces at low temperatures have been reported 25727 In all three
papers it 15 agreed that T1, 0 adopts a bent symmaetrical structure; there is, however, con-
siderable disagreement about the T1—-O—TI angle. The strongest band observed in the
mfrared spectrum is assigned to the antisymmetnc py stretch (Tabte 9).

The symmetnc stretching mode v, 1s less strong, but has been located by Brom et al.
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TABLE 9
Marrix infra-red of thallivm{l) oxide, T1, O

vy {em™)  Matrx Ref
N4 Ar at 10°K Krat I0°K
Tiz 180 6253=019 125
6232:04Y 6433:04 6346+03 126
626 1 643 6 127
Tia %0 5912:017 125
5009:04Y 6093205 600£03 126
9 A1 10°K
At 15°K.

at 571 em™ for T1,'*O 1n an argon matrix on the basis of ** O enrichment and matrix
warming studies '* Makowiecks et al 27 however, asstgn a weak band at 510 cm™ to
v,, whereas Brom et al **° tentatively assign this band to the dineric species T, 0, The
bending frequency v, should also be infra-red active, but Brom et al 2% failed to find
any evidence for its appearance mn any of their spectra Makowieck: et al **7 assigned a
band 2t 381.5 cm™ to thus mode, whereas the corresponding band observed at 383 ecm™
by Brom et al % was assigned to the dimenc species T1,0, . An mfra-red study of the
heated vapours above T1,0; (mamly TI,0) atso shows '2# a strong band at 620 cm™
assigned to v, of 11,0, and a weaker band at 480 cm™! assigned to v, , which Brom

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

Unfortunately, the calculated TI—-O—T1 angle is very sensitive to the v, frequency.
Hinchchisffe et al. ** have reported an angle of 131 * 11° and, using the same data,
Brom et al !*¢ recalculated the angle as 125° Using their own data, Brom et al. 1#¢ ob-
tained an angle of 77°

An approximate force constant calculation % with an assumed apex angle of 90°
gves TI—O=1.86 A and TI-Tl = 2 63 A Since the single bond covalent radws of
thalitum 3s of the order of 1 5 A, the calculated Ti—T1 distance suggests some strong
metal—metal interaction 1 the T1,0 molecule Tius would also explain the unusually
large magmitude of the “interaction’ force constants calculated on the basis of internal
coordinates that neglect temmnal atom interactions m XY, species

A fairly strong TI-T1 bond is also supgested by thermodynarmc data. The enthalpy of
formation of solid T1,0 from the eleinents at 298°K has been measured as —404 + 1 4
kcal/mole, from which the enthalpy of formation of gaseous T1,0 can be caleulated '*®
to be 1.2 kcal/mole The enthalpy of atomsation of gaseous T1,0 s then 145 6 kcal/mole
at 298°K. Assunmung that the molecule consists of only twe T1—-0 bonds, a TI-0O bond
energy of 72.8 kcal/mole is obtained, this can be compared with dissoc¢iation energles of
TI—F 105, TI-Cl 88.0, T1—Br 79.2 and T1—I 64.9 kcal/mole. The bond dissociation
energy for T1-O would be expected to be between those of the fluonde and the chloride,

1
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as observed, for example, for the corresponding aluminium derivatives.

The appearance of a relatwvely strong T1," peak m the mass spectrum of T1, O has also
been taken to mndicate the presence of a fauly strong T1--T1 bond 2, but as already ob-
served, such evidence 1s suspect.

The alkali oxides M, O (except L1,0) vaporise to the gaseous elements.

(it} Thalliumy{l} hydroxide

Thalbum(i} hydroxide probably adopts '*° a hexagonal structure, of space group
P64 /m (gven by Waber and Sturdy as 6, /m, but this 15 presumably a rmsprint) in
agueous sotufron, thallmm(l) hydroxide has basic properties simuar to those of the
alkali hydroxides The most recent conductivity measutements *** of the dissociation
constant i aquecus solution at 25°C mve a value of 3 0 A recent spectrophotometric
study gives a value of 4 9 for the stability constant of TIOH at zero ionuc strength 22 At
an 1onic strength of 3 0 M in perchlorate, the cumulative stability constants for
THOH), '™ were 8; = 1.24 + 0 15 and 8, = 0 16 + 0 05 respectively. These figures
include both inner-sphere and outer-sphere complexes, | TI(H,0), } (OH),,* ™ and
[TI{OH),(H,0) __,,}" ", the association constant for the mner sphere complex
[TI(OH)(H,0),.__,] 1s esumated as 0.62

The Raman spectrum of a concentrated aquecus solution of TIOH showed no band
attnibutable to a TI—O stretch, sugpesting that the undisssociated TIOH mn solution con-
sisted of 10n pairs rather than of covalently bound TIOH molecules *?, a conclusion
confirmed by thallium NMR resuits 70

{ut} Oxythallate(I} dertvatives

Three oxythallate(l) denvatives have been reported: KTIO, RbTiO and Li; 1O, . The
former two compounds form red monociimue crystals %, whose structures may be
analogous to KAgO, wiuch is charactensed by square [Ag, 0,1 groups '*°. The hthium
compound corresponds to Li; (vacancy), TIO, and is an ordered deuvative of the L, 0-

type structure 136

E THALLIUM{I} SULFHIDE AND SELENIDE

Thallium(1) sulphude adopts a structure simnilar to that of Pbl,, each thallium being
surrounded *37 by six sulphurs at a distance of 2 85 & The shortest TI—TI distance is
3.62 A. Thallum(}) selenide 13 tetragonal {space group Cy,>—P4/n) and has a structuse
different from that of thallum(l) sulphide 3%.

F THALLIUM(} NiTRIDE AND PHOSPRIDE

Thalhum(I) nitnde, prepared by reaction of thallium(l) mtrate and potasstum amide,
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1s of unknown structure 222, Other thalbum(l) mtrogen denvatives are discussed in sect 1
Two phases, Tl P (ref. 391) and TIP; (ref 392) have been claimed in the thalllum-—
phosphorus system, although more recent work 3® has found evidence only for the latter
compound. TIP, crystalhises in the orthothombic space group, and the compound can be
considered %7 to be a phosphide of thaibhum(I). The phosphorus atoms are connected in
a two-dimensional network simular to that observed in the monoclinic modification of red

phosphorus, known as Hrttorf’s phosphorus In tns modification of phosphorus, 1t s
posstble to discen tubes with pentagonal cross-sections as a very charactenstic structurat
element. Tubes very simalar to those in Hittorf’s phosphorus can also be seen in the
phosphorus arrangement 1n TIP; (Fig. 2) There are two non-eqivalent thallhum atoms in
the structure, both with a very uregular coordmation, with two phosphorus atoms at
rather short distances of ca 3 0 A, and seven addstional phosphorus atoms at distances

3 25--3.69 A. For both thalliums, the short T!—P distances are to phosphorus atoms
wathin the same phosphorus layer, one of them serving as a bndging atom between
drfferent phosphorus tubes, while most of the longer TI1—P contacts are to phosphorus
atoms 1 adjacent layers. It 1s probable that the TI-P contacts of ca. 3 0 A have appre-
crable covalent character, whilst the others are largely zonic 3%

AN & by O

— GAGA—— - --—B#?A—m--

Fig 2. The phosphorus arrangements tn Hifto:f’s phosphorus (a} and TIP; {b) {repraduced, with per-
mission, from O. Olofsson and Y Gullman, ref 393}

G THALLIUM({I} OXYACID DERIVATIVES
(1) Thalloum(l) nitrate

There 18 now a considerable body of evidence which suggests partial covalent character
1 thallvum(I) nitrate. Details of an mfra-red study of matnx 1solated thatlmm(l) and
atkali mtrates are given 1 Table 10

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

hence a splitting of v, .

O
MmoiNi‘/
\\O
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TABLE 10

Infrared spectra of metal nitrates in argon matrces 132

Modes LiNO3 NaNO3 KNGOy RbBNO,; TINQO;

vy 1017 1023 1031 1033 1020
vz 23 825 830 1830

va(a) 1275 1283 1291 1293 1252
va(h}) 1515 1484 1462 1456 1495

Values for the cation polarising power have been esumated from the expresston
P=(ZIr)(52" *"[r"r)

where r 1s the 10n1c radius, Z s the cation charge an?:l 1 1s the 1omusation potential It can
then be shown '3? that cation polansation of the anion is the dominant source of the
amon distorton in the atkali nitrate monomers This cannot be the case for thathrumil)
nitrate, however, since the polarsing power of thalhlum{l) is roughly equal to that of the
potassium 1on, and the v, sphitting is 1 5 times greater for the TINO, monomer. It was
therefore suggested 1% that the covalent contnibution to amon distortion is of the same
order of magnitude as that from cation polarisation of the anion

Infra-red and Raman studies 4® 73 of solid thallium(}) nitrate are also consistent
with a basically D, symmetry for the nitrate group, so that the compound 15 more an
ionic mitrate TI*"NQ,~ than a ‘nitrato’ compound Ti—0—NO,

At room temperature, thallium(I) nitrate adopts an orthorthombie structure, which
transforms at 79°C to a hexagonal form which in tum changes to a cubic form at
144.6°C (refs. 144—150). All three polymorphs are based on the same subshell 4°
Thermodynamic daia for these transiions are given 1n Table 11

TABLE 11
Parameters for thermal transitions 1n thalimm(t) mtrate 252
Transtion Tranatron AS AV%
temp (°C) {(cal/deg.male) (% vol. change}
Orthorhombic to hexagonal 735 07 04
Hexagonal to cubic 143 2.18 ;4

For the hexagonal to cubic transiion, 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 CsQl type) there are good grounds for believing that the vibrational entropy is virtually
unaltered at the transition, it seems that this difference must be a d:fference in configura-
tional entropy 1514152 The suggestion of free rotation of the nitrate group (for example,
in the plane of the oxygen atomsj) in the cubic phase can then be ruled out, since com-
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pletely free rotaton wouid mean an entropy contribution *** of some 25 cal/deg mole.
The configurational entropy of the hexagonal phase 1s probably zero, and it has been
shown '5* that anion disorder in 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 i1t has been concluded that the disorder was domm-
nated by the nitrate 1on being shiphtly displaced from the C, axs in the direction of the
N—O bond 3! _1t has also been sugpgested, however, that the disorder anses from rota-
tional randomisation in which the C; axis 1s mawntained '2 The Raman spectrum of this
phase 15 in agreement with the structure bemng that of a disordered solid **3.

It seems probable that disorder of the nitrate 1ons 1s accompanied by positional dis-
order of the thallium(l) ions. At the phase change from hexagonal to cubic there1sa
very large mcrease 1n electrical conductivity whereas at the ortherhombic-to-hexagonal
phase change there are only very small changes %% The shght elecirical conduction of
the orthorhombic and hexagonal phases is probably due to the mobility of defect tons
At a thermal transformation some change mn this iomic conductance 1s to be expected,
and there could possibly be a large increase in defect ron mobility at the hexagonal-to-
cubic phase change as a consequence of an 1ncrease 1n mterstitial space accompanying the
change of structure However, there 1s a large change in the 2°5T1 NMR linewadth asso-
ctated wath this transformation 3. In thallum(I) nitrate, the **3 Tl hnewidth 1s about
0.1 G near the melting pownt It remains unchanged on coolmg to 143°C, the tempera-
ture of the transition to the hexagonal form, when there 1s a large and sudden mncrease to
ca 13 G. There is probably also 2 further, small increase in inewidth on cooling through
the hexagonal—orthorhombic transformatton at 75°C The sharp lmes observed wn the
cubic phase are consistent with ready diffusion of thalbhum(I) 1ons 1n this structure

The hexaponal phase of TIND, 15 not stable at room temperature and goes over £0 an
orthorthombic form below about 79°C Thus transition probably mvolves no orientatio-
nal disorder. Netther rubidiom nor caesium nitraies, which have the same hugh tempera-
tu.e phases as thallmum(I) nitrate, have a low temperature phase of this type, and the
deviation from a symmetncal 1on arrangement could well be connected wath the abilaty
of thallium(I) to undergo asymmetnc distortion

There 1s some evidence for partial covalent character in the thalbum—oxygen bond
The lattice energy of thallium(I) rutrate (ca 165 kcal/mole) 1s greater than might have
been expected by comparison with the alkalt mtrates 15%+155  The vapour pressure of
thathum(I) nitrate 1s twenty times hugher than the alkali matrates but between ten and
twenty times lower than that of the ‘nutrato’ dernwvaiives of copper, zinc, mercury and
indium **4_ Other data also suggest that thalhum(l) nitrate 15 an intermediate between
rutrates hke the alkali nitrates and nitrato derivatives. It has a high electncal conduc-
tivity 1n the fused state; at 600°C, A = 39 2 ohm'.cm? (ref. 157). The ultra-viclet
spectrun of solid thalium(I) nitrate at 20°C 1s similar to that of solid rubidium mtrate,
both showing a band at 32,000 cm™ | characteristic of the nitrate ion However, the
spectrum of mbidium nitrate undergoes relatively little change on fusion, whereas that
of thalbum(l) nitrate changes more markedly 158152, A small amount of covalent bond-
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ing m fused thallum(l) nitrate has been postulated to account for the heat of mixing of
thathum(I) nitrate with fused alkalt nitrates 1%° and for the excess volumes of fused
thatliumn(1) nitrate—alkal nitrate mixtures ** . The definite and significant chemical shaft
in the 2°5T1 NMR resonance frequency on fitston has been attributed to an increase in the
vibrational overiap of the anion--cation wave functions in the molten state, 1.e_ the ton-
pairing 1s atinbuted to an mcrease in the partial covalency of the anion—cation contact
pair 162 Flectrical conductivity and viscostty measurements also indicate amion—cation
interactions **7. Raman spectra of molten thallwm(I) nitrate are also mterpreted in
terms of pronounced nearest-neighbour interactions, although the data have also been
interpreted in terms of short-range, quasi-crystalitne, order, without postulating any
specific assaciation '6?

The mass specttum of the vapour over molten thaltium(I) mitrate shows the presence
of mainly monomenc species with some dimeric **#, 1n agreement with vapour pressure
measurements ¢

In aqueous solution, association between thalbum(l) and rutrate 1ons 1s weak ***. In
3 M perchlorate at 25°C, the stability constant K, 15 2 15 (ref 74)and in 1 M fluonde 1t
i 0.65 (ref 69). Conductance measurements %% gve a vaiue of 3.2 at 25°C. No evidence
has been found for higher compiexes in solution. Measurements of the apparent molar
volumes of sclutions of thalhum(I) nitrate 1n aqueous solutions containing excess sodium
ntrate suggest that an inner-sphere complex [TI{(H,0)(NO, )} 1s formed, but the stabdity
constant determuned in this way 1s about 1/5 of the value determined by thermodynamic
methods. It 1s suggested that only about 20% of the nitrate 10ns associated with thalhum(l)
are m the inner coordination sphere, the remaining fraction consisting of jon paws *52
Although no compound formation was detected m the NaNO,-TINO, or CsNO,—TINO,
systems 168267 3 compound 11NO,.2TINO, of unknown structure has been found in
the LiNO,—TINGQ, system '*® Crystals of TINO;.2HNO, have been obtained **® from
saturated nttnc acid solution, and are suggested to be TI[{(HNO,),NO,}

(i} Thallium({) carboxylates

Thallium(I} salts of a wide range of carboxylic acids have been solated 2. With
dicarboxyhic acids, both normal and acid salts can be prepared, and with hydroxycar-
boxyhe 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 dithalhum(I) and
tetrathallinm(i) denvatives have been reported 7%, A number of derivatives of sugars
have been reported, but sugars with reducing properties led to formation of thatlium
metal Most of these denwvatives are obtained as anhydrous salts, investigation of the
thalllum(l) formate— and thallhum(F) acetate—water systems !7-17% gave no evidence for
hydrate formation The tartaric acid derivative C,H,(OH),(COOT1), can, however, be
isolated as the hemihydrate '7®, and 1s thus one of the very few known thallium(l) denva-
tives with water of crystallisation ; another such 79 1s the thallium(I) salt of 2-methyl-
pyridine-3.4,6-tricarboxyhe acid, CH,C,;HN(COOT1),.H, 0.

Coord. Chem. Rev., B (1912)
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The structures of the thallium(I) carboxylates are unknown. In the infra-red spectrum
of thaflium(I) formate, the symmetric OCO stretch and asymmetric OCO deformations
appear as doublets, 1n the alkal: formates these bands appear as singlets A difference 1in
structure was therefore suggested 73 The spectra of thallum(1) acetate and the alkali
acetates also show charactenstic differences 174 _ Interestingly, the shuft of the L,,,

X-ray absorption edge of *'T1 in thalliurn(l) acetate relative to thallmuim metal is very
large (15.4 eV) The origins of these shifts are little understood. and the suggestion 4%:41
of thallum—thallium bonding must be taken as unproven at the preseni time.

Thallum(T) acetate 1s incompletely dissociated mn solution and, from conductivity
measuraments, the association constant X, = 0 78 at zero ronic strength has been ob-
taned !75 The stability constant of the malonate complex (log K, = 0 54 at 1onic
strength O 15) '7® 1s considerably larger and the oxalate complex 1s even more stable 77
(log K, = 2 03) This considerable mcrease in stability of the small dicarboxylate com-
plexes as compared with acetate indicates chelation. The oxalate :on would form a five-
membered ring complex and be more stable than the six-membered malonate complex
Succinate could only form a seven-membered nng, and thus complexing is weaker 176

The ultra-violex spectrum of thallum(I) oxalate in aqueous solutron is mdicative of a
structure 1n which the bonds fram thallium(l)} to the carboxyl groups have some cavalent
character (unhke m the alkali oxalatesy?%.

The complex with citrate may well be mnore stable than those with the dicarboxylic
acids, but the correct value for the stabihity constant 1s uncertain A spectrophotornetric
study 176 gives a value of logK = 1 36 at 1ome strength O 15 and 25°C, whereas an 10n
exchange study '7® gave a value of log K =1 04 ma 0.1 M solution at 25°C and a con-
ductivity study gave a value of log K = 2 82 1 a medsium of unreported 1onic strength 8%,
A higher value for citrate would suggest the possibility that thalllum(I)} bonds to all three
of 1ts carboxylate groups. A conductivity study 139 also suggests that the stability constant
of the 1 1 thalllum(l) tartrate complex 1s less than that of the citrate (logK =1 39)

Very few association constants have been measured for the corresponding alkalh cai-
boxyiates 183, but, using a cation-senaitive glass electrode, values for alkah citrates of
log K, = 0 83 for lithwm and log K, = 0 59 for potassum have been obtamed '®' m
0 1 M perchlorate at 25°C.

The complexes formed with nitrilotnacetic acid (log K, = 4 42 at 1on1c strength 0.15) 17¢
and ethylenediarminetetraacetic acid (log Ky = 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 thallmum(I) to nitrogen-contaimning ligands. Association of thallum(I} wath diethylene-
tnaminepentaacetic acid is weaker than with ethyleanediaminetetraacetic acid - stability
constants of logK = 5.45 at 1omi¢ strength 0.4 (ref. 184) and log K = 5 97 at 1omc strength
0.1 (ref. 185) have been obtained. The binding of both sodium and potassium to
ethylenediaminetetraacetic acid 1s very considerably weaker (Table 12)

The position of the » (C=0) stretch 1n the solid tetrathallium(I) complex of ethylene-
diamunetetraacetic actd 1s closer to that suggested for 1onic bonding than to that for
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TABLE 12
Stability constants for alkatr metal and thallumd) derwatives 1n agueous solutron (= 0 1 M) at 20°C

log KL
Carbaxylic actd Lx Na K T
Ethylanediaminetetraacetic acid 279 1669 0P 6.47°2
N o ! 490% 272 123 s599%
C:?j;jw((:HQCOC)H};
a
CHy
Q. O
HY NICH2CO0H 2 486 267° 111°  s579°
[a
Chiy o
H.CR NICH,COOH)y 491° 253° 094° s573°€

o
® .
A CHGN{C HZC OO0 )2 119 ossd 3 84
€ e
(;—cnz|\m':r-|2coon-r)2 174 085°¢ 406

U H—cuzu«:Hzcoow1;e 311°€

Q0

H
@Zz(CHQCOOH)z 220 c,f 105€ 234 €
CHjy
N(CH,COOH) 479K

CO0OH
N(CHz COOH), 205 08%° 293¢

2 Ref. 114, P ref 182; € rer 186; % rer 187; € ref 188; 7 actd satt; £ neutral salt
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TABLE 13
Thermody namic data for the reaction of uramildiacetre acid with univalent metal tons 182

Metal —AH —-AS
L 740 1+5
Na 8.7 182
X 118 35:2
nt 154 25+4

covalent bonding, despite the large formation constant found 1n solution 178

The high stability constants found with uratmldiacetic acid, I, are surpnsing (Table 12)
Thermodynamuc data are given in Table 13. The most striking observation is that all the
metal complexes are stabilised by a negative enthalpy change and that the entropy
changes are invanably opposed to complex formation. Although the stabilisation by the
favourable enthalpy change increases m the order 11 <X Na* < K", the opposing entropy
effect increases in the same order but more rapidly, thus leading to the reversal of the
order of the stabilities The stabtity of many 1.1 metal complexes 1s due to a favourable
(positive) net entropy change resulting from the cireumstances that the entropy ucrease
due to the liberation of water from the hydrated cation and the hydrated ligand on
complex formation exceeds the concomitant 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 eniropy change with complexes of urarmldiacetic acid 1s almost zero for the
strongly hydrated lithhum 1on and that unfavourable values of AS are most negative for
the largest and least hydrated tons. The greater stability of the thallium(l) denvatives could
again be due to the presence of nitrogen 1n these denvatives.

It has been observed 2% that the association constant of thallum(l) and sabeylic acid
(log K| = 3 90) 1s greater than that of thalllum(l} and thiosalicylic acid (log X, = 3 66)
and similarly that the association constant of thallium(I} with lactic acid is greater than
that with thiolactrc acid **°. Thus thallium(I) 15 behaving as a ‘class a’ metal in these com-
plexes

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

A study of the thalllum NMR spectra of aqueous solutions of the acetate and citrate
suggest that the assoctation 1s due to electrostatic rather than to covalent forces 7%:192
The proton NMR spectra of aqueous salutions of thallum(l) ethylenedraminetetraacetic
actd and nitnlotnacetic acid have been observed 76 . The fact that the protons on the
carbon attached direcily to the nitrogen in EDTA have about the same shift on complex-
mng with thalllum(l) as those near the carboxylate group has been taken as evidence that
the mitrogen 15 also bound to thallum(I), 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 X, = 3 28 1n 0.1 M KCl1 at 20°C), the proton NMR spectrum suggests that there
ts essentrally no covalent thallum-sulphur interaction present *#4. The praton 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
thallium(I) cryptate (see sect. O (v)). The stability constants for assoctation of thalhum(I)
and fi-mercaptopropiontc acid, HSCH, CH, COQH, 1s also hugh (log K, = 2 78 at 20°C,
with AH® = —3 34 kcal/mole and AS® = +2 "1 cal/deg mole at 30°C) 195

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

{in) Acids of the Group V elements

Thallum{I) nutrite adopts a CsCl-type structure *? | wiuch presumably imphes dis-
order of the nitrite 1ons rather than the free rotation ongmally suggested There 15 no
compound formatton between thallum{l} mtnite and sodium, potassium, rubidium or
caesiuin mitrtes, but wath hthium mtnte a compound TINO, 3LiNO, 1s formed *%-1%9
Association between thalllum(I) and nitrite 1on in aqueous solution 1s slightly stronger
than with the mtrate 10n,log K, = 0.81 at 25°C 1n aqueous solution corrected to zero
1onic strength 2°°  Addrtion of thallum(I) rons to solid alkali metal nitrites causes a red
luminescence, and thus was attributed to a weak interaction between the thallium and
mtrogen atoms 76

Reaction of thalium(I) hydroxide with nitroethane produces a thallium(I) salt 201,392
whose infra-red spectrum 2°3 suggests the structure CH,CH=NO.OTL. Denvatives are also
formed wath nitromethane and 1,3,5-trinitrobenzene, but these are explosive 201-203

A large number of thallum(l) phosphates have been prepared 2, but the structure of
only one of them has been detesrmned. Thallum(1} metaphosphate 1s tetrameric 1n the
sold state, [TI(PO,)] ;, and contans cyclic P,O,,% anions ?°* There are two types of
thallbum{I) 1n the umt cell One of thiese has two patrs of thalium—oxygen distances less
than 3 & (2.70 and 2 74 &) whereas the other forms only one such pair (2 85 A).

The stability constants of a number of thallium(1) phosphates have been determined
(Table 14). Pyrophosphate forms the most stable complex, probably owing to a chelation
effect gving a six-membered ring complex. Pyrophosphite (H,P,0, *7} cannot form such
a chelated ring, and binds less strongly than pyrophosphate 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 nhose does not have any
appreciable effect on the stabulity constant Companson of the ADP and protonated
pyrophosphate stability constants then shows that the purmne base of ADP has a marked
destabilising effect. Phosphorus NMR spectra ' 7€ suggest that in both the pyrophosphate
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TABLE 14
Stability constants of thallum (1) phasphates 1t aqueous solution at 25°C, 1onic strength = 0 15 M
(ref. 176)

Ligand tog Ky
HPO4* 07301
Ribose phosphate®” 0 87 = 0 15
ADP3" 132201
ATPY 199201
HP30,%" 23401
PO, 241:01
P,05%" 305004

and ADP there is chelation, causing apprectable chermmcal shifts for both phosphorus
nucler In ATP, there are shifts for all three phosphates, and 1t has been suggested 17 that
thalliem(I} 1s bindmng to the oxygens of all three phosphorus atoms. This 1s consistent
with a structure for thalllum{i) ATP with a direct bndge across the 8-y position and a
shightly longer bridge to the « position 7 The binding to three oxygens would explain
the five-fold increase in stability of the ATP complex compared with the ADP.

Comparison with the alkal: metal denvatives 1s difficult because of the Iack of data for
the fatter However, stability constants of pyrophosphate and ATP wath the alkah metals
are generally 1%+183 3 factor of ten weaker than those of thallum().

(v} Acids of the Group VI elements

The room temperature modification of thalium(T)} sulphate 1s tsostnuctural with the
room temperature form of potasstum sulphate 297298 Qn heating to about 500°C, it 1s
transformed to a hexagonal form analogous to the high temperature modification of
potassium sulphate 297:20% In the hexagonal, lugh-temperature, form it has been suggested
that there 15 disortentation of the sulphate groups rather than free rotation 29¢.

Thallum(l) sulphate vaponses to give mainly 21° the monomeric species, with a Iittle
T1,0, 8O, and O, . The vapornsation products of metal sulphates depend on the refative
energres of the metal—suiphate, metaf—metal and metal--oxygen bonds. Stlver sulphate
vaporises to give sohd silver, SO, and O, , owing to strong intermetallic bonds n silver
metal. Sodium sulphate vaporises to gaseous sodium, 80, and 0, Rubidium and caesium
sulphates form the corresponding M, 80, vapour molecules to some extent, indicating the
mcreasing stability of the metal —sulphate bond for the heavier alkali metals 21°.

The stahility constants § for complex formation between thallium({} and sulphate 1ons
In aqueous solution have been determned 2! as TI(SO,) ™, 8, = 0.33 and TI(80,),%",

B, = €.13. The Raman spectra ?!? of these aqueous solutions suggest outer sphere com-
plexes of the type TI(H,0),*S0,* The ultraviolet spectrum of thallium(T) sulphate in
concentrated sulphuric acid and NaHSO,-KHSO,, glasses shows a thallium(l) 'S, —~ *P,
transitron closer to that observed mn the “free’ 1on than to that in, for example, the chloro

complexes, implying predomunantly rome binding 213,
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Complex formation between thiosuiphate and thalium(T) has been studied 1n aqueous
solution, and Nilsson ** found evidence for {T1S,0,] ™ (log X, = 0.86), [T1(S,0,).1*"
(log K, = —0 14), [TI(5,0,);1° (log K, = —0 54) and [T, (S,03)m.,} ™~ (m > 2).

The structures of thallum(I} and potassium trithionates, M, S;0,, have been reported
to be different !5 Thatlum(I) selenate adopts the same structure as the room tempera-
ture modification of thallmm(T) sulphate 3¢,

(v} Acids of the Group VI elements

Both thallum(I} chlorate and bromate crystatlise with the space group C,,°,
thallum(I} bromate has the same structure ?7>*!® a5 KBrQ, The structures are a simple
rhombohedral distortion of the NaCl-type structure, and the three oxygen z2toms of any
ClO, or BrQy 10n are equuidistant from the thalllum atom on the same axis. The mnfra-red
spectrum of TIBrO, shows a Br—O stretching vibration at some 40—50 cm ™" lower than
1n NaBr(Q,, together with a weak splhitting of the degenerate BrO, deformations, suggest-
ing mteraction of the thallmm(I) wath the three BrO,; oxygens 2** Solubility measure-
ments *2% show that thallium(I) bromate is associated tn solution, and at 30°C 1n solu-
tions of 1onic strength less than 0.1 M, K, =19*05

The association constant of thallum(I}) and perchlorate 1on 1n aqueous solutions of
ionic strength 1 0 M 1n fluonde has been obtamned as O 32 by polarographic studies 7.
Conductvity measurements suggest an association constant close to uniy mn aqueous
solution 22 | whulst in acetomtrile, the association constant 1s 32 {ref. 222), compared
with an association constant of 14 for thallum(I) and BF,™ ions in acetonitrile If the
10n painng were electrostatic i ongn, 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, contains a large
number of very low frequency absorptions not assignable to the CIO, ™ 10n, so that the
presence of some sort of complex was suggested 227 . The ultra-violet spectra 2?4 of
aqueous soluttons of thathum(l) perchlorate, however, show no changes with coneentra-
tion up to 0.02 M, but 1t 1s known that 1on-pairing may sometunes have no effect on the
ultra-violet spectra of free 1ons. Measurements of apparent molar volumes of thallum(I)
perchlorate solutions in water mve no evidence of inner coordinatton sphere compiex

formation 1452
{vi} Acids of the transition metais

Thallium(I) chromate has three polymorphic modificabions the room temperature
modification s isomorphous with thallium(I) sulphate #25:22¢  Thallium(I) trichromate
adopts a structure, analogous to potassium trichromate #27, consisting of CrO4 octa-
hedra and CrQ, tetrahedra, the polyhedra bewng arranged 1n layers by sharing corners,
and the layers being held together by thalllum(I) ions which have ten nearest oxygen
neighbours The structure of TITI(CrO,), s related 22%; the thallum(}) 1ons occupy
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sites wath eleven nearest-neighbour oxygen atoms at distances of ca. 3 A, and four more
at42-45A. )

Thallwm(l) pertechnetate and perrhenate both crystathise in an orthorhombic system
and have a high-temperature, tetragonal modification of the closely related scheelite-type
structure 2297231 Infra-red and Rarnan spectra confirm a basic Ty symmetry for the
ReOQ,” and TcO, ™ 10ns m these crystals 23*+*3% The thioperthenate 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
thallium{I) 1on 1s more tenacrousty held in T1;PMo,,0,, than the other univalent cations
This has been attributed to distertion of the anion structure by polansation; the cations
in these compounds are fitted between the ‘outer sphire’ formed by the twelve linked
MoO, octahedra and the PO, group m the centre 2?7238 The effects of thallum(l) on
axude glasses are discussed n sect Q

{vir) Sulphur and selenunm analogues

The structures of TUfTIIS, } and TH[T1MSe, ] are analogous The thallrum(111)
1on 15 surrounded by four sulphur or selenium atoms 1n a tetrahedron {TI—S= 260 &,
T1—Se = 2.68 &) and the thallium({) has eight sulphur or selemum nearest neighbours
(TI-S=3 32 &, TI—Se = 3 42 8) 23%:290 The structure of TITe 1s completely different 241,
1t 1s a substrtution variant of the structure of W, S1,. In TI, VS, the vanadium 15 surrounded
by four sulphurs at 2 3 A and each thallium 1s surrounded by four sulphurs at 3.1 A and

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

A very large number of thalllum{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 thallium are very hagh (usually
between eight and twelve) In this thallium(l) 1s more Iike the alkah metals than like
silver, for many sUver compounds, the structure distorts to bring the silver close tojust a
few of the surrounding MX,, groups Presumably, because of 1ts smaller polanisability,
this does not happen for thalhum(I} Thus, for example, the 1somer shuft in the Mossbauer
spectrum of TIFeCl, 1s conststent with a tetrahedral FeCl,™ 1on and a largely 1onic inter-
action with the thallium(l) 1on 43-244

There 1s strang evidence for a thalbum{I)—metal interaction in thalhum(I) hexacyano-
ferrate(IIL), TI;Fe(CN), Since 1t 1s ;somorphous with K;Fe{CN}, wath only shghtly
different unyi-cell dimensions, and since thallium(I) can be substrtuted in K Fe(CN), m
all proportions, it can be assumed that thalllum(I} 1ons occupy the same sfes as potassium
ions %% The unit cell of K,Fe(CN), contamns two types of potassium. one type 1s sur-
rounded by an irregular octahedron of mitrogen 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 litile effect on the absorp-
tion frequencies of the cyanide 1on when K* 1s replaced by T1*, so that the Fe(CN)%"
1on cannot be very different in the potassium and thallhum{l) salts. However, the qua-
drupole splitting of the Mossbauer spectrum of T1,Fe(CN), is considerably greater than
that of K;Fe(CNJ,, indicative of a sigmificant TH —Fe(CN)¢*" mteraction The thallum
NMR chenucal shift observed for solid Tl Fe(CN)g was considerably greater than that
observed for other thallium(f} compounds This couid not be attributed solely to the
presence of a paramagnetic Fe! jon simce the thallem chemucal shaft in

TIFe{804); 12H.0 15 considerably less It was concluded that the shift was due to un-
paired electron density on thalkum, transmitted from Felll through the cyamde groups.

The absorption spectrum of sohid Tl;Fe(CN)g shows a band at 21,200 cm™*, absent
m K3Fe{CN)s There is also an increase both in the intensity and the bandwidth of the
lowest energy mnternal charge transfer band of Fe{CN)¢*". The most mteresting feature
of the spectrum, however, 1s the polansation of the 21,200 cm™ band in the plane per-
pendicular to the ¢ axis of the crystal. It 1s the thallinm with trigonal mitrogen coordina-
tion which, together with the iron atoms of the F e(CN}eY", define this plane, and hence
i1t 1s from the set of more closely coordinated thallium atoms that the electron mugrates
to Fe(CN)s>~ during the mtermolecular charge transfer process 245:29%

The electrical conductvity of salid T1,Fe(CN), 15 unusually tugh, and cannot be attn-
buted to ton mugration 247 Rather, electron transfer from thaltum(l) to rron{3t) can
occur, with formation of thalhum(Il), and the conduction 1s best considered as a series
of ‘hops’ from one localised site to another. As geither T1sCo(CN)s nor Tl4Fe(CN)s con-
tain both a reducible and an oxidisable 1on, this mechanism for electrical conduction 1s
no longer avatlable, 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 appeaning n the thallm(l) salts of [0sCle)*", [OsBrg}” and [{rCis]*”
have also been attnibuted to charge transfer from thallium to the metal 296-248.249

Thallium NMR spectra of aqueous solutions of Ti;Fe{CN}s show 192 that association
occurs with an association constant of about 70. It was also noted that the thallium
chermucal shift was very simiular to that with a diamagnetic 10n of sumilar charge. Any
appreciable covalency in the 1on parr would lead to some unpairing of the thalium(I)
electrons due to the paramagnetic Fe(CN)s* 10n, causing a considerable shaft of the
thatlum resonance to lower applied field, as observed in the sohid. Further, the charge-
transfer band found at 21,200 em™ 1n the solid 1s absent in aqueous solutron This
suggests that there can be no significant covalent bonding in the 10n parrs.

Strong association also occurs betwsen thalllum(l) and ferrocyanide 1on 1 aquecus
solution, association constants of log § = 0 82 i 3 M perchlorate solution at 25°C and
og # = 3 at zero 10mic strength have been reported 73-229.250

The infra-red spectra of M; [Ct(NCS)g] show a slight 1ncrease in vy irom the potassium
salt to the thallium{I) sait, a weak interaction between the isothiocyanate and thathum(T)
has been suggested 25*.
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No thallum(I) denvative of cobalt{ll) cyarude has been isolated, but such a species has
been observed m solution #*2  Aqueous solutions of thallmm(1) mtrate react very rapidly
with soluttons contarming the pentacyanocaobaltate(ll) 1on to give a new complex,
charactenised by an intense charge-transfer band at 389 nm The complex 18 diamagnetic
since it gives no ESR signal, and has been formulated as [(CN}5Co—T1-Co(CN)s %"

A thalllmm—gold interaction has been suggested °2 in TIAU(CN), . The compound is
yellow, whereas the alkali metal denvatives are colourless, and 1t is also insoluble 1n water,
whereas the alkali metal derivatives are soluble The infra-red and Raman spectra give no
sign of an mteraction between thalllum and the cyamde groups. Rather, the spectra are
consistent with a T-shaped molecule, with a weak Tl—Au bond and a linear or nearly
Inear Au(CN), group

The alums TIMY(S0,), . 12H;0 (M = Al,Cr) 25%:25% adopt the a-alum structure, 1n
which the next nearest neighbours of the thalium(1) are six water molecules The anhy-
drous sulphates and selenates '['le(SO4)2 and TIMI(5e0,). [M= Al, Ga, Cr, Fe] adopt
the KAI{(SO,); structure, 1n which each thallmm is surrounded by twelve oxygen
atoms 255:257_ The anhydrous double sulphates TI,M;(S0,), adopt the K,Mg,(SO4);
structure 254252 The sulphates, selenates and chromates TI;M{(X04); [X =8, Se, Cr,

M = Sr. Pb, X = Cr, M = Ba] adopt a structure of the Sr3(PO,4), type, m which the
thalllum has ten oxygen atoms as nearest nerghbours 23°7262 |n thallum(]} voltaute,
{T1;(Cds,Fe)Fe; [504]12-12H,0} [Al 6H;0], thalllum is surrounded by twelve sulphate
oxygens 263,

Little 1s known about thallium(I)—metal carbonyl dervatives T1Co(CO),4 has been
prepared by the reaction of a mixture of thalliwm and cobalt metals with carbon mon-
oxide 254, although 1n the reaction 2% between a thallrum(l) salt and NaCo(COQ),,
TICo(CO}, 1s formed as a yeliow compound which readly redistnibutes to thallium
metal and TI[Co(CO)4]3 The thallum(I) dertvatives TI[MoCsHg{CO);] and
T [WCsHs(CO)a] are more stable, however, and can be prepared by the reaction of a
thallium(T) salt and the appropriate sodium salt 1n aqueous solution, the former compound
1s yellow and the latter orange-yellow, in contrast to the colourless sodum salts 2** The
tungsten carbonyl TI{WCsH;(CO);] has also been prepared 2%¢ from CsH; W(CO),H
The chromum carbonyl Ti [(CsH, CHPh), Cr{C0),] is almost certainly largely tonic **7
Reaction of [Fe{CO),]>” wath thallum(l) hydroxide produces a compound 42
T2 Fe3(CQO)y;, which, on the basis of infra-red evidence, does not seem to contain bridging

carbonyl groups %45

I ORGANOTHAILIUM(I) DERIVATIVES

Cyclopentadienyl thallium(i) 1s precipitated when cyclopentadienc is added to an
aqueous solution of thallum(l) hydroxide 24?
TIOH + CsHg —+ CsHsT1 + H,0

A number of methyl and higher alkylcyclopentadienyls, hydropentalemide and 1sodi-
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cyclopentadienide denvatives have surularly been prepared, but in general these products
are, unlike TICsH: , air-sensttive 2797274

The microwave spectrum of TICsH; in the vapour phase has been interpreted 75.276.2762
m terms of a symmetrnc top model wath a planar CsH; ning, the distance from the
thalliem to the centre of the ring being 2 4 A, and the thalllum—carbon distance 2 70 A.
Thus distance s relatively short when compared with the sum of the van der Waals radmus
of carbon and the ionic radius of thallium(I), which 1s about 3.1 A. It has therefore been
suggested that there 15 appreciable covalent bonding 1n the molecule in 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 mcrease the overlap, but at the expense
of the 6s—6p promotional energy 277

In the solid state, TICsHs consists 7% of an mfimte lattice contaiming zig-zag chans of
—T1—-CsHs—T1 The thallum—carbon bond distance mn the solid 1s very probably greater
than that in the gas phase, and conuderable 10ruc character seems hkely The NMR spectra
of a variety of cyclopentadieny! thalllum(1} derivatives suggest that they are largely tonic
in solution, and no 2°3T1--- H or 25 T1-+- 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 thallum(l) organo denvative to have been 1solated 229 15 the denvative
of tris{methylsulphonyl)methane, TIC(SO3Me); , which 1s presumably largely 1onic. The
stability of these derivatives 1s presumably associated with the stability of the respective
antons. Although monoalkyi- and monoaryl-thallum(l) denvatives have been postulated
as reaction intermediates, they have never been 1solated #>28!

J THALLIUM(IY NITROGEN DERIVATIVES

Thallum(I} nitride has been prepared by the reaction between thallrum(}) nitrate and

potassium amide 1n liquid ammonya 282,

3 TING, + 3 KNH; » TiyN + 3 KNG; + 2 NHy

With an excess of potassium amide, a yellow crystalline compound 1s formed which
could be erther TINK, 4NH, or TINH; 2KNH. 2NH; On warming to room tempera-
ture, the compound loses ammona to give TINK, . 2NH; , which on heating to 100°C 1n
turn loses ammonta to give 282 TINK,. [4NH; . Thallwm(1) nitride 1s very sensitve to
shock, and reacts exploswely with water to give thallium(I) hydroxide No evidence has
been found 282 for the formation of TINH, or TI;NH. No simple organcamine denva-
twves of thallum(!} of the type TINR, have been reported, although the thalium(l) salt
of hexamtirodiphenylamme has been prepared by reaction with thalllum(l) carbonate 83
Thallium(I) acetamide, benzene sulphonamide and p-toluene sulphonamide have been
prepared from thallum(I) nitnide 1n biquid ammonta *** Thallmun(l) benzamude has
been prepared from thalllum(I) hydroxide and benzamide in water ' This 1s unusual 1n
that most compounds containing a thallum—nitrogen bond are very moisture-senstive
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Thalbem(I) urate and thatlium(I} phthalimide *** | and imidazolyt thallium(I}, benzimi-
dazoly! thallium(}) and triazolyl thallium(1) *¢ can also be prepared 1n aqueous solution,

viZ
r,;}m cTion 22 ND-—T]—-—‘H:} N’J—Tl_
n

The infra-red and Raman spectra of mmidazolyl thallilum{l) are consistent with a polymenc
structure rather than an amonic structure as adopted by the sodinm salt of imidazole 324.
Both the uitra-violet and the NMR spectra indicate that imidazolyithatlium(}) 1s incom-
pletely dissociated in aqueous sojution 2%¢  The stabilisation of mmidazolylthalhum(L) 1s
clearly associated with the additional mtrogen atom m the heterocyciic nng in the three
position to the —NH group, thus there is no :eaction between pyrrole and thallmm(l)
hydroxide in aqueous solution 287

A number of thallhum(l) Schf base denivatives (N-substituted salicylaldirmines) have
been prepared 288 Infra-red spectra of the solids suggest bonding via the phenohe oxygen
and umne nitrogen atoms. A structure analogous to that adopted by thalliumn{l) acetyl-
acetonate {see sect. M) has been suggested *°°

No further structural or chermical mfermation s avadlable on thallum(l) mirogen
denvatives. A list of these denvatives has been given elsewhere *

K THALLIUM({I} ALKOXIDES AND PHENOXIDES

Thathum(I) alkoxides and phenoxtdes can readily be prepared from thalhum(I)
hydroxade or thalllum(l) ethoxide and the corresponding alcohol or phencl In contrast
to thalllum(1) methoxide, which 15 a whate solid decompostng without melting at 120°C,
thallum(l) ethoxide is an oy liquid, decomposing before it can be vaponised The
alkox:des are salable in, or muscible wath, most organic solvents The methoxide,
ethoxide, f-butoxide, amyl oxide and trimethylsityl oxide are tetrameric in benzene m
about /20 solution, and somewhat less assoctated m more ditute solutions 221293y
more concentrated solutions, thalllum(1} ethoxide seems to undergo some further poly-
mensation **! . Thallmum(1) phenoxide 1s trimeric at about /50 1n benzene, which is the
lirrut of its solubihity Thalhum(i) ethoxide 1s also tetrameric mn boithng ethanoi, whereas
thallum(I) methoxide 1s monomernc m hoiing methanol *°% . The thallmm(l) denvatives
of the following three hgands have also been shown to be either tetrameric or polymenc
1n solution 295

OCH3
OCH -
% 3 @ ©
P o
CHLCOO (:I OCHLEHAOH
coo™
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Thallium(I) phenoxide denivatives have very low 1onic conductances 1nt acetone solu-
tton, suggesting that there 1s little iontsation *”.

The higand #—mr* transittons 1n sojuttons of a number of metal phenoxides in 2.4-
dimethoxyethane and dunethylformamide have been shown to be sensitive to the metal 17
The perturbation of the molecular energy levels of the anion by the cattomc field is the
primary influence deterrmning the observed spectral shifts m these associated antons, the
role of the solvent 1s secondary. For the alkali metal phenoxides, there exists a primary
cation effect m which a blue shift resplts from an increased catiomc field (1 e. Cs* to [1%),
which means that excitation results 1t net movement of negatve charge away from the
centre of posutive charge. This indicates a stronger interaction of the cation with the
ground state than with the excited state. Thalhum(I) has been shown to exert a greater
cationuc field than rught have been expected from its sonic radius 7. This 1s consistent
with a preater covalent character for the thallram—oxygen bond than for the correspond-
g alkah metal—oxygen bond In valence-bond language, the metal phenoxides may be
descnbed by a wave function contamning contnbutions from covalent and ome structures

YROM = 9V (ROM) + B, 0 (ROT M*)

Presumably 1n the ground state a 1s large, whereas 1n the electronic excited state b 1s of
greater importance Thus an merease In covalent character of the ground state should
mcrease the electronic transttion energy and produce a red shuft. The expenmental results
thus suggest that the thallium-—oxygen bond 1s more covalent than the correspending
alkal metal—oxygen bond '?. The results obtamed also suggest that the degree of covalent
bonding decreases with decreasing pK, of the phenoxides 7. Unlike the alkalt metal
phenoxides, the thalllum(l) phenoxides are incompletely dissociated in aqueous solution 1
A partial single-crystal X-ray structure determmatton of thallum(l) methoxide shows
the presence of tetramenc molecules [TIGCH;]4 1in which the thallium atoms are at the
corners of regular tetrahedra *%*. The average intramolecular thallmm—thalum distance
15 3 48 A. The posttions of the methoxy groups could not be determined, but the most
hkely structure was thought to be a distorted cube i which the oxygen atoms occupy
the corners of a tetrahedron smaller than that occupled by the thallium atoms (Fig 3)

1

Fig 3 The thallum(l) methoxide tetramer (reproduced from The Chemistry 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 caesium methoxides adopt layer structures wath the methyl
groups on both sides of each layer, with the cations 1n the central part, each cation being
surrounded by five oxygen atoms in a tetragonal-pyramudat array 2¢-2°7 | Lithium
methoxide adopts a layer structure of the type ABCBAABCEBA. ., where A=Me, B=0
and C = 1i, in which the htluum is surrounded by a distorted tetrahedron of oxygen
atoms %8,

Examnation of the 2°3T1 and 2% T1 NMR spectra of pure liquid thallium(I) ethoxide
confirms a tetramenc structure 2°%, The observed spectra are complex, which indicates
the presence of 292 Tl -++*?3T] coupling (J = 2560 Hz) since there 1s no T1=-+ H coupling
1n the proton NMR spectrum of the compound. From considerations of the relative neutral
abundance of the two thalllum isotopes 1t is possible to calculate the relative amounts of
the vanous tetramenc molecules contairung different combinations of the isotopes and to
show that 1f the calculated NMR spectra ansing from the various forms of such a molecule
were supenmposed, the observed 22211 and 2%% Tl spectra would be obtained. The lack of
Tl =+« H coupling i the proton spectrum 1s somewhat surprising. This couphng would be
expected to be much less than the very large 293 Tl »++ 2°% T1 coupling. One possibie expla-
nation, therefore, 15 exchange of methoxide groups either between tetramers, or between
tetramers and lower polymers, at such a rate as to collapse the smaller Ti ==« H coupling
but not the greater %3 Tl -+« 2°* 11 coupling

The low-frequency vibrationa spectra of thalllum(I) ethoxide and n-propoxide are in
agreement with tetramenc structures 22°_ Force field calculations suggest an appreciabie
thalifum—thalifum interaction ?°%. As long as the valence mteractions are limited to
thalllum—oxygen and carhon—oxygen bonds there is poor agreement between expen-
mentat and calculated frequencies for vibrations of the skeleton The inclusion of
thaliinm—thallium tnteractions, however, leads to a very close fit of the data. Itis
possible to get agreement with the expenmental data vusing alternative force fields, but
none of these alternatives provides a chemmcally satisfactory account of the cage defor-
mation frequencies *°! . Although the force field with a large thallum—thallum force
constant 1s the only one that seems to give a natural explanation of the frequencies, the
calculated force constants would predict much more intense spectral hnes than are in
fact observed. Calculations based on spectral mtensities suggest that the electron density
wmvolved m the thallium--thaltum bond 1s of the order of 5 to 10% of that associated
with a normal covalent bond. This 1s consistent with the relatively large TI—TI distance
(3 84 A) in [TIOMe] 4 (cf. TI—T1 distance of 3 4 A in thalhum metal).

A bonding scheme can readily be constructed to allow for weak thalltum-—thalium
bonding 1n the alkoxide 3°°. If hybrndisation of the s and p, orbitals on thalllum occurs
(z is taken to be the direction on each thalllum towards the centre of the cage) then the
resultmg hybnds would be favourably omentated for mutual overlap These hybnds can
form a bonding set of four molecular orbitals inside the Tl; cage, iIn which the eight
thallrum valence electrons can be delocalised, wath a corresponding antibonding set
outside the cage. The thallum p, and p,, orbitals are then availabie for bonding with the
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alkoxide oxygens. Eight bonding molecular orbstals are then available for sixteen of the
alkoxide electrons, and one filled orbital on each oxygen is left non-bonding,.

The mass spectrum of thaliwm(I} phenoxide shows the presence of both monomenc
and dimenc species in the gas phase '7.

Although the thathum(l) alkoxides are, 1n general, rapidly hydrolysed by water,
thathum(T) phenoxide denvatives can be prepared from thalhum(i) hydroxade and the
appropriate phenol in aqueous solution. A number of thalhum(I) denvatives of poly-
hydnc alcohols can also be prepared n 2queous solution Dh-, tri- and tetra-thailbum(l)
denvatives of ethylene glycol, glycerol and ery thntol, respectively, have been so *
prepared 792, So far as ts known, all hydroxyl hydrogen atoms in a straight chain com-
pound can be substituied by thalllum{I) When, however, the compound contawmns a
pyranose, furanose or an attached benzene ring, substitution may be mecomplete. Thus
methyl arabinoside gives a tathallm(I) denvative, as does methyl glucoside. Sucrose,
with eight OH groups and salicin wath five, give tetrathalliumi}l) sucrose and trithallium(l
salicin It is only 1n nngs contairung an oxygen atom that incomplete substitution has
been observed nositol, in which all ax OH groups are secondary, forms hexathallium(1)
inositol. These polymeric polythallium(1} derivatives are generally insoluble 1n organic
solvents *®? Only a monothallitm(1) derivative of 1,2-dhhydroxybenzene could be 1s0-
lated ?°2,

A number of fluoroatkoxide denwvatives of thalliun(f) have been prepared from
thallmmm(1} hydsroxide, but the structures and properties of these compounds have not
yet been reported %4

Conductance measurements suggest that thallinsm(l) salicytaldehyde 15 largely undis-
sociated 1n acetone sotution 7. The mass spectrum shows no peaks correspanding to loss
of the —CHO radical, although such a peak 1s prommnent in the mass spectra of aromatic
aldehydes. Thus is perhaps indicative of chelation *’.

L QUINOLINATES AND SIMILAR DERIVATIVES

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

G

O—T1

The mfra-red spectrum is also suggestive of a chelated structure for the thallium({) deri-
vative i the solid state, 1n contsast to largely sonic structures for the alkali metal denva-
tives 7. Chlorofoun solutions of thathum(} 8-hydroxyqumolinate are very light-sensitive;
photochemical decomposition 15 accompanted by a change m colour from clear yellow
through cloudy red, brown, green and bright blue to pale yellow with deposition of a
white solid ?°°, The nature of these transitions has not yet been established.

The complex formed between thallium(l} and 8-mercaptoquinolmne is very considerably
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stronger than that with 8-hydroxyquinoline *%%_ A complex has also been reported
betweern I-hydroxyacndine and thalhium(I) 3*7, viz

2

QT

In the thalhium(I) dervative of 24satoxume

X
\N——OH

H
it is probably the —N—OH group that 1s acting as an acid, and coordination with erther
the carbonyl or the —NI{ group 1s possible %8

Thallium(l) denvatives of 4-isontrosopyrazolone and its derivatives have been pre-
pared in aqueous solution, the product depending on the pH of the solution 229299 In
actd media (pH 3—4), salts of the type HTIP2 are formed, which could contam three- or
four-cogprdinate thallium

? R ° ?‘_fﬂ\?
H/“\\‘\\‘_\k fé H Rt R'Tf\]‘]/if‘\\rrn“
/_N/N T]\O/ N\.m . L N/N
o~ | | i |

R R R w

At pH 5--7 5, derivatives of the type T1Pz are formed, which could be either monomeric
or dimeric of the two types

®
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M. THALLIUMQ} 3-DIXETONE DERIVATIVES

Thallium(l) denvatives of enohisable g-diketones have been prepared from thallium(f)
ethoxtde or thallum{l) carbonate and the §-diketone. Both thallinm([) hexafluoroaceton-
ate and thallmum(I) dibenzoylmethane are monomenc in benzene solution, and their
dipole moments are consistent with chelated structures with only moderatety polar
thallirum—oxygen bonds 2°%_

0——C/R
Ti “\}\ o
N,
0—c
“a

Thathum(I) ethylacetoacetate, however, 1s dimenc in benzene solution 191 A anple NMR
viny! CH signal 1s observed for a number of acetylacetonate denvatives i solution 3107312
No spin—spin coupling was observed with *®>T1 or 295 Tl, although metal—proton coupi-
ing 1s known for the tin and platintm dertvatives %213

The crystal structure of thalliem(l) acetylacetonate shows the presence of 1.1 com-
plexes, with TI—O distances of 2 43 and 2 54 A, with each thalllum atom bonded to
oxygen atoms of neighbourning molecules m such a way that molecules are linked -
definutely along the  and ¢ axes, but not along the b axis *'* Infra-red spectra support a
chelated structure; the complexes show no carbonyt band, but a C=C stretching vibration
appears *¥¥ 7218 at 16301650 cm™ Infra-red spectra of a variety of other thallum()
dertvatives of B-diketones and of monothiodibenzoyimethane are also consistent with a
chelated structuge 319-329

The ultra-violet spectra of thalbum(I) and alkals metal acetylacetonates agair indicate
a preater covalency for the thalllim-—oxygen bond than for the alkals metal—oxygen
bonds, and indicate ;ncomplete dissociation for thalliam(I) acetylacetonate i aqueous
solation 7.

The mass spectrum of thallium(l) acetylacetonate shows the presence of both mono-
meric and dimeric species in the vapour phase *7.

With carbon drsuiphide there is an unusual reaction 1n which acetylacetone and the
drthalium(I) salt of 1-acetyl-2-methyl-2-hydroxydithuoacryhe acid are formed 321:322

Tt

CHy S/

7N

Y
2 Ti ;/cn - €S ——=CH3COCH,COCH; - Ti } EeCO—CH,
-

o—
C\CH3

_—

CHa
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N. THALLYUMT} SULPHUR DERIVATIVES

A number of thalhum(l) derivatives of thiols have been prepared from thallium(l)
hydroxide 1n agueocus solution, but no detads of structures or reactivities have yet been
reported * More 15 known about thallum(I) denvatives of dialkyldithiocarbamates The
structure of thallnm(I) dipropyldithiocarbarnate can be considered as built up of dimers
[(CaH7)2NC5,; 11} 2 (Fig. 4) 323, linked together by thallum—sulphur interactions into
chains runming parallel to the o axis The central part of the dumex consists of thallium
and sulphur atoms in the form of a distorted octahedron. The sulphur atoms of thrs
octahedron form a tetragon which 1s not far from being planar. The two thalhum atoms
in the dimer are crystallographically non-equivalent The four Tl,—S distances range from
291 to 3.29 A, whereas three of the T1;—S distances are short (2 88—3 12 A) but the
fourth is considerably longer (437 A). There 15 also a difference in the way that the two
thallrum atoms are hinked to the sulphur atoms of adjacent dimers, the two sulphur atoms
which are hinked in this way to Tl, are situated in different dithiocarbarpate itgands,
while the corresponding sulphur atoms linked to Ti,; belong to the same hgand.

c

Fig. 4. The dimerc uruts of thalllum(l} dipropyldithiocarbarnate (reproduced by permistion from L.
Nison and R Hesse, ref. 323)

It is probable that whereas some of these thallium-—sulphur bonds are largely 1onic,
others are appreciably covalent. The sum of the tonic radu for thalhum(l) and sulphur is
3.38 A, and can be compared with the thallium(I)—sulphur distances of 3.32and 3.43 &
respectively found 1n TI138.T1,S, (ref. 324) and TINQ, . 4SC(NH;3); (ref. 325). The three
shortest T1-S distances found for each thallum {2.88, 3.02 and 3.12 A for Ti; and 2 91,
3.11 and 3.12 A for T1;) then probably correspond to essentially covalent bonds, and the
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other T1—S distances fo largely 1onic bonds The TI—TI distance within a2 dumeric unut is
3.98 A, shightly longer than the distance of 3.84 A found in the TIOMe tetramer

Thallium(I} dipropyldithiocarbamate also exists as a dimer 1n benzene solution
The dithtophosphinate TISSPPh, has been found 27 to be associated in benzene solu-
tion, with n = 1.6, and is probably a mixture of monomer and dimer. The thalllum{I)
dialkyldithiophosphates TS, P{OMe), and TiS,P(OEt), are dimeric in chloroform solu-
tion ¥38 _

325

O. DITHEZONATES AND SIMILAR BERIVATIVES

The structure of the pnmary dithizonate of thallum(I), TI{PRN=NCSN.NHPh] could
mvolive chelation of two nitrogens or mitrogen and sulphur. The simitanty of the infra-red
spectrum of the thalliumn(l) denvative 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 thallmm(l) derivative 329330

H\M /F‘h

5

o

[ag————i |
J{

N—
|
Ph
I

The compound s red in the solid 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 32%.

Nitrogen, sulphur chelation has been suggested ?** 1n the thalium(l) desvatve of
thiopicohnamhide, 11, and salicylaldehyde thiosemicarbazone 322, 11

H

Chy
~ } @0 F/N>C==NH
. LT
L "\n )
mca® s
x m

The thalltum(IEf) derivative of dicyanocethylene-1,2-dithtolate (mnt} reacts with
sodiem chlonde sohution to give black crystals of a uni-bivalent electrolyte,
K2 [(mnt) T(C,H3 N, 0S)]. Three possible structures were drawn **? for this compound,
all involving thallum(I).
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The position of coordination of thallum(l) 1n its 2-thiouracil salt 1s unctear 341
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P COMPLEXES OF THALLIUM({I}
(i} Nitrogen complexes

Weak complexes are formed with ammonia and ethylenediamine 1n aqueous solution,
with stabihty constants of 0.1 and 0.25 respectively ' Although no solid complexes
could be tsolated wath ethylenediarmne or pyndine %7, with 1,10-phenanthroline,
Ti(phen).NO; and Tl(phen),ClO, can be prepared 334:335 The electrical conductivity
of Ti{(phen)»,NO; corresponds to that of a binary electrolyte 3%, Reaction of
Ti(phen),NO3; with sodium chloride produces Ti(phen)aCl, but with sodiom bromde
and 10dide, the major products are thallium(I) bromide and 1odide respectively.
Bis(1,10-phenanthroline }thallium(l) 1odide can be prepared 3% by the action of heat on
the thallum(Iil} denvative Ti{phen).l; The corresponding bipyridyl denvat:ve TI{dipy )l
has also been prepared by the reduction of TI{dipy),l; with sadium sulphite 336

The 1nifra-red spectra 27 of these denivatives are too complex to yield any useful in-
formanon. 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 eguivalent magnetically on
the NMR time scale®®. Exchange of higands between the 1ons would seem to be very
lakely. The infra-red spectrum of the complex with p, p’-diamino-2,3-diphenylbutane,
TI{DPB)3 (10, shows bands due to a free C104~ ion 3%,
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{d) 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 8-diketones, salicylaldehyde, g-mitrophenol, 8-hydroxy-
quinoline, o-apunobenzoic acid, 2 4-tinitraphenol, o-nitrobenzorc acid and 1sonutroso-
acetophenone 3#273%5 The 1somitrosoacetophenone dervative
K* [PhC({0)CH=NOHON=CHC(Q)Ph] ~ has been shown to be an acid salt rather than a
complex 3¢ . The crystal structure of the complex formed between isonitrasoaceto-
plienone and potassium o-mirophenoxide, however, shows 1t tc be a complex m which
the potassium 1s surrounded by seven oxygen atoms and one oxime-nitrogen atom %7,

Thallum(E) does not readily form derivatives of thus type. With salicylaldehyde, a
derivative TIL.HL has been prepared 7. No solid dervatives of this type have been 1so-
lated with other ligands, although the observation that thaliinn(l} diphenol 1s soluble in
chloroform solutions containing diphenol suggest that a compound of the type

CaHa o\ /o CeHa
Cetly O H/ \3 CeHa

mught be formed %%,

{ it} Thiourea complexes

A wide vanety of thiourea complexes of thalhum{I) has been prepared With singly
charged anions, derivatives of the type TIX.4TU (TU = thuocurea) are formed. With doubly
charged anions, the same cattion thiourea ratio can be retained 325 45 in T1,80, 8TU.
With triply charged cations this s no longer so 2#¢; thallsum(I) orthophosphate forms a
complex T13P0,.6TU.

The arrangement of sulphur atoms about thalhum m TINQ;.4TU 1s shown in Fig. 5.
The thallium atom environment 1s almost that of a tetragonal pnsm, but siightly distorted
towards an antiprism. The eight sulphur atoms are equidistant >2° at 3.43 A. This distance
15 very ssmular to the thalhum(i)-—sulphur distance 32% 1 TI*(T10!S;) of 3.3 & and hence
the thiourea complex must be largely 10nic, and the major cohesive interactions 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 sumilar thallium(l) environment, they
have been discussed at length elsewhere 2:34? _ The alkali metal halide thiourea complexes
MX 4TU (M = K, Rb, Cs; X = Br, 1) are 1somorphous **° with TIC10, .4TU.

It can readily be seen that, on the basis of maxmum repulsion, eight higand tons around
a central ion will ideally lie at the corners of an Archimedean antiprism. For a thiourea
complex MX.4TU whose structure 15 determined largely by electrostatic forces, the
cations would then be regularly spaced i hinear chains where they are each surrounded by
eight sulphur atoms at the corners of a cubically distorted and shightly eiongated antiprism

Coord. Chem. Rev., 8(1972)
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Fig 5 Arrangement of sulphur atams about thallium in TINGy 4TU (reproduced by permission from
J C A Boeyens and F H. Herbstein, ref 325}

centred on the cation. The elonpation occurs because cation—cation separations are on
the average longer than the distance between interstitial posittons between antiprismatically
close-packed sulphur atoms, and the cubic distortion is necessary to sunulfaneously
optunise the cation—sulphur and sulphur—sulphur distances 42

Assumung that the free 1ons 1n the complexes MX. 4TU have unit charges, and the
sulphur atoms and —NH; groups have charges determined by the dipole moment of
thiourea polansed in the field of the free ions, a lattice energy of 179 keal/mole can be
calculated 5%, Since the electrostatic attraction between four moles of thiourea amounts
to approximately 17 keal, it follows that thiourea wall form solid complexes of the above
type with compounds of Iattice energy less than about 162 kcal/mole. Thus satisfactonly
explains the data for the alkah halide complexes Whereas KBr with a lattice energy of
158 keal/mole forms a complex, NaBr with a lattice energy of 172 keal/mole does not 34,
The fact that all the thattium(l) halides form complexes 1 therefore anomalons (see
lattice energies 1n Table 2). There are two factors which could well contnbute to an n-
¢reased stability of the thiourea complexes for thallium(l) The first is a greater polansa-
tion of the thtourea by the thallium(I} than by other univalent 1ons, and the second s a
degree of covalent bonding 1n the T1—S bond. As has already been mentioned, however,
the T1-S bond length is relatively long, so the latter factor must be ralatively small.

It 15 possible that thiourea complexes are also formed m aqueous solution, although

the thallin(T) halides are vartually insoluble i water, they dissolve in aqueons thyourea 325,
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{iv) Cryptates and polyether dermvatives

The binding of thallim(1} to a number of macrocyche ligands has been reported, but
1t 15 obvious that ttus 15 a field m wtuch much more work must be done before any de-
tarled picture can be given

Complexes have been prepared >*°2 between thalllum(l) and crown ethers such as
benzo-15-crown-5, IV

<9
N

paa

Stability constants of the complexes between the cryptate V and thallium(l) and the
alkalr metal chlorides are given i Table 5.

SN NN
S

The crystal stroctures of the alkali metal dervatives of V show that the metal 15 1n a central
position, surrounded by the two nitrogens and six oxygens ***3*3 For the alkali metal
dervatives there 1s a good correlation between the 10nic radius and the stability constant
The estimated cavity size of the cryptate can he measured by the radins of the sphere
which may be included without distorting the ligand, and has a value of 1 4 A The low
stabihity constant of the sodsum compiex anses from the fact that the 1on is somewhat

too small for effective coordination whilst the low stabuity constant of caestum can be
attributed to 1ts large size **' The high stabihty constants observed for thallum({I) and

TABLE 15

Stability constants 1n water {ca. 102 M ligané} for complexmg between metal ions and cryptate, V,
with ehloride 1on 3¢

Ion log K
Li* <20
Na* 390
K* 540
Rb* 435
Cs* <20
T 6 30
Ag' 960
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silver(1) clearly show that other effects are also imporrant besides considerations of
radms ratios It would clearly be of considerable interest to know how much of this hugh
stability constant for thallium{I} s due to the presence of nitrogen 1n the cryptate V,
and to know the stabihity constants wath a series of palyether derivatives

Shifts in the proton NMR spectra of the CH; groups occur as a metal salt 1s added to a
solution of Vin chloroform or water, and 1n this way it has been shown 3% that complex
formation 1s complete when the metal-to-higand ratio 1s i.1. With metal-to-figand ratios
of 1 2, signals due to both the complexed and the free form of the cryptate can be ab-
served at low temperatures, but as the temperature 15 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 alkal: metals is faster in
water than 1n chloroform, for thallum(l) the opposite 1s true 35 For thallum(I) the
rate of exchange was sensitive tg the anion present, exchange fs faster for the thallium(l)
nutrate cryptate than for the spanngly soluble thallinm (1} chloride cryptate The reason
for this 1s not clear. Interestmmgly, this moiecule shows the presence of Tl --- H coupling at
low temperatures (below 40°C for the chlonde and beiow ~6°C for the mtrate), wath
J(T1 -+ CH;N) ca 14 Hz and J(T1 --~ CH;C) ca 12 Hz This 1s the only thallum(l} demnva-
tive for which thallium-—proton coupling has been observed, 1t strongly suggests that the
lack of coupling m other species 1s due to rapid exchange of thallum(l) between hgands

A thaliem(l) dervative of the hgand VI has also been prepared *°5.

L XN
AV N
K/S\_/S\_/

The structure of this derivative 1s unknown NMR spectra of the alkah metal denvatives
show that only hydrogens on the CH, groups attached to mitrogen were affected by
complex formation, whereas for the silver and lead dertvatives, the resonances of the
S—CH, groups were also shifted

These derivatives are all closely related to a number of antibiotics of the valmmomycin
and mgencmn group Compounds of the vahinomyain group are highly selective for po-
tassium and have the proparty of increasing the cation permeability of artificial ipid
membranes and induce the fransport of alkali metal 1ons mto intact mitochondna Com-
pounds of the nigericin group have the property of interfering with the-uptake of alkai
metal cations into muitochondria when uptake 1s induced by antibrotics of the valinomycin
group. Studies of the interaction between these compounds and thallium(I}) have yet to
be reported.
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Q THALLIUM(I} IN GLASSES AND ION-SELECTIVE GLASS ELECTRODES

A number of thalltum(I) germanate 356  aluminogermanate 3%%, borate 337+338 and
sihcate 252:382 glasses have been studied Pure GeO, plasses possess a structure consisting
of corner-shared GeQ4 tetrahedra that form randomly arranged, three-dimenstonal poly-
meric networks. The addition of an alkali oxide or T1, 0 to molten Ge(Q, causes a sudden
elimination of the network via the formation of significant concentrations of GeO, octa-
hedra %6

The alkalr germanate glasses are colourless at all concentrations For thallium(I}
glasses, however, there 1s a marked concentration dependence, up to ca 10 mole % T, 0,
the glasses are colourless, at 15 mole % TI,O the glass 1s green, and the colour graduatly
deepens m intensity and the wavelength of the transmitted Light (colour) shifts to longer
wavelengths until 1t 1s yellow at 36 mole % TI,0 With Ag® ions in GeOy4 glasses, ata
gven 1onic concentration, the colours are more intense and are shufted to longer wave-
length than with thallrum(l)

Due to the stronger polansing power of thathum(i) than of :he atkali 1ons, an anion
such as O% or O™ near to a thallum(l) will act as 1f it were encountering a larger posttive
charge than 1f 1t were near to a potassium ron, for example Consequently, the anion near
the thallum{I} will be more distorted Conversely, because of the greater polarisabiltty
of thallum(1), the thalltum(I) 1s in turn more easily polarised by the armuon than is a
potassiurn 1on. Large polarisation effects can cause mntense charge-transfer bands in which
an electron 1s transferred from the anton (0%~ or O™ 1n the glass) to the cation 1n short-
lived exciied states

The sudden appearance of colour in these thalhum(l) glasses would suggest a sudden
structural change, and one mught guess that thus 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 5% The thallum(I) borate glasses are also systems
in which the network-formmng species, boron, changes coordination with added thallium(I)
The NMR studies led to two conclusions () low TI,0 content glasses (0—25 mole % T1,0)
have tonic thallium bonding (diamagnetic chemical shift with small anssotropy),

(1) hagher T1,O content glasses (O 35 mole % T1,0) have covalently bound thallium
(paramagnetic chermmcal 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°5T1 at 0 25 mole fraction T1,0 Thus was associated
with a substantial molecular orbital overlap between the thallium atoms (covalency) 5%
At this composition the BO;/BO; ratio was reportec 258 as 0 4. The onset of colour at
15 mole % T1,0 n germanate glasses occurs 35 at a GeOg/GeO, ratio of ca. 0 3

The concepts just considered for thallium(l) incorporated 1nto glasses also apply for
thallium(i) in 10n-selective plasses When a thin membrane of glass 1s interposed between
two solutions, an electnc potential difference i1s observed across the glass, which depends
on the tons present m the solutions m 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
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alkalt cations or to NH,*, Ag* or TI*, or to some polyvalent ion. By varying the cOmposi-
tion of the glass (ustally an S10; —Al,03—Na, O mixture) a vanety of selectivity prefer-
ences for the monovalent cations can be generated 24!,

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 whach 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 enerpy when 1ts nearest neighbour becomes that site rather than water. Thus the
relative affimties of the site for two different cations n and m will be governed by the
free energy difference

AFn,s:tc - AFm,s:tc - AFn,water * AFm,watcr

where AF, yaeer and AF oy 1€ the free energtes of hydration and AF,, 4. and

AF, ote ate the free energies 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 theirr differences are much hagher than the hydration energies and therw differ-
ences, then affinitzes will be controlled by the term

AF,

n,site

Since the smallest cation will have the greatest AF, the affinity order will decrease with
increasing torue radius and the sequence L1 > Na > K > Rb > Cs 1s obtaimned for the

alkal cations. If, on the other hand, the site has a very low electric field strength, cation—
site A F's will be smaller than the hydration energtes, and then cation selectivity will be
governed by

- AFm,Si te

AFn.watEr - AFm,WaKEI

In this case, the smallest cation, which has the haghest free energy of hydration, will have
the most unfavourable value of AF |, o1 — AF o, yater SO that affinity will decrease
wnth decreasing ronic radius and the alkalr 10n sequence Cs > Rb > K > Na > Liwall be
observed As the site strength 1s varied continuously from a very low to a very high value,
the observed senes of cation sequences 1s obtaned 3%,

In order to reproduce these caticn sequencies 1n a serru-theoretical manner, vatues of
AF, o4 «rte have been calculated m one of two ways, both using the metal hahdes as ex-
amples of amonic sites with different field strengths *¢' 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,, 4o for halide-type sites of different
field strengths was equated with the experimentally determuned free energies of forma-
tion of the metal habdes Both methods yield curves of (AF,; o¢0 — AF,on water) 35 2
function of the aite field strength or the radius of the halide ion, for the metal cations
For the alkali metal cations, both methods yield stmilar curves, which are stilar to those
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obtamned experimentally For sidver(1), the observed curve 1s intermediate between that
calculated for the thermochemical model and that calculated for the purely electrostatic
model, showing that polarisation effects are important for silver(I} For thalhum(l), two
different curves for (AFTLsxte — AFp water) are also obtained from the two models, but
now the agreement with the electrostatic model s much better than with the thermo-
chenucal model, so that polansation effects for thallum(I} are relatively umimportant 1n
these oxide sites 3%

R CATALYSIS OF ORGANIC REACTIONS

The rate of hydrolysis of a number of organic compounds in water has been found to
be slower when thalliim(1) hydroxide 1s the base than when 1t 1s sodium hydroxide, buz
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 255 2 Me,cO

which shows specific hydroxyl 1on catalysis, ts siower with thallum(l) hydroxide than
with sodium hydroxide 362, This was attrsbuted to incomplete dissoctation of thalium(l)
hydroxide. The kimetics of the base-catalysed hydrolysis of ethyl acetate have alsa been
measured, and the second-order rate constant for this reaction was found to be the same
with thallium(l) hydroxide as with sodium hydroxade *5* However, 1n the alkaline
hydralyas of a number of half-esters of dicarboxylic acids, a much more marked effect
was observed ?%? [t was found that the alkali metal cations only had a small, negative
salt effect on the rate of alkahne hydrolysis of the half-esters of adipic and sebacie acids.
Thalhium(l) 1ons, however, had a marked catalytic effect on the hydrolysis of the haif-
esters of oxalic and malomnic acids The catalytic effect was attributed to chelate forma-
tion between the transition state of the hydrolysis and the thallium(f) 1on, resulting 1n a
stabilisation of the transition state

t CEL
?E i o
o=c‘:—_—_¢H O_C‘ \“'h‘an'
O=C\o" A R e
(o]

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

Fh

—0 Php—C—OH
+OH™ —— i i
——Jn) C1':0
-
Ph &5

is also strongly dependent on the cation of the base 3%° Here agamn, thathum(l) is much
more effective than the alkali metal cations (Table 16). This can be attpbuted to a stabili-
sation of the iransition state VI by coordination of thallium(l).
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Ph f.i)H ‘Ibh OH e
. =y
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Fh Fh\I IFh
hra g
O Ph
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Fh

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

TARLE 16
Half-hfe peniod {rmn) of the rearrangement of 0.01 A 2,2"-dichlosrobenzil with bases of 0.01 & 1natral
concentrations 2% in I I dloxane/water at 60 5°C

Base Half-hfe
KoH 472
NaOH 461
LiOH 459
Cs0H 453
TIOH 537

S ACTIVATION OF ENZYMES

A number of enzymes have been found which requie potassium 1ons for activity As
a general rule, 1t hag been found that such enzymes are also activated by rubidium, but are
kttle activated by sodum and even less by lithium It has also been found that the molar
concentration of potassium and rubidiom reguired for maxsmum activity is high, having
an actvation constant K, near 0.01 M m most cases **¢ The mode of action of the
alkah metal cations 1s not yet completely clear. It has been suggested 2¢° that the role of
the monovalent catton 1s to maintain a specific protewn conformation necessary for aptr-
mum catalytic efficiency ¢ The alternative suggestion has also been made that the
monoevalent cation exerts 1ts role by formung a complex between enzyme and substrate
(thus see ref 367).
It has been noted **7 that the intermediates for one of the substrates in monovalent-
cation-activated enzyme-catalysed reactions have the structure
X X
it It
R-C-Y-R o R-C=Y-—-R

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

(i) phosphorylation of —C(=0}—0H

(i1) phosphorylation of —C(=CH,)}—-OH

(:ii) phosphorylation of ~C(=N-—R)-—0OH
() Eimnation reactions (such as those with trytophanase and threonine dehydsase)

Thallium(I) has been found to substitute for alkab metal cations i a number of these
systems The companison with the organic reactions catalysed by thallium(l) 2nd dis-
cussed 1 the previous section i1s obvious.

The enzyme that has received most attention 1s pyruvate kinase This enzyme 15 acti-
vated by Mg?* and also requires a monavalent cation. It catalyses the reaction between
phosphoeno! pyruvate and ADP

CH; CHS
I !
COH; PO; +ADP=CD  +ATP
! !
cood CcooHd

Rabbit muscie pyruvate kinase (ATP pyruvate phosphotransferase. EC27 140)1sa
four-subunst glycolytic enzyme 3%3:3%9 of molecular wetght 237,000 daltons The enzyme
has an absolute requirement for a monovalent cation as weil as a divalent catron, the
latter probably being mvoived in enzyme—substrate bridge formation 37°

Thalitum(I} has been found to stimulate the pyruvate kinase reaction in a manner
similar to that observed for potassium *7! The relative maximum activities for vanous
manovalent cations are given i Table 17. The most stnking feature 1s that the apparent
affimty of thallium(1) for the enzyme s a factor of about 50 greater than that of potas-
smum. Further, the thaliium(l) binding becomes slightly stronger with increasing divalent
101 concentration up to the concentration of maximum activation, and then the apparent
affimty decreases A marked inhubitron of the reaction 1s seen at thallium(l) concentra-
tions greater than 10 mM Thas also depends on the concentration of the divalent 1on, the
hugher the divalent 10n concentration, the iess the mhubition at hugh thalhum(l) concen-
tratians. Since both 2 divalent and a monovalent cation are required for activation, this
suggests a mutuaj competition between the two 1ons, with an mactive enzyme resulting
from the binding of thallitm(I) to the bivalent site An alternative explanation, however,
could be thallinm(T) binding to one of the substrates, this would cause an imhibition esther
by reducing the free substrate concentration ot by the formation of a thallium(I}—substrate
complex which could act asa competitive mtubitor of the enzyme Addition of ADP to
the enzyme which already had an mhibiting level of thatium(i) caused a further reduction
in the reaction veloaity. This suggests competitive inhtbition by the thalhum(i}— ADP
complex (thalhium(I) 1s known to complex ADP, see p 314), eaither at the thalhum(I) site
or at the substrate (ADP) site

The number of binding sites for thalltum(I) in the enzyme nas been found 1o be four.

Coord Chem Rev , B (1972)
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TABLE 17
Refative activation of pyruvate kinase reaction by monevalent cations {(CE. as anion [Mgﬂl 8 man M

Cations Vmax{cation) 4 Optimum cation concn
Vinax(K) (md)
Lt 002 100
Na' 008 100
x* 100 100
Rb* 065 100
Cs' 00% 100
NH,' 08I 50
Ti* 061 3

@ ¥ nax 15 the maxmum mttal velocity of the re. chion

Agan, four binding sites for PEP (ref. 371) and for Mn®" (which also activates the
enzyme} 371-37% have been found, and four reactive lysyl e-armno groups have been um-
plicated 7% in the binding of ADP The conclusion 1s obvious that a unitary relationship
exists between the substrates, monovalent and divalent activators and the number of
enzyme subunits,

A thallmm NMR study has been reported for the binding of thallium ([} to pyruvate
kinase The ?°* Tl line of a O 10 M thallum(I) nitrate solution 1s broadenad from 7 Hz to
16 5 Hz on addition of 4 38 X 1075 M enzyme Addition of Mn?* (4 7 X 10™* M) causes
a further broadening to 30.5 Hz. This additional broadening 18 probably due to dipolar
interactions of the thallinm(I} with the unpaired electronic spin of Mn?* (the addition of
diamagnetic Mg?* causes no broademing), and implies that the thallium(I) and Mn?** are
relatively close m the enzyme 373

A number of other enzymes have been shown to be activated by thalhum(I) Details
are given 1 Table 18. Thallium(I) activates 37! yeast pyruvate kinase with a half-max:mum
actwation at ca 0 5 mag [T1*] (VJIL1 /w7 1K in (NO5 =10, 1n [C17] = 0 8) Thallwm(i)
actwvation of both the acetylphosphatase and the p-nitrophenylphesphatase of beef brain
mucrosomes has been demonstrated, with an affinity 9—10 times that of potassium 374,378
AMP deaminase 1s known not to require K* (or Ti*) for activity, rather, the monovalent
cation acts as an allosteric activator

The reaction sequence of the (Na* + K*}dependent ATPase appears to mvolve a Na™
dependent phosphorylation of the enzyme followed by a K*.dependent dephosphoryla-
tion 3% The enzyme is 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, mcorporating either two sets of on-specific sttes or interconverston of spectfic-
1ty for one set of sites ATP has been shown 35%2 10 bind to a single site on kidney cell
ATPase. This binding is mhibited by K* with antagomism of thss intubition 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 drwven off with other mono-
valent 10ns, and the sequence of apparent 1on affinity found 3892 s
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TARLE iR
Effect of thallmm(l) and other monovalent cations on enzyme actwation

Enzyme Onder of effictency (Kmy) Ref

Rabbit muscle pyruvate kinase T* > K*> Rb*>Cs*> Na* > L1t 371

Yeast pyruvate kinase T > K~ 371

Beef brain phosphatases Ti* > K* > Rb* > Cs* > NHg4* > Na* > Lt* 374,375
Dial-dehydratase (B14) T1* > NHy* > K* > Rb* > Cs* > Na* > La* 376

Muscle AMP deaminase " >K* wr

E colt homosenne dehydrogenase 1 Actwated by Ti* 371

Na/K ATPases (K-function) TI* >K*>Rb*>Cs"> Na*> La* 377-379,380a
Aminoacyl transferases NH4* > TI* 381

Rb* =K">> TI* > NH,* > Cs*. For the dephosphorylation step in ATPase, the sequence
of apparent affinittes found 222 15 TI* > Rb* > K* > Cs* > NH,;* > Li*, and the
thallum{I) has an affintty ca. 10 times greater than potassium for the X* site 377,

In the transfer of amino acids from aminoacyt sSRNA to potypeptides, the aminoacyl
transferase 1s most activated by ammonium 10ns, with potassium somewhat less effective
and Na*, Rb* and T1* much less active, ithium and caesrum 1ons were found to be the
least active 38! | The mecharusm of this reacticn 1s, as yet, little understood.

T THALLIUM(1) IN OTHER BIOCLOGICAL SYSTEMS

Alkal cations are involved 1n at least three roles in biological systems. The first s 1n
neutralising 1onic charge, and mamtarning conformiations in macromolecules. The second
is In the activation of enzymes The third 1s 1n mamntaining a membrane potential (by
accumulation of potassium ions and rejection of sodium 1ons), which allows nerves and
muscle to function.

Thalhum(I) activation of 1sotated enzymes has been dealt with in the previous section
It has also been found that thallhum(l) can be concentrated within an erythrocyte mem-
brare nstead of potassium 22 Thallum(I) will also activate the frog sartorus muscle
fibre at external thalhuni(f) concentration of the order of 74 uM, higher concentrations
lead to wrreversible damage 253 Thallium(I) will also start the beating of a frog Rana
esculenta heart which has been stopped by washing with potassium-free water 3%¢.

Thallium(l) has been found to substitute for potasstum tn'the stabilisation of ribo-
somes *** The binding of thalltum(I) to whole casern has Been studied at pH 7.0, and it
has been found that there are 16.7 independent binding sites per 10° g casern 384

Thallum(I) 15 toxic to living species, and causes degeneration in a great many tissnes.
It has been suggested that thallum(l) combines with mitochondnat SH groups, and so
interferes with oxidative phosphorylation ?#7 The effect of thallum(l) on the develop-
ment of the eggs of Paracentrotus lividus has been studied >#%-2%° (learly, 1n such whole-
body studies, there will be very many poinis at which thallium() could interfere wath the
normal processes and give rise to toxic mamfestations.
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Thalhum(I) has been shown 34 to have a very high affinity for the potassium-specific
bmding sites in Chlorella and readily competes with potassium for binding sites on macro-
molecular substances in barley roat tissues *** Thallum(¥) 1s readily absarbed nta the
protoplasm, but vacuolar accumulation 1s slow and tends to stagnate, and this latter
feature 15 the only difference between the absorption of thallum(l) and potassium or
rubtdium Thus thalllum(I) seems to block the systems that mediate its transport mto the
vacuoles The process by whiuch rons 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-
plasmic or carrier sites The nature of the vacuolar release 1s unknown, and could be an
enzymatic breakdown of erther a chermcal or a physical nature of the 1on—carrier complex.

U SPFECTROSCOPIC PROBES FOR THALLIUM

Potentially the most useful spectroscopic property of thalhum 1s 1ts nuclear spin. It
has two 1sotopes both with nuclear spin [ =4, the most abundant bemg *°* T, with a
natural abundance of 70.48%. It has a high relative sensitivity for NMR (19.2% of that for
protons). Relatively few thalllum NMR studies have been performed. Table 19 lists the
295 T] chemical shufts defined as

_ Praf ”'p.:p

5 d % 10°

Yref

for a number of solids Clearly, the chemical shuft range of thallum(l) 1s large. The
chemical shift 1n a number of aqueous solutions of thalltum(l) has been found to be very
sensttive to the anion concentration %, At low amon concentrations, the chemical shuft
varies non-linearly with anion concentration, but at higher anion concentrations, the
variation becomes linear Agaun, the shifts are large For example, for a 0 3 M solution of
thallium(l) hydroxide contaming 6 M KOH, the chemical shift & s —1400, and with
acetate as the anion at the same concentration, § 1s ca —400 (ref. 70) At low concentra-
tions, the shifts have been attnbuted to ion par formation, and at higher anion concer-
trattons, the shufts have been attributed to the effect of tons on the hydration atmosphere
of the ton pawr. The change 1n the magnetic smelding is probably due mainly to a change
in the temperatureindependent paramagnet:sm mduced in the electrons of the thallum
atom "°. This term 1s tnost effective when chemical interactions are strongest, and so 1t
appears that these interactions are most important for hydroxide 10ns and very small
with, for example, fluoride 10ns

The linewndth observed 373 fora 0 1 M solution of thathum{I) nitrate 1s 7 Hz, which
compares well with that calculated from the T, value obtained by progressive saturation,
assumning that T, = T,

These large chemical shifts can, 1n prmeiple, be used as a very sensitive probe for the
environment of thallium. Further, a very large 293 Tt »+« 2%3 T1 coupling constant
(J = 2560 Hz) has been observed in thalhium(I) ethoxide, the only polymenc thallium()
compound to have been studied *°® by thallum NMR. The detection of dimerisation and
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TABLE 19
29511 chemical shifts 5 ®pm)**”

Compound &
tppm. )’

Thallum{l) perchlorate +370
Thalllum(i} nitrate —280
Thalllum(I} chionde —~610
Thallium(I) sulphate — 90
Thallmum(l) formate —1110
Thaihum{}} carbonate —1120
Thallum(l) fluoride — 790
Thallrum{I) bromida —1080
Thallum(i) 1odide —2330
K,TICl, =2230
Zn(TICl, )2 —-2970
Q3 Maq soln TINO;g (ref )} o0

2 positive values, mote shielded than refercnce

polymensation mn thallium(f) compounds should, therefore, be readily performed by
NMR.

The only thalltuin NMR study of thallium{I} 1n a biclogical system has been a study
of the binding of thalllum(I) to pyruvate kinase (sect R)

The temperature-ndependent paramagnetism of thathom(I) also causes large chemical
shufts in the resonances of other nucler present in hgands bound to thalllum{l) Thus
proton shifts of —0 2 p p.m, have been observed 1n ethylenediaminetetraacetic acid on
binding to thallium{l), and shifts of up to —2 2 p p m. have been observed *”¢ n
phosphorus resonances on bindmng of phosphates to thallism(I)

The position of the intense absorption band due to the thallium(l} 7s ~ 7p (triplet)
excitation can also, 1n principle, be vsed to study the binding of thallium{I). This band
shifts from 215 nm in the aguated cation to 246 am on bindmg to ethylenediamine-
tetraacetate, for example *’® However, no clear pattern emerges from consideration of
the shifts wath a number of different ligands.

The fluorescence of thallium(l) is also of potential use, but, unfortunately, most
hgands appear to quench the fluorescence 3%3
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