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When we are m possession of a few more local monographs - then, and only then, by gronpmg 
therr data, by mmutely confronting and comparmg them, we shall be able to reconsrder the subject as 
a whole, and take a new and declssve step forward To proceed otherw% would be merely to start, 
armed Hrlth two or three rough and sunple Ideas, on a kmd of rapld excursion It would be m most 
cases, to pass by everythmg that is particular, mdrvrdual, rrregnlar - that rs to say, everything, on the 
whole, that 1s most mterestmg ’ 

Lucren FBbvre 
‘La Terre et L’Evolutron Hwmaine’ 
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In 1864, Sir W&am Crookes wrote r . 
‘The posltlon of thalhum amongst elementary bo&es has gven nse to considerable dis- 
cusslon. On the Contment It 1s generally classed amongst alkah-metals, in England It is, on 
the other hand, generally regarded as belonging to the srlver and lead group.’ 

Fortunately, tlus IS no longer an issue that needs to be thrashed out between Bntam 
and the members of the Common Market But the effect of the ‘heavy-metal-hke’ proper- 
ties of thallium on Its behaviour as a umvalent cation 1s still of considerable mterest. 
Apart from Its mtrmwc rmportance as a problem m morgamc chemrstry, there IS the 

posslbrlity that, m the future, It will help to throw some hght on a very different problem- 
that of the mteractrons of uruvalent cations (particularly potassmm) m blologrcal systems. 
Not only can the drfferences between thalhum(I) and the alkah metal catrons be used to 
argue the stes of mteractron of the a&ah metal cations, but thalhum(1) can be used as a 

probe for the alkah metals, whereas the alkah metals have very few properties wluch can 
be studred spectroscoprcally, thaIhum has many - intense UV absorptron, fluorescence, 
nuclear spm I= I/5_, and temperature-independent paramagnetlsm 

A INTRODUCTION 

The first three lorusatxon potent& of thalhum are 142,472 and 688 kcal/g atom 

respectively * The stability of thalhum(1) wth respect to thalhum(II1) IS high *. The 
standard oxldatlon potentml of thalhum(1) m aqueous solution 1s 3 -1 25 V 

The thalhum(1) Ion has the ground state electromc configuration 63 Such a par of s 
electrons beyond a completed shell generally results m a non-spherical charge dlstnbution 
around the element in solids and ths, m turn, results 111 a lowermg of the symmetry of 
coordmatlon of negative Ions around the element. The first excited state of the thalhum(1) 
ion has the configuratron 6s’ 6~’ and 1s only 7.4 eV above the 6s2 ground state 4. Extra 
stabilisatlon can thus be gained by s-p mixing ‘. As the s atomxc orbltal 1s sphencally 

symmetnc and a p orbital IS not, such stabtisation 1s only possible for an unsymmetrical 
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d.rstortton of the environment of the ion; a symmetnc &stortion could only mix the 6s 
electrons with other s or wlt.h d orbitals, but since energy states mvolving 6d and ‘7s orbi- 
tals are highly excited, effects of s-s and s-d mmng should be unimportant. Thallium(I) 
derivatrves can thus be expected to adopt distorted octahedral or cubic structures. It may 
require low temperatures to reveal these drstortions smce at hrgh temperatures the distor- 
trons at different sites may be &sordered, m which case the crystal, as‘s whole, wzl.l 
behave as if It were undistorted 

TABLE 1 

Phymcal propertxes of th&tsm(If and the aIk& metal cairons 

M Iomc radu Poiansabtitty 7 

M” (A) M+ (A% 
Electronegativity ’ 
M+ 

LI 0 86 003 0 98 060 -134 
Na 112 041 0 93 0 35 -107 
EC 144 133 082 a30 - 87 
Rb 158 198 0 82 0.27 - 80 
Cs 184 3 34 0.79 023 - 76 
Ti 1.54 52 I 62 032 or - 92 

121 

The ~omc radu of Tl’ and K+ are very smuiar (Table 1). ~~~rn~i~, however, has a 

considerably greater molecular polartsabrhty Thrs wnl lead to drfferences between 
thaIhum and the rdkab metal catrons; to &stmgursh between those dfferences arismg 
from thrs cause and those differences arxsing from ‘part& covalent bonding’ is extremely 
drfficult. To some extent polansa&on and ‘partlal covalent bondmg’ mean the same thug, 
and ‘partial covalent bondmg’ appears to mean very much more than in reality it does 
Electronegativrties and electron affrtres of thzdhum and the alkah metals are also &rven 
m Table If 

The ~~lurn~i) ion IS only very weak& hydrated m solution (Table 1). &I view of the 
very low value for the enthalpy of hydration it IS not clear whether one sprst~fied m 
speakmg of a hydrated ton m solution at all, that IS, rf by hydrated ran one means an zon 
with a constant hy~atlo~ number. One might say that the zon is simply stabdised by 
macroscopic dielectric hydration i2. Measurements of the self-diffusion of thalhum(1) 
Ions m aqueous perchlorate soiutlons suggest that no water molecules move wrth the 

I3 thalhum(1) Ion , although recent measurements of the apparent molar volumes of 
aqueous ~urn~1) perchlorate solutions seem to mdrcate *65a the formation of a diaquo 
complex [T@& 0)s 1’. There IS also httle evtdence for solvatton m &methyl sulphoxrde 
or acetomtrile as solvents r4-’ 6 , but there IS possibly stronger solvatxon m drmethylfor- 
mannde as solvent r ’ . The complex Ti(C!EEs CNf2 SbC& f however, couid conbm the 
Tl(CHs CN)a+ ion r ‘. 

The inabiity of thaIhum to form strong complexes IS clearly due to the presence of 

COiSFd Chern. Rev.. 8 (1972) 
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two electrons m the outer s orbital whrch wrll always be a-antrbondmg Thus the 
thalhum(1) ran shows httle tendency to amme formation m solutron, and a monoamme 

complex IS formed only at very hrgh amme concentrations m both ammomacal and 
ethylenedIamme-contamrng solutrons ly JO With hrstamme m aqueous solution, a com- 
plex IS formed wth stablhty constant *’ ca 1 X 10e3 The thalhum(1) Ion 1s a very weak 
acid in aqueous solution wrth a pK, of 13 2 at zero ionic strength ” 

B THALLIUM(I) HALIDES 

(z) i%alliumfI) hahdes m the solid state 

Both thalhum(1) chlorrde and thalhum(I) bromrde possess a cubic, C&l-type structure 23, 
but the crystal structure of thalhum(1) fluonde 1s uncertam. Ketelaar 24 reported a 
centrosymmetnc structure m whrch thalhum was at the centre of a distorted octahedron 
Alcock *’ has proposed another structure 111 whrch thalhum has five nearest-nerghbour 

fluorme atoms (average Tl-F distance 2.58 i%) and two more distant (‘II-F &stance 
3 53 A), these later two fluorrnes occupy czs posrtrons rn the drstorted octahedron around 

thalhum Possrble space groups were P3 , ma, Fm2a or Fmma Barlow and Meredrth 26, on 
the other hand, find a space group of either Pbcm or Pca2L, the latter bemg thought more 
lrkely, and propose a structure mvolvmg a &storted cubic geometry, smnlar to that found 
III thalhum(1) methoxrde (see p. 321) An mfra-red and Raman study *’ 1s rn disagreement 
wrth ah these structures, but the vrbratronal spectra contam a number of unexpected 
features_ For example, a strong band was observed m the mfra-red spectrum at 475 cm-‘, 
which was assigned “to monomerrc TIF which seems to be present m the lattice m small 
quantrhes” At 8Z”C, thalhum(1) fluonde is transformed to a tetragonal drstortron of the 
rock salt structure, shghtly more dense than the room temperature modrficatron, the 
structure can be consrdered to be a compromrse between the NaCl-type structure and that 
of the room temperature modrficatron x s** **’ A high pressure phase also appears *’ at 
12 6 kbar and 22OC 

Thallmm(1) iodide adopts a layer structure m whrch the thallium(I) has five nearest- 
nerghbour rodme atoms, and two rodmes at a greater drstance (Fig 1) 30. On heating 
thalhum(1) iodide at atmosphenc pressure to 17O”C, it 1s transformed from thus ortho- 

F1g.1. Theenvuonmentofthalhm 1~1 th&um(I)lo&de(reproducedfrom AG Lee, Z%eChemrstT 
of ThA~nt, Elsevrer, Amsterdam, 197 1). 
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rhombic structure to a cubic, C&l-type structure 30, m whrch the thalhum(I) has erght 
equxhstant rodme neighbours located at a &stance of 3.64 ,!k The transformatron can 

also be brought about 31 at room temperature by applymg a pressure of about 5 kbar 
Thrs transformatron of thalhum(1) lo&de IS somewhat unusual m that the hrgh tempera- 

ture phase has the hrgher densny. For a gtven substance, the phase of lowest densrty IS 
generally the one of higher entropy and lower symmetry and would be expected to be 
stable at hrgher temperatures Thus the alkah hahdes adopt a NaCl structure at hrgh 
temperatures and a C&l structure at low temperatures For tha&um(I) rodrde, however, 
the denser and more symmetrrc form has the hrgher entropy. Thus, at the transttron, the 

entropy of the cubic phase is 0.75 calfg.mole “K greater than that of the or~horhombIc 

phase 31 The presence 0 f s ome ordermg effect m the orthorhombrc phase IS unphed by 
these observatrons. 

Distorted structures of-the thalhum(I) fluonde and rodrde type have been ratronalned 
111 terms of s-p mixmg on thalhum 32 An anhsymmetric displacement of aruons from 

an octahedral or cubic field wrll lead to a mrxmg of the s and p levels, and the stabrhsa- 
non due to such mxxmg wrll offset the normal forces wluch hold the octahedron or cube 
m tts regular configuratron. If the stabrlrsatxon IS electrostatrc m orrgm, then it would be 
expected to be greatest for the fluoride, whereas rf rt were due to covalent effects rt 
would be expected to be greatest for the heavrer halogens A measure of the s-p mrxmg 
on thallium m these compounds can be obtamed from magnetrc su~eptlb~l~ measure- 
ments In the orthorhombrc form of ~~lium(I~ rodrde, the s-p nuxmg IS about 7 1% 
complete on thallmm, whereas m the cubrc form, it rs only about 28% complete 33 _ in 

the cubrc thallium(I) cblonde and bromrde, the s-p mrxrng has been estrmated as 11% 

and 9% respectrvely 34 Although these latter two compounds adopt an undrstorted 
C&l-type structure, they do have very hrgh dielectric constants 3s, attnbuted to the fact 
that, because s-p mlxrng wrll tend to reduce the restormg force opposmg iomc drsplace- 
ments, these compounds wrI1 be partrcularly susceptrble to atom polansation by a static 
electric field ’ Unfortunately, no mformatron about s-p mrxmg m thallmm(1) fluonde 

IS avarlabie 
Info~ation about the structural transrtron m ~~lurn(i) rodrde can be derived from 

t&&mm NMR measurements 36_ At the temperature of the transrtron, there 1s a consrder- 

able lmewrdth change, from a second moment of 26 gauss2 Just below the transrtron 
temperature to 2.5 gauss2 Just above In the low-temperature form (orthorhombrc), the 
second moment is an order of magnrtude greater than that expected for drpolar mter- 
actrons alone. The hnewrdth has therefore been attributed to indirect (electron-coupled) 
spm exchange mteractrons between the thallium and the rodme The orthorhombrc 
phase can be visuahsed as a structure mtermedrate between a hypothetrcal molecular 
sohd of thalhum(1) iodide molecules and a more romc, cubrc CsCl-type structure. In the 
orthorhombrc phase, there IS a smgle short mteratomrc drstance between thalhum and 
ioclme, such that the structure could be considered to be made up of l-l-1 pans, and this 
&stance 3 36 A IS rntermedrate between that of the gaseous t~llum(I) lo&de molecule 

(2.81 A) and the II--i drstance m the cubxc phase (3 64 A) Thus, although the cubic 

Cooni Chem Rev I 8  (1972) 
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phase rs the more dense, the nearest-nel~bour drstance IS actually greater than m the 
o~horhombic phase. 

The decrease m the magmtude of the T&-I mdrrect spm exchange rs then what wourd 
be expected if rather isolated covalent TI-I bonds were bemg weakened m the orthorhom- 
bit to cubic phase change Thus, the change m the mdrrect spm exchange mteractions 
unphes a decrease m the ‘covalent’ bond character between thallium and rodme m the 

transformatron, due to a lengthemng of an unusually short thaihum-rodme mteratomrc 
distance 111 the transformatron to the cubrc phase 

An estimate of the degree of covalency m the thaihum-halogen bonds 111 the cubic 
forms of thalhum(l) chIorrde, bromrde and lo&de can be made from measurements of 
the 2e5Tl chermcal shrft 37*38 Degrees of covalency of 4,6 and Ior0 have been estimated 
m this way for the Ti-Cl, TI-Br and Tl-I bonds respectrvely. For these hahdes there IS 
also a srgrnfrcant discrepancy between the lattree energres calcufated from an efectrostatrc 
model and those obtamed from a Born-Haber cycle (Table 2) The vaiues calculated from 
the eIectrostatrc model take mto account polansat:on, quadrupole mteractrons and the 
zero-pomt energy of the crystal. 

TABLE 2 

Lattice energes of the thaUmm(1) hall&s (kcal mole-‘) 

Compound Calculated from an Obtamed from a 
eiectrostatrc model ’ I739 Born-Haber cycle ’ ’ 

TI-F 196 200 
?-l-Cl 169 118 
Tl-Br 163 174 

TI-1 I57 168 

The Fahre of the lattrce energy calculated for thallium(I) fluoride IS based on the 
structure of Barlow and Meredrth. The calculated lattrce energy based on the structure 
proposed by AIcock 2s is I84 kcaI mole-’ (ref 11). The mcrease in the difference 
between the calculated and Born-Haber cycle lattrce energres from thallium(i) tluonde 

to ~~~urn(~) rodrde 1s m accord with the mcreasmg polansabrhtres of the amons It also 
provrdes a ready expfanatron for the fact that upturn fluonde rs the only th~lrum(~) 

h&de whrch IS readily soluble m water 
A study of the Lrrr X-ray absorption edge of 8rTl m thalhum metal and thaIhum 

chlonde and brormde has led to the suggestron of a greater covalency for thalhumfl) 
chlonde than for thallium(i) bromide; on compound formatlon there IS generally a shrft 
111 the absorption edge towards the high energy srde of the metal edge, unless the shrft IS 
suppressed by covalent character m the bond 40*41. The shrfts (relatrve to thalhum metal) 
are 0.8 eV for thaIhum chloride and 6 2 eV for thalhum(I) bromide. However, rt IS 
thought necessary to take into account changes in hybndrsatron of the thallium 3go, and 
other data already discussed suggest that changes due to the latter will be most rmportant 
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for thaibum bromtde. These X-ray absorptton edge shrfts are, as yet, httle understood. 
Compressrbrhty data also suggest that thallium(I) chloride may have some %ovalent’ 

character. Thus the pressure-volume data for most of the alkah metal hahde crystals cart 
be fitted by a completely mmc model, whereas for thalhum(1) chloride there is a defimte 
deviation at high’ pressure m the drrectron of smaller compresslblty from that predicted 
from low-pressure data 42 _ The compounds are clearly, however, largely iomc Thus the 
shifts of the op1rcal absorption edges for the cubic phases of the th~lum(I) bahdes wrth 
changes rn applied pressure are relatively msensitwe to the amon mvofved ” _ In a simple 
~omc crystal, the valence electrons have been completely transferred from catron to amon, 
so that the valence band 1s made up entirely of amon wave functions and the conductron 
band is made up of catron wave functions. Smce the conduction band represents an 
exerted state, rt would be expected to be the more sensttrve to pressure 43 Thus it would 
be expected that the skiift of the absorptron edge wrth change m apphed pressure (I e of 
the densrty of the crystal) would be relatrvely insensitrve to the amon if the crystal IS 
largely romc Thrs can be contrasted with the very consrderable sensttrvity to amon ex- 
hxbited by the mercury(I) hahdes 43 

Rxtensrve studies of ~omc conduction and diffusion m the aikah hahdes with NaGtype 
structures have revealed the presence of Schottky defects The tome transport processes 
mvolve jumps of nearest-neighbour eons mto smgle cation and amon vacancres, urith the 
cation usually being more mobtIe, and therefore tending to dominate the conductivrty, 
In sr.lver(I) chlonde and bromrde, which also have the NaGtype structure, the presence 
of cation Frenkei defects has been proved. Drffusmn measurements show that for these 
crystals the transport processes mvdvrng cation vacancies are the same as m the a&ah 
b&ides, but that those involving mterstrtral eons occur by a combinatron of collinear and 
non-collinear mterstrtralcy~umps. These differences have been attributed to the larger 
pofansabrhty of sliver 43R In caesmm chloride, bronude and Iodide, Schottky defects 
predommate, and the rate of amon diffusron IS comparable to, but somewhat larger than, 
the cation drffusron rate In th~~lum(I) chlorde, Schottky defects also predommate, but 
now wrth h@ly mob& amon vacancres The smaller catron mobrhty m TLC1 compared 
wrth Cs-Cl has been attnbuted to the greater polansabdity of thaIhum( mcreasmg the 

actrvatron energy for catron movement 43a 
Lrttle IS known about the structures of the moiten thalhum(I) hahdes, although NMR 

measurements suggest that the degree of covalency m the Tl-CI, TL-Br and TL-I bonds 
mcreases shghtly on meltmg 37*44. Measurements of the electrical conductrvrtres of fused 
thalhum(1) hahdes suggest some assocratron, but cannot dtstingmsh the cause 45. Con- 
siderably more IS known about the structures of the thalhum(1) hahdes m the vapour 
phase. 

Mass spectrometnc analysis of the vapours of the thaUmm(I) hahdes shows that for the 
fluonde 46*47 drmenc species (TlFh predommate, wrth some monomer, trimer and * 
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tetramer also present, whereas for the chlonde 48 and bromrde 4g monomers predommate 
wrth a httle drmer present, and for the iodrde So there rs less than 1% cbmer The drmer-to- 
monomer ratio for the thaIhum(1) fluoride vapour 1s considerably hrgher than that for the 
alkah metal fluondes 46 _ Consideration of the experrmentally determmed entropy of the 

Tls F2 species led Keneshea and Cubrccrotti to suggest that the nature of the chemrcal 
bonding for the thalliurncontaming dimer 1s qurte different from that for the alkali metal 
hahde driers The structures of the latter are generally assumed to be rhombohedral 
(planar) as found for fiz Xz by electron diffraction 51752 and matrrx mfra-red studres 53 

Theoretrcal studres indrcate that, for an romc compound, the rhombohedral structure is 

more stable than the hnear drmer 54 

La-cl-Ll-cl 

Keneshea and Cubrccrottr 46 proposed a lmear symmetrrcal X-Tl-Tl-X structure for 
the thalhurn(1) halide drmers, grvrng better agreement wrth the absolute entropy of the 

Tl,F, dimers 
As additronal evrdence m favour of a structure wrth a thalhum-thalhum bond, the 

observation of a Tls+ specres of medmm mtensrty m the mass spectrum of the fluoride 
vapour was noted 46 but there 1s some dsagreement over thus pomt E?erkoHrltz and , 

Walter 55 found that the T12+ peak intensity was only 0 85% of the Tlz F+ peak intensity, 

whereas Cubicciottr 47 reported that it was 12% of the major dnner peak II2 F’. However, 
rt should also be noted that the mass spectra of a number of drmerrc organothalhum(II1) 
compounds also show a Tl,+ peak 56 , although no strong thallmm-thalhum bond can be 
postulated to be present m the compounds (R,TIX)Z The TIZc ion rs presumably formed 

by some rearrangement process m the mass spectrometer 

The postulated structures for the thaIhum(I) halide drmers are consistent wrth the 
mfra-red spectra of Tla F2 and Tlz Cl? trapped in argon and krypton matrices at low tem- 
peratures 57. Two mfra-red absorp tron bands m the spectra were assigned to each drmer, 
m agreement wrth a hnear, symmetric structure_)A simple moIecuIar orbital scheme can 

easrly be constructed for such a molecule. One sp hybrid orbrtal on each thallium rs used 
to form a a-bondmg MO between the thallium and halogen and the other is used to form 

a o-bondmg MO between the two thalhum atoms. The two p orbitals remaimng on each 

thalhum are used to form a par of degenerate n MO’s. Of the SIX valence electrons from 
the two thalhum atoms, four are used rn the a-bonding, leavrng two whrch are assrgned 
to the two sr-orbit&, givmg the molecule a triplet electronic ground state. The extended 
Hiickel MO calculatrons of Gnnarc s* predict an essentrally snnilar scheme, with a trrplet 

ground state These calculatrons also show tnat for a 20-valence-electron BAAB system, 
a linear structure has a lower energy than a structure wrth a cis or frans geometry 

Arguments based on second-order Jahn-Teller effects also suggest that the linear 
symmetrrcal structure wrll be stable for the thalhum(1) halrde drmers. Pearson 6o suggests 
that the alkah hahde duners do not adopt a linear, triplet, structure because the p orbrtals 



COORDINATION CHEMISTRY OF THALLIUM(I) 297 

TABLE 3 

Dlss6ciat1on of Weric TlX at 1000°K 

Compound AHo (d~ssocsat~on) 

(kcal.mole-‘) 
aSo (dlssoclatlori) 
(cal mole-’ ?K) 

Monomer/duner 
rat10 

Ref. 

TlF 31.0 f 0 4 279*05 1.05 46,59 
TlCl 170+08 183+12 0 15 48 
TICi 27.7 k 0 2 = 302= 61 
TlBr -255 254 0 07 49 

= At 1100°K 

TABLE 4 

Comparison of gaseous and crystalhne thallium(I) hahdes 
. 

Compound Metal-halogen bond lengths (A) 

Vapour SolId CsCl 
structure 

TIF 
TlCl 
TlBr 
TU 

2 0844 (refs 62,63) 
2 4848 (refs 62,64,65) 3 32 (ref 66) 
2 6181 (ref_ 62) 3 44 (ref 66) 
2 8135 (ref 62) 3 64 (ref 66) 

on the a&ah metals are too rzlgh m energy to be of slgmficance m the bondmg 

The high stabtity of the Tl, Fz dimer 1s presumably caused by the electron-mthdrawmg 

effect of the highly electronegative fluorme atoms Data for the dlssocatlon of the dlmers 

‘I&X, are gven in Table 3 
The thalhum-halogen bond lengths found m the gaseous monorlers are conslderably 

less than those found m the crystallme state (Table 4) The decrease m mternuclear Is- 

tance IS more than that observed, for example, for the potassium hahdes Further, the 

&pole moments of the thallium(I) hahdes are conslderably smaller than those of the 
potassrum hahdes: 4.4 debye for TlCl, for example, compared with 10 6 debye for KCl 
(refs. 66-68). In the gas-phase, monomeric molecule TlX, the Tl’ 1s SUbJeject to the un- 

symmetrical field of X- , so that s-p rruxmg becomes possible. Such rmxmg, by concen- 

tratmg electromc charge in a rmxed s-p orbIta on the side of the Tl+ remote from X-, 

allows closer approach of Tl’ and X- , and the contnbution from the lone par would 
give a smaller dipole moment for llX as observed. Any covalent bontig between the 

thallium(I) 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 
estrmated from quadrupole couplmg constants to mcrease from 17% for thalhum(1) 
chlonde to 28% for thalhum(I) io&de 62*67. 

Coord Chem. Rev., 8 (1972) 
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(Iii) l%allium(I) halides in aqueous solution 

The thalhum(1) halides are classical examples of ‘mcompletely &ssocrated’ 1 1 electro- 
lytes 2 The association constants for the thallium(I) halides 1~1 aqueous solution are con- 

siderably higher than those of the alkah hahdes, the order of association constants m 
aqueous solution at 25°C IS TlF < TlCl < TlBr < TlI. Thus the heat of hydration of the 

hahde Ion, decreasmg 111 the order F > Cl > Br > I, is probably the dommating factor, 
coupled Hrlth etther an mcrease, or only a small decrease, m the heat of association of Tl’ 
mth h&de ion from fluoride to io&de 

The assoctatlon constant of thallium(I) with fluoride ion is very small. Polarographic 
stu&es show that the formation constant B1, defined by 

z+ + n F- 2 -flF,-(‘-“) 

must be less than 0.4 m a solution of Ionic strength 0 1 M, and that, m fact, the association 
constvlt 1s less than that between thalhum(1) and perchlorate Ion 6g Smrlarly, thallmm 
NMR ” and potentiometnc sturhes usmg an amalgam electrode ” or a fluoride Ion elec- 
trode 72 also failed to detect any complex formation between thalhum(1) and fluonde 
ion. As a consequence, fluoride Ion 1s a more suitable ‘non-complexmg’ ion for maintam- 

mg a constant IONC strength than is perchlorate. Usmg fluonde ion as the ‘non-complexmg’ 
ion, association constants (PI) for TlCl of 2 1 and 1 0 were obtamed at lomc strengths 

1 OM and 4 OM respectively 6g In all previous work, perchlorate ion has been used to _ 
mamtam lomc strength, although thu should not make any constderable &fference 

Thermodynarmc data for the association of thalhum(E) with chloride and brormde ions 
are given m Table 5, and compared with data e&mated ” for the potassium halides. The 

data can be analysed in terms of the followmg c$cle 

Mxg%fg++xg- 
1 1 1 3 

WI, - Maq+ + xaq- 
Values for Ax and AS; for the thallium(I) and potassium halides are gven m Table 6. 

The values of AH: and ASP have been assumed to be the same for the potassmm 
hahdes as for the thallium(I) hahdes; thts assumption 1s probably not far wrong, and will 
not affect the conclusions of the analysis ” _ It is unmeQately apparent that there are 

considerable differences for A% between the thallium(I) and potassmm hahdes This 
can be attnbuted to the deformation of the thaIlmm(1) ion m a TlX species by s-p mix- 
mg of *&e type already &cussed. For the hydration process 

AHo and AS0 are very similar for Tl’ and K’. ms suggests that in the hydrated ion 
TI’(H, O), , the thallmm(1) ion 1s Surrounded symmetrically by water molecules, so that 
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TABLE 5 

Thennodynamlc data at 25’C for the reactlon 

Ma;+ xaq- -+ M&q 

(from refs. 73-75) 

Mx A@ AHO ASO 
(kcal/mole) (kcaf/moIe) (caljdeg.mole) 

TN.3 -0 93 -143 -1.7 
TlBr -2-Z -2-45 4.2 
KC1 +24 0 +24 1 +04 
KBr +20.7 +20 0 -2.2 

TABLE 6 

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

AH,‘: (k&/mole) 

AH; AH;?0 A@ 

Tlci -27 9 139s -166 0 
TlBr -27 3 133 1 -157 9 
KC1 (-27 9) li2 8 -164 8 
KBI (-27 3) 109.4 -156 7 

AS: (caljdeg mole) 

AS; AS; AS; 

TtCl -19 2 17.5 -35 0 
TiBr -iE 3 17.1 -312 
KC3 <--I 9.2) 16 4 -36 0 
KBr (-18.3) 16 1 -32 2 

s-p myrmg IS not posslbb. Wowever, for the assoclatmn reaction 

Tl+(H, O), + X-(H, 01, --t Tl+X-(Hz O), + (m 4-n-x) Hz0 

there are conaderable differences between thallium(I) and potassmm. Again, it 1s possble 
that m the unsymmetrical field of Tl’X-(H, O), , s-p nuxmg occurs, the effect of tk 
bemg to decrease the distance of closest approach of thalhum and hahde Ion, and so to 
stab&se the moiecule ” There IS qmte strong evidence from ultra-violet spectroscopy 

that the bondmg m the associated rons ‘must be largely ~oxuc 76 _ 

An attempt has also been made to explarn the assaclatmn m terms of mutual polan- 

satxon, m which each ion m an Mx patr wdi Induce m the other a &pole, and the ions are 

Coord. Chem Rev.. 8 (1972) 
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then attracted by the mduced charges 77 _ lhs model has, however, been effectrvely 
cntrcrsed ” 

(iv) ThaIluim(I) halide complexes 

There IS consrderable evrdence for the formation of aniomc thalhum(1) hahde com- 
plexes m solutions contammg a hrgh concentratron of halide ion By solubrhty measure- 
ments 79-81, studres of molar absolptivrtres 8oy82 and lummescence spectra 83, the 
species TlX, TlX, - and ‘I’lX, 3- have been detected m aqueous solutions contammg 
chlonde and bromide Ions. The mterpretatron of data at hrgh hahde ion concentration rs, 
however, rather difficult, and some authors ” have clanned the formatron of TlX,‘- 
specres. whereas others drscount thrs_ On the basis of solubrlrty data, the specres TlI, 

TlI, -, ‘III, *- and TIIq 3- have been postulated m solutrons contaming iodide ions 71*84 

The for-matron constants reported by N&on ‘r are given in Table 7. In an aqueous solu- 
tion of romc strength 4 0, but wrth fluonde ion rather than perchlorate as medium, 
overall formation constants of TlCl and TICI, - are 1 00 and 0 36 respectrvely 6g_ 

TABLE 7 

Association of thalhum(I) hahdes 111 solution ‘I, stepwse formatlon constants 111 aqueous solution 
Ionic strength = 4 M m perchiorate 

Complex K, K2 K3 K4 

(ncl,,‘-” 079 02 

(TlBr,)‘-” 2.1 068 0 35 0.18 

Qlx,)~-” 5 0 15 1 5 042 

The complexes are weak, which is only to be expected smce 111 the ground state of Tl+, 
the s-orbrtal m any symmetry wrll be o-antrbondm g The stabrlrty constants grve an order 

F < Cl < Br < I for tncreasmg strength of complex formatron. In a solutron contammg 
two different hahde ions, rt was found ” that the stabrlity constant of TlBrI- was 
greater than that of TlBrCl-. 

The suggestion has been made that, because the absorptron spectrum of the thalhum(1) 
ran m these solutrons of hrgh hahde concentratrons 1s so srmrlar to that of the K(Tl)Cl 
phosphors (see below), rather than havmg drscrete ran pairs m solution, there is a quasi- 

crystalhne assembly of ions, m which the thalhum(I) ion is symmetncally surrounded by 
six halide rons 86. As the hahde Ion concentration decreases, the thallium-halogen mter- 
romc Qstance increases and the interaction decreases, causrng the observed changes rn the 
spectra. 

In dnnethylsulphoxtde as solvent, these amomc complexes are considerably more 
stable than in water ” (Table 8) Whereas, 111 water, the iodrde complexes are stronger 
than the chloride, III chrnethylsulphoxide the relattonships are reversed. Thts is consistent 
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TABLE 8 

Association of thallium(I) haMes m ~e~yl~ip~oxide solution, overall formauon constants m 
dimethylsulphoxide solution a’ 

6 82 83 P 

tJ-rq$-” I80 2300 1460 

(TlB&’ n 300 1000 800 

clX,)‘--” 73 180 230 

C&&W 1000 

Cn.2 B# 370 

Cn,i)” 9 

C-Q@+ 74 

wrth a hrgher entbalpy af salvanon of to&de ion m ~e~ylsui~h~~de than in water, 

whereas the reverse rs true for the chloride tort. Further, in d~e~ylsuIphoxlde, cattonic 
complexes are also present Snmlar c&ionic complexes have been proposed to explam the 
electneal conducttvity of atom chloride in ethylene glycol-water rmxtures as. 

Not surpnsmgly, no sohd aruomc h&de complexes of th~~~rn(I~ have been Isolated 2. 
There is, however, evidence for complexes of the type IQ [TiBrS ] m mured melts of Tll3r 
and KBr, both from denslty 8q and conductance go measurements Smular complexes 
have been suggested as being present in ~~iurn-doped alkali halide smgle-crystal 
phosphors When a small amount of a thalhum(i) hahde 1s added to an aqueous solution 
of an alkah hahde, rt ermts a blue lummescence accompamed by the appearance of a new 
absorptton band. Both absorption and emission spectra of aqueous solutions of TlCl 111 

KCl indrcate that TlCl, - 1s the specres responsrble, the absorptron and emission bands of 
this compiex are at 243 and 430 nm respectrvely 76 _ Solutrons of TlF in aqueous KF 
soluttons show no such bands, this being consrstent wrtb the lack of complex formation 
found by other techniques In K(Tl)Cl crystal phosphors there are two masn absorpbon 
bands at 196 and 247 nm, and two mam ennsston bands at 305 and 475 run (ref. 76). It 
was therefore suggested m the early 1930’s that complexes snmlar to TlCI, - are present 
m the crystals 91*92 _ The spectra were then analysed m more detarl tn terms of electronic 
transttons of a drum ion ~bstltuted mto the cubic crystalhne field of the alkali 
halide crystal 2y93, transitrons occur from the ground state 62 to the excited configura- 
tron 6~6~. However, the model is not completely sattsfactory, srnce some of the absorp- 
tzon bands exhibrt structure, and show polamatxon effects. There are three possible 
causes for this. 

(i) An interaction between the optical electrons of the thallmm(i) WI+% non-totaliy 
symmetric modes of vlbratrort of the anions (the dynanucal &&n-Teller effect). 

(&) Preferred bonds formed between the ~~iurn(I~ and some of the ~rroun~g 
anions. 
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fm) An ‘off-centre’ positron of the drum m the crystal 
The .Jahn-TeUer effect IS usually the most import~t, and effectively explams the ob- 

served efferts m K(Tl)Cl phosphors g4 There is, however, a marked dependence of pdan- 
satron effects on the amon mvofved, and m the Cs(Ti)I phosphor a partrally covalent bond 
wrth some of the amons was Invoked ” 

~alhum~I) cyamde adopts a CsCl-type structure y6~g7 which IS at first s&t rather sur- 
pnsmg m view of the non-spherical symmetry of the cyanxde group Free rotatron of the 
cyamde co&d account for the structure, but heat capacrty measurements suggest hmdered 
rotatron gg A second possxb~ty IS that th~lum(i) cyamde has only tngonal symmetry, 
end the TM rons are drstorted by s--p mrxqJust sufficrently to compensate for the non- 

spherrcal oyamde ion. The remamIng possrbrhty IS that the cyanide Ions adopt a random 
onentatron, as 1s possibly the case for the nitrate ion m the cubrc form of TWO, 
(see p 307) 

There are three phase transItions for Nahum cyamde below room temperature, of 

unknown. structure “. The zo5T! NMR lmeurldth at room temperature IS consrstent wrth 
drpofar broadenmg, but on coohng the absoprtron becomes broad and asyn- netnc “. 
Whereas the hnewrdth at room temperature xs mdependent of the ma~tude of the 
apphed magnetrc field, there 1s a linear mcrease in hnewrdth at 210°K with mcreasmg 
applied field Thus has been attnbuted to a change m the t~~lurn chemrcal shift tensor at 
the phase transrtron, rmplymg the possrbrhty of defmrte bonds among the ions which 

change at the phase transrtron g8 Of the alkali metal cyamdes, only caesmm cyamde 
adopts a CsCt-type structure, potassmm, sodmm and rubidium cyamdes adopt a NaCf-type 
structure ” 

~~~hurn(I) azrde, hke potassrum azrde adopts a tetragonal, drstorted C&l-type 

structure at room temperature loa The aztde group 1s lmear and symmetncai me 
thalhum-_mtrogen distance IS rather short compared wrth the a&an metal azides ll-N 
2 58 a, K-N 2 96 a, Rb-N 3 1 I a, and a part&y covalent tha~lum-nitrogen bond IS 
suggested lo1 The iattrce energy of th~hum(i) avde (163 5 kcailmole) hes between those 
of NaNs and KN, (175 and 157 k~a~~rno~e res~~ctlvely), grvmg no evidence for extenslye 
covalent bondmg (cf AgN, , lattrce energy 204 7 k~~/mole) lo2 

At 290°C, th~hum(l) azrde transforms to an undistorted CsQ-type structure la3, 
whrch probably mvolves random onentatron of the anions parahef to the edges of the 
cubic umt celt 

~a~ium(I~ t~ocyanate probably adopts a rhombic umt cell, lsomorphous re4 wrth 
KNCS Iufra-red spectra suggest that the throcyanate 1s N-bonded lo5 Infra-red spectra 
show that both TlSCN and TlSeCN are predomln~tly romc ‘e6*r0’ Both t~hum~I) 
cyanate lo8 and fuhnmate lo9 crystal&e w&h a body-centred tetragonaf lattrce, probably 
isomorphous w&h the room temperature modificatron of thrum aztde Infra-red 
spectra agam suggest predo~nantly iomc structures Xo8*10q The structure of tha~um(I) 
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cyanamide is unknown, but measurements of optical and electrical properties suggest a 
marked degree of covalent bondmg to thalhum. A polymeric structure has been 
suggested rroVrrr, viz 

Both potentrometrrc and polarographtc studres grve a for-matron constant of zero for 
TlCN in aqueous solution 71y112 A detarled study of the TlCN-KCN-H, 0 system farled 
to find any evrdence for complex formation, and Tl’ ions can replace K’ Ions m sohd KCN 
up to ca 37 mole % TlCN and strll retam the basrc KCN structure 97 In solutions con- 
tamrng Tl+ and N, -, a formatron constant of 2 5 has been obtarned 74*1r3 for TlN, at 
25°C A number of studres of complex formatron between Tl’ and SCN- in aqueous 
solutrons contammg lugh concentratrons of SCN- have led to the suggestIon of the 
presence of TISCN, Tl(SCN),-, Tl(SCN),2- and Tl(SCN)43- (refs 114,115), and even 
Tl(SCN)s4- and Tl(SCN)e5- (refs 116,117) It has been observed that tluocyanate com- 
plexes are more stable than the correspondmg complex chlorrdes, and are smular m 
stabrlrty to the complex bromrdes ‘r5 

D THALLIUM(I) OXIDE SPECIES 

(I] i%allium(I) oxide 

Toumoux et al II8 report that thalhum(I) oxide crystalhses Hlth a rhombohedral unit 

cell at room temperature, whereas Sabrowsky 119J20 reports a monochmc umt cell The 
monochmc unit cell dcas not correspond to an elementary unit cell ‘r8 

The structure accordmg to Sabrowsky r2’ 1s of the antr-CdIz type, rn whrch each 
thalhum has three oxygens as nearest nerghbours and each oxygen 1s surrounded by SIX 
thallium atoms m the form of an elongated octahedron_ Cs, 0 adopts a closely related 
anti-Cd& type structure r2r, whereas the other alkali oxides M20 adopt the quite drffer- 
ent anti-fluonte structure 66 _ The Cs-0 drstance of 2 86 A in Cs, 0 can be compared wrth 
the sum of romc radn of 3 24 A, and the Tl-0 drstance of 2.5 1 A m Tl, 0 wrth the sum 
of ionic radri of 2 94 a 

Above 354°C thalbum(1) oxide transforms to a second form r2’ It 1s apprecrably 
volatrle wrth a vapour pressure of about 123 1 mm at 580°C. The nature of the gas phase 
species has attracted some attentron. The vaponsation of thalhum(L) oxrde grves 
mainly 124 Tl,O and a httle Tl, 0,. The mfra-red spectra of Tl, r6 0 and Tl, l8 0 trapped 
m a variety of matrices at low temperatures have been reported 125-127 In alI three 
papers it 1s agreed that Tl, 0 adopts a bent symmetrrcal structure; there is, however, con- 
siderable drsagreement about the Tl-0-Tl angle. The strongest band observed m the 
mfrared spectrum is assrgned to the antisymmetrrc v3 stretch (Table 9). 

The symmetnc stretchmg mode v1 1s less strong, but has been located by Brom et al. 

Coord Chem Rev, 8 (1972) 
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TABLE 9 

Matnx mfra-red of thalhum(1) oxide, TlzO 

v3 (cm-‘) Matrvt Ref 

N2 Ar at 10°K Kr at lOoK 

Tl2 160 6253~01” 
6232+04b 

125 
6433+04 6346-tO3 126 

626 1 643 6 127 

n ‘80 5912+01” 
5909+04b 

125 
6093205 600 f 0 3 126 

= At LOOK 
b At 15°K. 

at 571 cm-’ for T1216 0 111 an argon matrix on the basrs of “0 enrichment and matnx 
warnung studres 126 Makowreckr et al 12’ , however, assrgn a weak band at 5 10 cm-’ to 

v, , whereas Rrom et al 126 tentatively assrgn this band to the chmeric specres Tl, 0, The 
bendmg frequency vz should also be mfra-red actrve, but Brom et al 126 farled to find 

any evrdence for its appearance m any of then spectra Makowreckr et al 12’ assrgned a 
band at 381 S cm-’ to thrs mode, whereas the correspondmg band observed at 383 cm-’ 
by Brom et aI lz6 was assigned to the dlmenc species Tl,O, _ An mfra-red study of the 

heated vapours above Tl,O, (mamly Tl,O) also shows 128 a strong band at 620 cm-’ 

assigned to Y, of Tl,O, and a weaker band at 480 cm-’ asngned to vr , w&h Brom 
et al. x2’ thmk is more hkely to be due to Tl,O, 

UnfortunateIy, the calculated Tl-0-Tl angle is very sensitive to the vs frequency. 
Hmchchhffe et al. r2’ have reported an angle of 13 1 f 11” and, usmg the same data, 
Brom et al 126 recalculated the angle as 125” Using therr own data, Brom et al. 126 ob- 
tained an angle cf 77O 

An approximate force constant calculation lz6 with an assumed apex angle of 90” 
grves Tl-0 = 1.86 A and Tl-Tl = 2 63 A Smce the smgle bond covalent radms of 

thalhum 1s of the order of 1 5 A, the calculated Tl-Tl drstance suggests some strong 
metal-metal interaction m the Tl,O molecule Thrs would also explain the unusually 
huge magmtude of the interaction’ force constants calculated on the basis of Internal 
coordmates that neglect termmal atom mteractrons m XY, species 

A farrly strong Tl-Tl bond is also suggested by thermodynamtc data. The enthalpy of 

formation of solid Tl,O from the elements at 298”Khas been measured as -40.4 + 1 4 
kcaI/mo!e, from which the enthalpy of formation of gaseous ‘II,0 can be calculated 12’ 
to be 1.2 kcal/mole The enthalpy of atomrsation of gaseous T&O 1s then 145 6 kcal/mole 
at 298°K. Assummg that the molecule consrsts of only two Tl-0 bonds, a ‘II-0 bond 
energy of 72.8 k&/mole IS obtamed, thrs can be compared wrth dissocratron energtes of 
‘I&F 105, ‘II-Cl 88.0, Tl-Br 79.2 and Tl-I 64.9 kcal/mole. The bond dissocration 
energy for Tl-0 would be expected to be between those of the fluonde and the chloride, 
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as observed, for example, for the corresponding alummmm derivatmes. 
The appearance of a relatwely strong ?I,* peak m the mass spectrum of Tl,O has also 

been taken to mdrcate the presence of a farrly strong Tl-Tl bond 12g, but as already ob- 
served, such evrdence IS suspect_ 

The aikah oxrdes M,O (except LrzO) vaporrse to the gaseous elements. 

~~hurn(~) hydroxrde probably adopts r3’ a hexagonal structure, of space group 

P6, /m (seven by Waber and Sturdy as C6,lm- but thrs D presumably a mrsprmt) In 
aqueous solutron, ~alhum(~~ hydroxrde has basuz properties srdar to those of the 
a&ah hydroxrdes The most recent conductrvrty measurements I31 of the drssocratron 
constant m aqueous solution at 25°C gn~e a value of 3 0 A recent ~ec~ophotomet~c 
study gives a value of 4 9 for the stabrhty constant of TlOH at zero iomc strength 132 At 
an IORIC strength of 3 0 N rn perchlorate, the cumulatrve stabrhty constants for 
Ti(OH),‘-” were Pt = 1.24 + 0 15 and& = 0 16 f: 0 OS respectn&y. These figures 
include both mner-sphere and outer-sphere complexes, fTl(H,O),] (OH),‘-” and 

DWW,(H,%-,I r-n the assocratmn constant for the inner sphere complex 

[~(O~~(H~~)~-~~ IS e&mated as 0.62 
The Raman spectrum of a concentrated aqueous soluaon of ‘IIOH showed no band 

attrrbutabie to a B-0 stretch, suggestmg that the undrsssociated TlOH m solutron con- 
sisted of ran parrs rather than of covalently bound ‘RON molecules 133, a conclusion 

co~~rmed by th~~urn NMR results ” 

(III) Oxythallatefl) denvatwes 

Three oxythallate(1) derrvatives have been reported: KTIO, RbTlO and LiSTlO, _ The 

former two compounds form red monochmc crystals 134 1 whose structures may be 
analogous to KAgO, whrch is charactensed by square [Ag404] groups 13’ _ The hthium 
compound corresponds to Li, (vacancy),TlO, and is an ordered derrvatrve of the Lr,O- 

type structure ‘s6 

E THALWUMQ) SULPHIDE AND SELENLDE 

Thalhum(i) sulphrde adopts a structure similar to that of PbI, , each thaUium being 

surrounded r3’ by SIX sulphurs at a drstance of 2 85 A The shortest Tl-ll drstance is 

3.62 li. Thaihum sehmde IS tetragonal (space group Cirh3 -P4]n) and has a structure 
different from that of ~~~urn(~~ sulphrde r3a - 

F T~ALLIUM~) NITRIDE AND PHOSP~DE 

~urn(~~ rutnde, prepared by reactron of thaIhum n&rate and potassmm armde, 
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IS of unknown structure 282 _ Other thalhum(i) mtrogen denvatrves are drscussed in sect I 
Two phases, Tl,P (ref. 391) and TlPs (ref 392) have been claimed in the thallntm- 

phosphorus system, although more recent work 3g3 has found evrdence only for the latter 
compound. TlP, crystalhses in the orthorhombrc space group, and the compound can be 
considered 3g3 to be a phosphrde of thalhum(i). The phosphorus atoms are connected m 
a two-tendons network sirmlar to that observed in the monoclinic modification of red 
phosphorus, known as Hrttorf’s phosphorus Tn thrs modrficatron of phosphorus, rt 1s 
possrble to discern tubes wrth pentagonal cross-secttons as a very charactenstrc structural 
element. Tubes very simrlar to those m Hittorfs phosphorus can also be seen in the 
phosphorus arrangement m TlPs (Fig. 2) There are two eon-equlv~ent thalhum atoms in 
the structure, both wrth a very nregular coor~ation, with two phosphors atoms at 
rather short drstances of ca 3 0 & and seven addrtronal phosphorus atoms at distances 
3 25-3.69 A. For both thalliums, the short ll-P distances are to phosphorus atoms 
wrthm the same phosphorus layer, one of them servmg as a bndgmg atom between 
different phosphorus tubes, whrie most of the longer Tl-P contacts are to phosphorus 
atoms m adjacent layers. It rs probable that the Tl-P contacts of ea. 3 0 A have appre- 
ctable covalent character, whrlst the others are largely romc “’ 

* .a..--§49A- 
a 

Ftp 2. The phosphorus arrangements m Hlttorf s phosphorus (a) and TlPs (b) (reproduced, wth per- 
mtssron, from 0. Olofsson and J Gullman, ref 393) 

There IS now a co~~derable body of evidence whxh suggests partrat covalent character 
m ~~iurn(~) nitrate- Details of an mfra-red study of matrrx isolated ~urn~1) and 
alkah mtrates are grven m Table 10 

Au undrstorted mtrate ran has D sh symmetry and the va (e) and ZJ~ (e) modes are 
degenerate. The extent of the sphtting of these degenerate modes m any partrcular com- 
pound IS related to the drstortron of the amon, For the a&ah metal mtrates, cabon polan- 
satron of the anion m a monomer causes drfferences in the force constants K, and K, and 
hence a sphttmg of V, _ 
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TABLE 10 

L&a-red spectra of metal nxtrates m a.rgon matrices 13’ 

$iodes L1N03 NaN03 KN03 RbN03 TlN03 

vi 1017 LO23 1031 1033 1020 
?2 823 82.5 830 1830 
v3w 1275 1283 1291 1293 1252 
vedb) 1515 1484 1462 i456 1495 

Values for the catron polarrsmg power have been estimated from the expression 

P = (Zfr)(SZ’ 2’/r%) 

where r 1s the IONC radms, 2 is the cation charge an> X is the iomsatlon potentml It can 

then be shown 13’ that cation polarisation of the amon is the dommant source of the 
amon hstorhon m the alkah nltrate monomers This cannot be the case for thalhum(i) 

mtrate, however, smce the polarismg power of thaIhum(1) is roughly equai to that of the 
potassmm ion, and the ua spllttln~ 1s I 5 tunes greater for the llN0, monomer. It was 
therefore suggested 13’ that the covalent contrzbutxon to amon distortron is of the same 
order of magmtude as that from cation polarlsatron of the anion 

Infra-red and Raman stuches i4e-r4a of sohd thallium(I) mtrate are also consistent 
with 2 basically If,, symmetry for the mtrate group, so that the compound is more an 
ionic nitrate Tl*NO,- than a ‘mtrato’ compound Tl-O-NO, 

At room temperature, thallxum(I) mtrate adopts an orthorhombtc structure, which 
transforms at 79°C to 2 hexagonal form wluch in turn changes to a cubrc form at 
144d’C (refs. 144-150). All three polymorphs are based on the same subshell r4’ 
Thermodynamic data for these transitrons are given m Table 11 

TABLE 21 

Parameters for thermal transtrons m thallium(l) nitrate i5’ 

Transltron Tmnstron AS Av% 
temp (Y!l (c&deg_moIe) (% vol. change) 

Otthorhombsc to hexagonal 75 07 04 
Hexagonal to cubic 143 2.18 14 

For the hexagonal to cubrc tram&on, AS is remarkably close to R In 3 (= 2.19) 
Smce, owing to the close relatronshrp between these two phases (they are both related to 
the CsCl type) there are good grounds for behevmg that the vrbratronal entropy IS vlrtualfy 
unaltered at the transrtion, rt seems that this rhfference must be a difference m confignra- 

tional entropy rs1*rs2 The suggestion of free rotation of the nitrate group (for example, 
m the plane of the oxygen atoms) in the cubic phase can #en be ruled out, smce com- 
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pletely free rotatron would mean an entropy contrrbutlon rsl. of some 25 cal/deg mole. 
The configuratronal entropy of the hexagonal phase IS probably zero, and it has been 
shown x51 that anion dtsorder m the cubic phase could lead to a configurational entropy 
of R ln 3. The source of the anion drsorder is not yet certain. From consideratrons of 
the entropy change at ‘Lhe transition rt has been concIuded that the drsorder was domr- 
nated by the mtrate eon bemg shghtly displaced from the C’s axis in the &rectron of the 
N-O bond r5i _ It has also been suggested, however, that the disorder arrses from rota- 
tional randomisation m which the C, axis 1s mamtained 152 The Raman spectrum of thrs 

phase rs in agreement wrth the structure bemg that of a disordered solid 143. 
It seems probable that disorder of the rutrate ions is accompanied by posrtronal cfis- 

order of the mourn ions. At the phase change from hexagonal to cubrc there 1s a 
very large mcrease m electrrcal conducttvrty whereas at the o~horhombic-to-hexagons 
phase change there are only very small changes r4’ The shght electncal conductron of 

the orthorhombic and hexagonal phases is probably due to the mobility of defect Ions 
At a thermal transformation some change m thts iomc conductance is to be expected, 
and there could possibly be a large Increase m defect ion mobrhty at the hexagonal-to- 

cubic phase change as a consequence of an mcrease m mterstrtral space accompanymg the 
change of structure However, there 1s a large change m the 205Tl NMR linewidth asso- 
crated urlth thrs transformation ls3 _ In thalhum(I) nitrate, the *OS Tl hnewrdth IS about 
0-I G near the meltmg pomt It remams unchanged on codmg to 143OC, the tempera- 
ture of the transrt~on to the hexagonal form, when there IS a large and sudden mcrease to 
ca 1 5 G. There is probably also a further, small mcrease in hnewdth on coohng through 
the hexagons-or~orhomb~c transformatron at 75°C The sharp lmes observed m the 
cubrc phase are consrstent wrth ready drffusron of thalhum(1) Ions m thrs structure 

The hexagonal phase of TlNO, is not stable at room temperature and goes over to an 
orthorhombrc form below about 79°C Thrs transrtlon probably mvolves no orrentatm- 
nal disorder. Neither rubidium nor caesmm mtrates, which have the same hrgh tempera- 
tu.e phases as thalhum(1) mtrate, have a low temperature phase of thrs type, and the 
deviation from a symmetrical Ion arrangement could well be connected with the abrhty 
of thallium(I) to undergo asymmetnc distortion 

There IS some evidence for parhal covalent character m the thalhum-oxygen bond 
?he fattrce enerw of opium mtrate (ca I65 k&/mole) IS greater than m&t have 

been expected by comparison wrth the a&ah mtrates 1s4~‘55. The vapour pressure of 
thaIhum nitrate IS twenty times hrgher than the alkali nitrates but between ten and 

twenty times lower than that of the ‘mtrato’ derrvatrves of copper, zmc, mercury and 
mdium ts6. Other data also suggest that thalhum(1) mtrate IS an mtermedrate between 
nitrates hke the alkali mtrates and nitrato derivatives. It has a hqh electrical conduc- 
tiv@ m the fused state; at 6OO”C, A = 39 2 ohm-‘.cm2 (ref. 157). The ultra-violet 

spectrum of solid thallium(I) nitrate at 20°C IS similar to that of sohd rubidium rutrate, 

both showmg a band at 32,000 cm-‘, characteristm of the nitrate ion However, the 

spectrum of rub&urn nitrate undergoes relatively httle change on fusron, whereas that 
of thalhum(I) n&r&e changes more markedly 15s*15g. A small amount of covalent bond- 
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mg m fused ~~urn(~~ nitrate has been postulated to account for the heat of nnxing of 
thall.tum(I) nitrate with fused a&ah nitrates r60 and for the excess volumes of fused 
thalhum(I) mtrate-a&ah nitrate mixtures 16r _ The deftnite and slgniflcant chemical shift 
rn the ‘esTl NMR resonance frequency on t&ion has been at&muted to an increase in the 
vrbratiorral overlap of the anion-catron wave functions in the molten state, 1-e. the ran- 
pairing 1s attnbuted to an mcrease m the par&al covalency of the anion-cation contact 
pair 16’. Electrical conductivrty and vrscosrty measurements also rndicate amon-cation 
Interactions 15’ . Raman spectra of molten tbalbum(I) nitrate are also mterpreted in 
terms of pronounced nearest-nerghbour mteractions, although the data have also been 
mterpreted in terms of short-range, quasi-crystalhne, order, wrthout postulatmg any 
specrfic associatron r63 

The mass spectrum of the vapour over molten th~ium(I) mtrate shows the presence 
of mamIy monomenc specres w& some dimeric 164 , in agreement with vapour pressure 
measurements ls6 

In aqueous solution, assocratlon between thalhum(1) and mtrate Ions 1s weak ‘14. In 
3 M per&orate at 25OC, the stablty constant K, IS 2 15 (ref 74) and m I M fIuonde rt 
is 0.65 (ref 69). Conductance me~urements 16’ grve a value of 3.2 at 25°C. No evidence 
has been found for h#er complexes m solution. Measurements of the apparent molar 
volumes of solutions of thalhum(1) nrtrate m aqueous solutions contammg excess sodmm 
mtrate suggest that an mner-sphere complex [Tl(H,O)(NOs)] IS formed, but the stabrhty 
constant determmed in tlus way IS about l/S of the value determined by thermodynamrc 
methods. It IS suggested that only about 20% of the nitrate Ions associated with Nahum 
are ut the inner coordmatlon sphere, the remammg fraction conastmg of ion pars “‘a 
Although no compound formation was detected 111 the NaNO,-TlNO, or CsNO,-TlNO, 
systems 166*167, a compound LrNO,.2TlNO, of unknown structure has been found 10 
the LNO,-TlNO, system r6’ Crystals of TIN0,.2HNO, have been obtamed 16’ from 
saturated mtnc acid solutron, and are suggested to be ~[(~O~)~NO~~ 

(ii) Thallihm(I~ carboA*ylates 

Thallium(I) salts of a wide range of carboxyhc acrds have been Isolated *_ Wrth 
dicarboxyhc a&s, both normal and acrd s&s can be prepared, and wrth hydroxycar- 
boxy& acrds, both the normal salt and the hydroxy denvative can be prepared. Thus, 
whereas only a drpotassmm salt of tartanc acrd can be isolated, both ~thallmm(1) and 
tetrathalhum(1) denvatrves have been reported “O. A number of derivatrves of sugars 
have been reported, but sugars wrth reducing propertres led to formatron of thallium 
metal Most of these derwatrves are obtamed as anhydrous salts, investrgation of the 
hum formate- and drum acetate-water systems 17x*L72 gave no evidence for 
hydrate for-matron The tartarrc acid derivative C,I-I&OH),(COOTl), can, however, be 
Isolated as the henuhydrate “’ , and KS thus one of the very few known thallium(I) denva- 
twes w&h water of crystalhsatron; another such 170 IS the thalhum(1) salt of 2-methyl- 
pyridme-3,4,6-tricarboxyhc acid, CH,C,HN(COOTl)~.H,O. 
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The structures of the thallmm(1) carboxylates are unknown. In the mfra-red spectrum 

of thalhum(1) formate, the symmetric OCO stretch and asyrnmetnc OCO deformatrons 
appear as doublets, m the &ah for-mates these bands appear as smglets A drfference m 
structure was therefore suggested r73 . The spectra of thalhum(1) acetate and the alkali 
acetates also show charactenstrc drfferences 174. Interestmgly, the shrft of the L,,, 

X-ray absorption edge of “Tl in thallium(I) acetate relative to thalhum metal is very 
large (15.4 eV) The orrgms of these shrfts are lirtle understood_ and the suggestron 4os4r 
of thalhum-thalhum bondmg must be taken as unproven at the present trme. 

Thalhum(1) acetate 1s mcompletely dissociated m solutron and, from conductrvrty 
measurements, the association constant K, = 0 78 at zero roruc strength has been ob- 
tamed 175 The stab&y constant of the malonate complex (logK, = 0 54 at romc 

strength 0 15) ‘76 1s considerably larger and the oxalate complex 1s even more stable “’ 

(log K, = 2 03) This consderable increase m stab&y of the small drcarboxylate com- 
plexes as compared wrth acetate indicates chelatron. The oxalate ran would form a five- 
membered rmg complex and be more stable than the stx-membered malonate complex 
Succmate could only form a seven-membered ~g, and thus complexmg is weaker “’ 

The ultra-violet spectrum of thallrum(1) oxalate m aqueous solution 1s mdrcatrve of a 
structure 111 whrch the bonds from thalhum(1) to the carboxyl groups have some covalent 
character (unhke m the alkali oxalates)“‘. 

The complex with citrate may well be more stable than those with the drcarboxyhc 
acrds, but the correct value for the stab&y constant 1s uncertam A spectrophotometnc 
study 176 gives a value of 1ogK = 1 36 at romc strength 0 15 and 25OC, whereas an ion 
exchange study “’ gave a value of log K = 1 04 m a 0.1 M solution at 25°C and a con- 
ductivity study gave a value of log K = 2 82 III a medmm of unreported romc strength lso _ 

A hrgher value for citrate would suggest the possrbrlity that thallium(I) bonds to all three 

of its carboxylate groups. A conductrvrty study lso also suggests that the stability constant 
of the 1 1 thalhum(1) tartrate complex rs less than that of the citrate (1ogK = 1 39) 

Very few assoctatron constants have been measured for the correspondmg alkali car- 
boxylates ls3 but usmg a cation-sensrtrve glass electrode, values for alkali citrates of 

logK, = 0 83’for I~thmm and logK1 = 0 59 for potassmm have been obtained ‘*’ m 

0 1 Mperchlorate at 25°C. 
The complexes formed wrth mtrrlotnacetrc acid (log K, = 4 42 at romc strength 0.15) 176 

and ethylenedrammetetraacetic acrd (logK1 = 6 55 at ionic strength 0.1) ls2 are even 

stronger. It rs noticeable that the mtrrlotrracetrc acrd complex 1s consrderably stronger 
than the citrate, although both have three carboxylate groups, thrs suggests strong bmdmg 
of thalhum(I) to nitrogen-contaming hgands. Assocratron of thalhum(1) wrth drethylene- 
tnammepentaacetic acid is weaker than with ethylenedraminetetraacetrc acid- stabrhty 

constants of 1ogK = 5.45 at romc strength 0.4 (ref. 184) and IogK = 5 97 at romc strength 
0.1 (ref. 185) have been obtamed. The bmdmg of both sodmm and potassium to 
ethylenedraminetetraacetrc acid 1s very considerably weaker (Table 12) 

The posrtron of the v (C=O) stretch m the solid tetrathallmm(1) complex of ethylene- 
drammetetraacetic acid 1s closer to that suggested for romc bondmg than to that for 
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TABLE 12 

StabMy constants for alkah metal and thalhum(1) dematxves m aqueous solutron (p = 0 1 M) at 20°C 

Carboxyhc acrd Ll Na K Tl* 

Ethylenelaminetetraacetic acid 2.79 a 166a ob 

I 49ob 272b 123’ 

6.47’ 

599b 

486= 267c Ill= 5.79 c 

NKH2COOHl2 491C 253= 094c 

0 

CH2NKH2COOH)2 1 71d 0 85 d 

CH2N(CH2COOH12 174e 0 85 e 

CH2NKH2COOH12 

2 20 Gf 1 0 c& 

4 79 =,g 

COOH 

N(CH2COOH)2 2 05 c 089’ 

573c 

384d 

406e 

311e 

2.34 = 

2.93 = 

a Ref. 114, b ref 182; c ref 186; ‘ref 187;e ref 188; f acid salt; g neutral salt 

Coord. Chem. Rev., 8 (1972) 
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TABLE 13 

Thermodynamic data for the reaction of uramddlacetic acid with umvalent metal 10x1s Is2 

Metal -AH -AS 

LI 70 lk5 
Na 8.7 1812 

K 118 35 f 2 
Tl’ 15 4 25 2 4 

covalent bondmg, despite the large formatron constant found m solution “* 
The h@ stability constants found mth uranuldiacetlc acid, I, are surpnsing (Table 12) 

Thermodynarmc data are gwen m Table 13. The most stnkmg observation 1s that all the 
metal complexes are stabfised by a negative enthalpy change and that the entropy 

changes are mvanably opposed to complex formation. Although the stabtisatlon by the 

favourable enthalpy change increases m the order L+< Na+< K+, the opposmg entropy 
effect mcreases in the same order but more rapldly, thus leading to the reversal of the 
order of the stab&ties The stab&y of many 1 - 1 metal complexes IS due to a favourable 

(positive) net entropy change resulting from the cucumstances that the entropy mcrease 

due to the hberatron of water from the hydrated cation and the hydrated hgand on 

complex formation exceeds the concomitant loss m configuratlonal entropy of the ligand 
and that due to the reduction 111 the number of reactmg molecules. It 1s then slgrnficant 

that the net entropy change with complexes of uramlltiacetlc acid IS almost zero for the 

strongly hydrated htium ion and that unfavourable values of AS are most negative for 

the largest and least hydrated Ions. The greater stab&y of the thaIhum(1) denvatlves could 
again be due to the presence of nitrogen m these denvatlves. 

It has been observed Is9 that the assoclatron constant of thalhum(1) and sahcykc acid 

(log K, = 3 90) IS greater than that of thalhum(1) and tluosahcykc acrd (1ogKr = 3 66) 
and smularly that the assocratlon constant of thalhum(1) wth lack acid is greater than 
that wrth thiolactic acid lgo _ Thus thallium(I) 1s behaving as a ‘class a’ metal m these com- 
plexes 

Stab&y constants for thalhum(1) with cu-alanine and LManme have been measured lgl 
as logK, = 1 49 and logK, = 1.04 respectively at 28OC. 

A study of the thalhum NMR spectra of aqueous solutions of the acetate and Citrate 
suggest that the association IS due to electrostatic rather than to covalent forces 70*1g2 

The proton NMR spectra of aqueous solutions of t.ha.km(I) ethYlene&amlnetetraaCetrc 
acid and nitnlotnacetlc acid have been observed 176 The fact that the protons on the . 
carbon attached &rectly to the mtrogen in EDTA have about the same &ft on complex- 

mg with thallmm(1) as those near the carboxylate group has been taken as evidence that 
the mtrogen ts also bound to thalhum(I), as deduced from stability data. 

Arthough the stab&y constant for the thallium(I) complex of S,S’-1,2_cis-dimercapto- 

ethylene&acetic acid 
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/SCH,COOH 

Q SCH,COOH 

IS hrgh (IogK, = 3 28 1110.1 M KCl at 20°C), the proton NMR spectrum suggests that there 
IS essemrally no covalent thalhum-sulphur mteraction present rg4_ The proton NMR spec- 
trum ofthrs compound, as with those drscussed above, shows no Tl-e-H couplmg, 
thalIium(I)-proton couphng has, as yet, only been observed for one compound, a 
&&urn(I) cryptate (see sect. b (IV))_ The stab&y constants for association of thallium(I) 
and /3-mercaptopropiomc acid, HSCH,CH,COOH, IS also hrgh (IogK, = 2 78 at 20°C, 
with AH0 = -3 34 kcal/mole and AS0 = + 2 qj cal/deg mole at 30°C) rg5 

The structure of thalhum(1) carbonate 1s unknown, but It IS interesting that whereas 
rub&urn carbonate melts at 873°C (ref 193), thaIhum(1) carbonate melts at 270°C 
(ref 196) 

(in) Acads of the Group V elements 

Thallium(I) nitrite adopts a CsCl-type structure lg7, whrch presumably rmphes Is- 
order of the mtnte ions rather than the free rotation ongmally suggested There 1s no 
compound formatton between thalhum(I) mtnte and sodrum, potassmm, rubldrum or 
caesnrm nitrites, but wrth l&mm mtnte a compound TlNO, 3LN0, is formed 1g8*1gg _ 

Associatton between thallium(I) and nitrite ion in aqueous solution 1s shghtly stronger 
than wrth the mtrate ion, logK, = 0.81 at 25°C m aqueous solutton corrected to zero 
ionic strength 2oo Addition of thallium(I) rons to solid alkah metal nitrites causes a red 

lummescence, and tlus was attributed to a weak mteraction between the thallium and 
mtrogen atoms ” 

Reaction of thalhum(1) hydroxide with mtroethane produces a thalhum(1) salt 201,202 
whose mfra-red spectrum 203 suggests the structure CH,CH=NO.OTl. Derrvatrves are also 
formed wrth mtromethane and 1,3,5truutrobenzene, but these are explosive 2017203 

A large number of thalhum(1) phosphates have been prepared 2, but the structure of 
only one of them has been determined. Thalhum(1) metaphosphate is tetramenc 111 the 

solid state, [Tl(PO,)], , and contains cyclic P40,s4- anions 204 There are two types of 
thallium(I) m the unit cell One of these has two paus of thalhum-oxygen dtstances less 
than 3 A (2.70 and 2 74 A) w h ereas the other forms only one such pair (2 85 A), 

The stability constants of a number of thalhum(1) phosphates have been determmed 
(Table 14). Pyrophosphate forms the most stable complex, probably owmg to a chelation 
effect gwmg a sue-membered rmg complex. Pyrophosphtte (H,P,O, “-) cannot form such 
a chelated rmg, and bmds less strongly than pyrophosphate 2o5. Phosphate and protonated 
pyrophosphate form complexes of about the same stabrhty. Comparison of the data for 

protonated phosphate and ribose phosphate suggests that the nbose does not have any 
appreciable effect on the stabrhty constant Companson of the ADP and protonated 
pyrophosphate stabrhty constants then shows that the purme base of ADP has a marked 

destabrlising effect. Phosphorus NMR spectra 176 suggest that in both the pyrophosphate 

Coord Chem Rev, 8 (1972) 
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TABLE 14 
Stablty constants of t&lhm(i) phosphates m aqueous solution at 25”C, IONIC strength = 0 15 M 
(ref. 176) 

Ligand log K1 

HP04 ‘- 073201 
abose phosphate’- 0 87 + 0 15 

;$I 132+01 
199*01 

;;$? 
3- 234*01 

241~01 
p207 

4- 305ioO4 

and ADP there IS chelation, causmg apprecrable chenucal shifts for both phosphorus 
nucler In ATP, there are shrfts for il three phosphates, and rt has been suggested 176 that 
thalhum(1) 1s bmchng to the oxygens of all three phosphorus atoms. Thrs IS consrstent 
wrth a structure for thalhum(1) ATP with a drrect bndge across the 07 posrtron and a 
shghtly longer brrdge to the CY posrtron 176 The bindmg to three oxygens would explam 
the five-fold Increase m stabrhty of the ATP complex compared wrth the ADP. 

Companson wrth the alkah metal denvatrves IS difficult because of the lack of data for 
the latter However, stab&y constants of pyrophosphate and ATP wrth the alkalr metals 
are generally r14~183 a factor of ten weaker than those of thalhum(I). 

[IV) Aczds of the Group VI elements 

The room temperature modrficatton of thallmm(I) sulphate IS lsostructural with the 
room temperature form of potassrum sulphate 206--208 _ On heatmg to about SOO”C, it IS 

transformed to a hexagonal form analogous to the hrgh temperature modrficatron of 
potassium sulphate 207~20g_ In the hexagonal, h&temperature, form rt has been suggested 
that there 1s drsonentatron of the sulphate groups rather than free rotation *06. 

lhalhum(1) sulphate vaponses to grve mamly ‘lo the monomeric specres, wrth a little 
T120, SO, and 0, _ The vaponsatron products of metal sulphates depend on the relative 
energres of the metal-sulphate, metal-metal and metal-oxygen bonds. Srlver sulphate 

vaponses to give solid srlver, SO, and 0, , owing to strong mtermetalhc bonds m srlver 
metal. Sodmm sulphate vaporrses to gaseous sodrum, SO, and 0, Rubidium and caesium 
strIphates form the correspondmg M,SO, vapour molecules to some extent, mdrcatmg the 
mcreaang stabrhty of the metal-sulphate bond for the heavter alkah metals ‘lo _ 

The stability constants 0 for complex formation between thalhum(1) and sulphate ions 
111 aqueous solutron have been detemuned 21’ as Tl(SO,)-, /3i = 0.33 and Tl(SO,), 3-, 
fi2 = 0.13. The Raman spectra 212 of these aqueous solutions suggest outer sphere com- 
plexes of the type Tl(H,O),+SO,*- The ultra-violet spectrum of thalhum(1) sulphate m 
concentrated sulphuric acrd and NaHSO,-KHS04 glasses shows a thallium(I) ‘So + “Pr 
transrtron closer to that observed m the ‘free’ ion than to that 111, for example, the chloro 
complexes, rmplyrng predominantly ~ornc bmdmg 213. 
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Complex formatron between thiosulphate and thalhum(1) has been stu&ed m aqueous 

solutron, and Nrlsson 214 found evrdence for [T&O,]- (IogKi = O-86), [Tl(S,0,),]3- 
(logK2 = -0 14), [Tl(S20s)s]“-(log& = -0 54)and [Tl,(S203)~~+J(mc4)- (m > 2). 

The structures of thalhum(1) and potassmm tnthronates, M,S,O,, have been reported 
to be drfferent *15 Thalhum(1) selenate adopts the same structure as the room tempera- 

ture modrficatron of thaihum sulphate 216 _ 

(v) Acids of the Group VII elements 

Both thalhum(1) chlorate and bromate crystalhse wrth the space group Csv* , 

thalhum(1) bromate has the same structure 217~218 as KBrO, The structures are a simple 

rhombohedral drstortron of the NaCl-type structure, and the three oxygen atoms of any 
ClO, or BrO, ion are equrdrstant from the thalhum atom on the same axis. The mfra-red 
spectrum of TlBrO, shows a Br-0 stretchmg vrbratron at some 40-50 cm-’ lower than 
m NaBrO, , together wrth a weak splitting of the degenerate BrO, deformatrons, suggest- 
mg mteractron of the thalhum(1) wrth the three BrO, oxygens 21g Solubrhty measure- 
ments 220 show that thalhum(1) bromate is associated m solutron, and at 30°C m solu- 
tions of ionic strength less than 0.1 M, K, = 1 9 2 0 5 

The assocratron constant of thalhum(1) and perchlorate ran m aqueous solutrons of 
ionrc strength 1 0 Mm fluonde has been obtamed as 0 32 by polarographic studies 69 _ 

Conductrvrty measurements suggest an assocratron constant close to unity m aqueous 
solutron 221, whrlst in acetonrtrrle, the assocratron constant IS 32 (ref. 222), compared 

with an association constant of 14 for thalhum(1) and BF,- ions m acetonitrde If the 

ran paumg were electrostatrc m ongm, the smaller BF,- ran might be expected to 
associate most, a specrfrc mteractron between thallium(I) and perchlorate was therefore 
suggested ***. The Raman spectrum of an aqueous solution of TlCiO, contams a large 

number of very low frequency absorptrons not assrgnable to the ClO,- ion, so that the 

presence of some sort of complex was suggested 223 _ The ultra-vrolet spectra 224 of 
aqueous solutrons of thalhum(1) perchlorate, however, show no changes with concentra- 
tion up to 0.02 M, but rt 1s known that ion-parrmg may sometunes have no effect on the 

ultra-violet spectra of free ions. Measurements of apparent molar volumes of thalhum(1) 

perchlorate solutions m water give no evidence of mner coordmatron sphere complex 

formation 16” 

(vi) Acids of the transuion metals 

Thalhum(1) chromate has three polymorphrc modrficatrons the room temperature 

modrficatron 1s isomorphous wrth thallium(I) sulphate 2257226 Thallium(I) trichromate 
adopts a structure, analogous to potassmm trrchromate 227, consrstmg of CrO, octa- 
hedra and CrO, tetrahedra, the polyhedra bemg arranged m layers by sharmg corners, 
and the layers bemg held together by thalhum(1) ions whrch have ten nearest oxygen 
neighbours The structure of TIITlm(CrO& IS related 228; the thalhum(1) ions occupy 

Coord Chem Rev, 8 (1972) 
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sates with eleven nearest-netghbour oxygen atoms at distances of ca. 3 A, and four more 

at 4 24 5 _A. 

Thalhum(1) pertechnetate and perrhenate both crystalhse in an orthorhombrc system 

and have a high-temperature, tetragonal modification of the closely related scheehte-type 
structure 229-231 _ Infra-red and Raman spectra confirm a bane Td symmetry for the 
ReO,- and TcO,- ions 111 these crystals 2327233 The thioperrhenate TlReO,S probably 
has the B&O,-type structure 234 The structure of the phosphotungstate T13PW,204, 1s _ 
analogous to the corresponding caesium salt 235 _ 

Base-exchange experiments with ammonium ions led to the suggestion that the 
tballmm(1) ion IS more tenaciously held m Tl,PMo,,O,, than the other umvalent catrons 
Tlus has been attributed to distortron of the amon structure by polansation; the cations 
in these compounds are fitted between the ‘outer sphere’ formed by the twelve lurked 
MOO, octahedra and the PO, group m the centre 236-238 The effects of thalhum(1) on 
oxide glasses are discussed m sect Q 

(vu) Sulphur and selenrum analogues 

The structures of TII[TlIII&] and Tli[TlmSe2] are analogous The thallmm(III) 

ion IS surrounded by four sulphur or selenium atoms 111 a tetrahedron (Tl-S = 2 60 A, 
Tl-Se = 2.68 A) and the thalhum(I) has erght sulphur or selemum nearest neighbours 
(T&S = 3 32 A, Tl-Se = 3 42 A) 23g,240 The structure of TlTe 1s completely different 241, 

it 1s a substitution variant of the structure of WsSi,. In Tl,VS, the vanadium is surrounded 
by four sulphurs at 2 3 a and each thalhum IS surrounded by four sulphurs at 3.1 A and 
four at 3.7 j% (ref. 242) 

H THALLIUM(I) METAL DERIVATIVES 

A very large number of thallium(I) metal derivatives have been prepared, they are 
lrsted elsewhere 2 Most of the hahdes TlMX, adopt structures very srmrlar to the corre- 
sponding potassium salts, and the coordmatron numbers of thallium are very high (usually 
between eight and twelve) In thrs thallmm(1) IS more hke the alkali metals than hke 
silver, for many silver compounds, the structure distorts to brmg the silver close tolust a 
few of the surroundmg MX, groups Presumably, because of its smaller polansabrhty, 
tis does not happen for thalhum(1) Thus, for example, the isomer shtft m the Mossbauer 
spectrum of TlFeCl, is consistent with a tetrahedral FeCl,- ion and a largely ioruc mter- 
action with the thallium(I) ion 2*a *244 

There is strong evrdence for a thallmm(I)-metal mteractron m thallmm(1) hexacyano- 
ferrate(III), Tl,Fe(CN), Smce it IS isomorphous with K,Fe(CN), with only shghtly 
different unit-cell dimensions, and smce thalhum(1) can be substituted in K,Fe(CN), m 
all proportions, it can be assumed that thallium(I) ions occupy the same srtes as potassium 

245 ions _ The unit cell of K,Fe(CN), contams two types of potassmm. one type is sur- 
rounded by an irregular octahedron of nitrogen atoms, two at 2 87, two at 3 02 and two 
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at 3 f4 a, and the other type has a roughly t~gon~-prlsmatrc coor~atlon, wrth two 
mtrogeas at 2 57 and four at 2.77 A Knfra-red spectra show httfe effect on the absorp- 
tion frequencres of the cyamde ion when K+ IS replaced by Tl*, so that the Fe(CN)63” 
ion cannot be very cWferent m the potassnun and thaihum(1) salts. However, the qua- 

drupaie sphtting of the Mossbauer spectrum of Tl,Fe(CN), is co~sld~rably greater than 
that of K,Fe(CN), , indrcatrve of a srgmficant Tlr--Fe(CN)e3- mteraction The thallium 
NMR chemxcal shrft observed for sohd TIaFe(CNj6 was considerably greater than that 
observed for other th~ium(i) compounds Thrs could not be attributed solely to the 
presence of a paramagnetx Fera son smce the thaihum chemrcal ah& m 
TiFe(SO& 12H& IS considerably less It was concluded that the shift was due to un- 
paired electron density on th~hurn~ transnutted from FeE1 through the cyamde groups. 

The absorptron spectrum of sohd TiaFe(CN)e shows a band at 21,200 cm” , absent 
m K3Fe(CN)6 There IS also an increase both m the mtensrty and the bandwrdth of the 
lowest energy rntemal charge transfer band of Fe(CN)63-. The most mterestmg feature 
of the spectrum, however, IS the polansatron of the 21,200 cm-’ band m the plane per- 
pendrcular to the c axxs of the crystal. It IS the thalhum with trrgonai mtrogen coordma- 
txon wkuch, together wth the iron atoms of the Fe(CN)Q3-, define thrs plane, and hence 
xt 1s from the set of more closely coordmated thalhum atoms that the electron migrates 
to Fe(CNje3- durmg the l~termolecu~ar charge transfer process 24sy246 _ 

The electrical conductwrty of sohd TI,Fe(CN), IS unusualiy high, and cannot be attrr- 
buted to ran mtgrakon 247. Rather, electron transfer from thalhum(I) to tron(IlI) can 
occur, with formatIon of thrum, and the conduction IS best considered as a series 
of ‘hops’ from one Iocahsed site to another. As nerther TRICOT nor T&Fe(CN)e con- 
tam both a reducrbie and an oxnhsable ion, thrs mechamsm for electrrcal conductron IS 
no longer avariable, and they both have low conductrvrtres m the sohd state. Further, 
there are no charge-transfer absorptlons m their vrsrble and ultra-violet spectra 245 

The new bands appearmg m the th~~um(I) salts of [OsCi~] 2-. f0sBrg.j *- and [IrCle] ‘- 
have also been attnbuted to charge transfer from thalhum to the metal 246V248*24g 

Thallrum NMR spectra of aqueous solutions of Tl,Fe(CN), show “* that assocratton 
occurs with an assocration constant of about 70. It was also noted that the tha~irum 
chemrcal shift was very smnlar to that wrth a diamagnetic zon of slmdar charge. Any 
apprecrable covalency m the ran pair would lead to some unparrmg of the thakumfi) 
electrons due to the p~ama~etlc Fe(CN)63S ion, causmg a considerable shift of the 
thaihum resonance to lower applied field, as observed m the sohd. Further, the charge- 
transfer band found at 21,200 cm‘-’ m the sohd IS absent rn aqueous solutron This 
suggests that there can be no significant covalent bondmg in the ran pans. 

Strong associatron also occurs between thrum and ferrocyamde ran m aqueous 
sohrtton, assocration constants of log ii = 0 82 m 3 M perchiorate solution at 25°C and 
log 0 = 3 at zero tome strength have been reported 73~224y250 _ 

The mfra-red spectra of Ma rCr(NCS~~] show a shgbt mcrease in r+N %om the potassium 
salt to the ~~~rn~~) salt, a weak mteraction between the lsotkuocyanate and ~~~rn(~) 
has been suggested “I. 
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No thaIhum(1) derrvatrve of cobalt(H) cyanrde has been Isolated, but such a specres has 
been observed 111 solution 252 Aqueous solutions of thalhum(1) mtrate react very raprdly 
wrth solutrons contammg the pentacyanocobaltate(I1) ran to grve a new complex, 
characterrsed by an mtense charge-transfer band at 389 nm The complex IS chamagnetrc 
smce it grves no ESR signal, and has been formulated as [(CN)~CO-TI-C~(CN)~ ] ‘- 

A thallium-gold interaction has been suggested 253 111 TIAu(CN)~ _ The compound is 

yellow, whereas the alkah metal denvatives are colourless, and it IS also msoluble m water, 
whereas the alkah metal derrvatrves are soluble The mfra-red and Raman spectra give no 
sign of an interactron between thalhum and the cyamde groups. Rather, the spectra are 
consrstent wrth a T-shaped molecule, with a weak Tl-Au bond and a lrnear or nearly 

lmear AUK group 
The alums TlM’u(SO,), _ 12H20 (M= Al,Cr) 2s4y2ss adopt the cY-alum structure, m 

which the next nearest nerghbours of the thalhum(1) are SIX water molecules The anhy- 
drous sulphates and selenates TlM”(S04), and TlM1n(Se04)2 [M = Al, Ga, Cr, Fe] adopt 

the KAl(SO& structure, m which each thallium is surrounded by twelve oxygen 
atoms 256~2s7_ The anhydrous double sulphates Tl2MIIz(SO4), adopt the K2Mg2(S04)3 
structure 2s6~2s8 The sulphates, selenates and chromates TlzM(X04)~ [X = S, Se, Cr, 
M = Sr. Pb, X = Cr, M = Ba] adopt a structure of the Sra(PO4)2 type, m which the 
thalhum has ten oxygen atoms as nearest nerghbours 25g-262 In thalhum(1) voltarte, 

U%(Cds ,Fe)Fes [SO41 12 - 12H20) [Al 6HzO], thalhum IS surrounded by twelve sulphate 
oxygens 263 _ 

Little IS known about thalhum(I)-metal carbonyl denvatrves TlCo(C0)4 has been 

prepared by the reactron of a nuxture of thallium and cobalt metals with carbon mon- 
oxrde 264 , although 111 the reactron 26s between a thalhum(I) salt and NaCo(C0)4, 
TICo(CO)4 1s formed as a yellow compound whrch readrIy redrstrrbutes to thalhum 

metal and Tl[Co(CO)4]s The thalhum(1) denvatrves Tl[MoCsHs(CO)s] and 

n[WCsHs(CO) 1 3 are more stable, however, and can be prepared by the reactron of a 
thallium(I) salt and the appropriate sodium salt m aqueous solution, the former compound 
IS yellow and the latter orange-yellow, m contrast to the colourless sodium salts 26s The 
tungsten carbonyl Tl[ WCSH5(CO)3] has also been prepared 266 from C, Hs W(CO),H 

The chronuum carbonyl Tl[(C.J14CHPh)2Cr(C0)3] is almost certainly largely ionic 267 
Reaction of [Fe(CO),] 2- wrth thalhum(I) hydroxide produces a compound 268 

~2Fea(CO)r,, whrch, on the basis of mfra-red evrdence, does not seem to contam brrdgrng 

carbonyl groups 26s 

I ORGANOTHALLIUM(1) DERIVATIVES 

Cyclopentatienyl thallium(I) is precipitated when cyclopentadrene 1s added to an 
aqueous solutton of thalhum(1) hydroxrde 26g 

TlOH + CsH6 --f CsHsTl + Hz0 

A number of methyl and lugher alkylcyclopentachenyls, hyclropentalemde and rsodr- 
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cyclopentadrerude denvatrves have srrmlarly been prepared, but m general these products 
are, unhke TlCsHs , an-sensrtrve 27o--274 

The microwave spectrum of TlCsHs m the vapour phase has been mterpreted 275*276~276a 

m terms of a symmetnc top model wrth a planar CsHs rmg, the distance from the 
thalhum to the centre of the rmg bemg 2 4 A, and the thaIhum-carbon drstance 2 70 A_ 
Thrs drstance IS relatrvely short when compared wrth the sum of the van der Waals radms 
of carbon and the iomc radius of thallium(I), whrch IS about 3.1 a. It has therefore been 

suggested that there 1s appreciable covalent bonding m the molecule m the gas phase, and 
it has been shown that metal orbital-rmg orbrtal overlap is substantral, even when pure p 
metal orbitals are used - sp hybndrsatron would mcrease the overlap, but at the expense 
of the 6s-6p promotional energy *” 

In the solid state, TlCsHs consrsts 27* of an mfmrte lattrce contarrung zig-zag charm of 
-Tl-CsHs-Tl The thalhum-carbon bond &stance 111 the sohd IS very probably greater 
than that in the gas phase, and consrderable romc character seems hkely The NMR spectra 
of a variety of cyclopentadrenyl thalhum(1) derivatives suggest that they are largely romc 
m solutron, and no 203Tl--- H or 205Tl --- H couphngs are seen 271 

The standard free energy of formatron of TlCsHs has been measured 27g at 298°K as 
AG”(formatron) = 42 3 f 0 5 kcal/mole. 

The only other thallmm(1) organ0 denvatrve to have been rsolated 280 1s the denvatrve 

of tris(methylsulphonyl)methane, TlC(S03Me)s, which IS presumably largely romc. The 
stabrhty of these denvatrves rs presumably assocrated wrth the stab&y of the respective 
amens. Although monoalkyl- and monoaryl-thaIhum denvatrves have been postulated 
as reaction mtermedrates, they have never been Isolated ‘~‘r 

J THALLIUM(I) NITROGEN DERIVATIVES 

Thalhum(1) nitride has been prepared by the reaction between thallmm(i) nitrate and 
potassmm amrde m hqurd ammoma 282 _ 

3TlN03+3KNH2+T13N+3KN03+2NH3 

Wrth an excess of potassium amide, a yellow crystallme compound IS formed which 
could be either TlNKs 4NH3 or TlNH2 2KNH2 2NH3 On warmmg to room tempera- 
ture, the compound loses ammoma to grve TlNK 2.2NH3, which on heating to 100°C m 

turn loses ammoma to grve 282 TlNK,. 1 ;NH, _ Thalhum(1) mtride 1s very sensitive to 
shock, and reacts explosrvely wrth water to grve thalhum(I) hydroxide No evidence has 
been found 282 for the formation of TlNH2 or TIsNH. No srmple organoamme denva- 
trves of thaIhum of the type TlNR2 have been reported, although the thalhum(I) salt 

of hexamtrochphenylamme has been prepared by reaction with thalhum(1) carbonate 283 
ThaIhum(1) acetarmde, benzene sulphonamide and p-toluene sulphonamrde have been 

prepared from thalhum(1) mtrrde m hquid ammoma 284 Thalhum(1) benzamrde has 
been prepared from thalhum(I) hydroxrde and benzamrde m water ’ This IS unusual m 
that most compounds contammg a thalhum-mtrogen bond are very moisture-sensrtrve 

Coord. Chem Rev , 8 (1972) 
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ThaIhum mate and thallium(i) phthahmide 285 , and unidazolyl thallium(I), benznni- 
dazolyl thallium(I) and tnazolyl thalhum(I) 286 can also be prepared m aqueous solutron, 
vlz 

-H20 
N\_NH * TIOH - 

+%/ 
-TI-.-1In 

[ 1 I 
WN-Ti- 

R 

The mfra-red and Raman spectra of itidazolyl th~hum(I) are consrstent wrth a polymenc 
structure rather than an amomc structure as adopted by the sodmm salt of irmdazole 286 _ 

Both the ultra-violet and the NMR spectra indicate that ~ld~olyl~~lum(i~ fs incom- 
pletely dissociated m aqueous solution 286 The stab&s&ion of imniazolylthalhum(f) is 
clearly associated wrth the additional nitrogen atom m the heterocychc rmg 111 the three 
position to the -NH group, thus there IS no reaction between pyrrole and thallium(I) 
hydroxide m aqueous solution 287 

A number of thalbum(1) Schrff base derrvatmes (N-substituted sahcylaidrmmes) have 
been prepared 288 infra-red spectra of the sohds suggest bondmg wa the phenoixc oxygen 

and n-nme mtrogen atoms. A structure analogous to that adopted by thalhum(1) acetyl- 
acetonate (see sect. M) has been suggested 288 

No further structural or chemical mformatlon IS avarIable on thrum mtrogen 
denvatrves. A hst of these derivatives has been given elsewhere 2 

K THALLIUM(I) ALKOXIDES AND PHENOXiCES 

Thaihum aikoxrdes and phenoxrdes can readrIy be prepared from tha.lhum(I) 
hydroxide or thalhum(1) ethoxrde and the correspondmg alcohol or phenol In contrast 
to thalhum(1) methoxlde, wh.tch is a white sohd decomposmg without melting at 12O”C, 
thallmm(1) ethoxlde is an oily liquid, decomposmg before it can be vaporised The 
alkoxrdes are soluble m, or nuscrble with, most orgamc solvents The methoxrde, 
ethoxrde, t-butoxide, amyl oxrde and trimethylsrlyl oxrde are tetramenc m benzene m 
about N/20 soiutxon, and somewhat less associated m more dilute sofutrons 2g1-2g3 _ fn 

more concentrated solutions, thrum ethoxtde seems to undergo some further poly- 

mensation 2g1 _ Thalhum(1) phenoxlde IS trnneric at about N/50 m benzene, wkch is the 
lirrut of its soiubrhty Thalhum(1) ethoxtde rs also tetramenc m boding ethanol, whereas 
thalhum(I) methoxlde rs monomenc m boding methanol 2p1. The thalhum(i) derrvatrves 
of the followmg three hgands have also been shown to be either tetrameric or polymeric 
m solution 2g5 

0CH3 
0 

COO- 
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Thallium(I) phenoxide derwatives have very low IO& conductances m acetone sohr- 

tion, suggesting that there is little iomsatlon r’ . 
The hgand n--n* transrtrons m solutrons of a number of metal phenoxrdes m 2,4- 

dunethoxyethane and dlmethylformamide have been shown to be sensrtlve to the metal r’ 
The perturb&on of the molecular energy Ievels of the amon by the catxomc field is the 
prmrary influence determmmg the observed spectral shrfts m these associated amens, the 
role of the solvent IS secondary. For the alkali metal phenoxides, there exrsts a pnmary 
catron effect m whrch a blue shrft results from an mcreased catiomc field (I e. Cs* to Lr*), 
which means that excrtatron results m net movement of negattve charge away from the 

centre of posrtive charge, This mdrcates a stronger Interaction of the catron with the 
ground state than wrth the exerted state. Thalhum(1) has been shown to exert a greater 
catroruc field than might have been expected from its romc radius r’ _ lhs IS consistent 

wrth a greater covalent character for the thalhum-oxygen bond than for the correspond- 
mg alkah metal-oxygen bond In valence-bond language, the metal phenoxrdes may be 
described by a wave functron contauung contnbutrons from covalent and romc structures 

+gO,&f = a JI,,,vWW + b &,,ucW’- M+) 

Presumably m the ground state CI IS large, whereas m the electromc excited state b 1s of 
greater importance Thus an Increase m covalent character of the ground state should 
mcrease the electronic transrtIon energy and produce a red shrft. The expenmental results 
thus suggest that the thailium-oxygen bond IS more covalent than the corresponding 
a&h metal-oxygen bond ” . The resuits obtamed also suggest that the degree of covalent 

bonding decreases wrth decreasmg pK, of the phenoxrdes r7. Unlke the alkali metal 
phenoxrdes, the thalhum(1) phenoxrdes are incompletely drssocrated m aqueous solution I7 

A partral smgle-crystal X-ray structure determmatron of thaIhum methoxrde shows 
the presence of tetramenc molecules [TIOCHJIe m which the thalhum atoms are at the 

corners of regular tetrahedra 2p4 _ The average mtramolecular thalhum-thalhum drstance 

IS 3 48 A. The pontoons of the methoxy groups could not be determmed, but the most 
hkely structure was thought to be a rhstorted cube m wluch the oxygen atoms occupy 
the corners of a tetrahedron smaller than that occupied by the thallium atoms (Ftg 3) 

Fig 3 The ~~urn(I~ metfioxlde tetramer (reproduced 
Amsterdam, I97 I). 

from 7% Chemrstry Elsevrer, 

Gwrd Chem Rev .8 (1972) 
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This structure can be contrasted wrth those adopted by the alkali metal methoxides. 
Potassium, rubrdmm and caesmm methoxrdes adopt layer structures w&h the methyl 
groups on both sxdes of each layer, with the canons m the central part, each catron bemg 
surrounded by five oxygen atoms m a tetragonal-pyrarmdal array 2g6~2g7. Lrthium 
methoxrde adopts a layer structure of the type ABCBAABCBA. ., where A = Me, B = 0 
and C = I& m which the htluum IS surrounded by a &storted tetrahedron of oxygen 
atoms *” _ 

ExammaQon of the *03 ?1 and *OS Tl NMR spectra of pure liquid thallium(I) ethoxrde 
confums a tetramenc structure *” . The observed spectra are complex, w&h mdrcates 
the presence of *“TI l **2’s Tl couphng (JJ= 2560 Hz) since there 1s no TVl*== H coupling 
m the proton NMR spectrum of the compound. From considerations of the relative neutral 
abundance of the two thaIhum Isotopes it IS possible to calculate the relative amounts of 
the various tetramenc molecules contammg drfferent combmatrons of the isotopes and to 
show that d the calculated NMR spectra ansmg from the various forms of such a moleccule 
were supenmposed, the observed *e3 ‘I1 and *OS Tl spectra would be obtamed. The lack of 
Tl -•. H coupling m the proton spectrum IS somewhat surprismg. Thrs couphng would be 
expected to be much less than the very large 20311 l ** 2os ‘Il couphng. One possible expla- 
nahon, therefore, IS exchange of methoxlde groups either between tetramers, or between 
tetramers and lower polymers, at such a rate as to collapse the smaller Ti .=* H couphng 
but not the greater *03 Ti l ** 205 Tl coupling 

The low-frequency vrbratlonal spectra of tha&um(f) ethoxrde and n-propoxrde are m 
agreement with tetramerrc structures 3oo Force field calculations suggest an appreciable _ 
t~um-turn mteraction 3oo _ As long as the valence mteractrons are hnuted to 
thalhum-oxygen and carbon-oxygen bonds there is poor agreement between expen- 
mental and caiculated frequencres for vrbratxons of the skeleton The mciusron of 
thalhum-thallium mteractrons, however, leads to a very cIose fit of the data. It IS 
possible to get agreement wrth the expenmental data using alternatrve force fields, but 
none of these altematlves provides a chenucally satrsfactory account of the edge defor- 

301 mation frequencies _ Although the force field with a large thalhum-thalhum force 
constant IS the only one that seems to gwe a natural explanation of the frequencies, the 
calculated force constants would predict much more intense spectral hnes than are 111 
fact observed. Calculatrons based on spectral mtensitres suggest that the electron density 
mvolved m the hum-mourn bond 1s of the order of 5 to 10% of that associated 
wrth a normal covalent bond. Thts IS consistent w&h the relatively large TI-Tl drstance 
(3 84 A) in fT10Me14 (cf. Tl-Tl drstance of 3 4 A m thalhum metal). 

A bondmg scheme can readily be constructed to allow for weak thallmm-thaIhum 
bonding m the a&oxide 3oo. If hybnd.rsatron of the s and pz orbrtals on thallium occurs 
(z is taken to be the direction on each thalhum towards the centre of the cage) then the 
resultmg hybnds would be favourably onentated for mutual overlap These hybnds can 
form a bonding set of four molecular orbltals msrde the Tl4 cage, m which the eight 
thalhum valence electrons can be deiocahsed, with a corresponding antrbondmg set 
outside the cage. The thalhum pX and pu orbrtals are then avadable for bonding wrth the 



zslkmdde oxygens. l3&t bon~g mdecular orbltais are then avadable far stxteen of the 
alkuxide electrons, and one ftlfed orbital on each ~xy~~~ is left bob-bon~g. 

The mass spectrum of ~~~rn(i~ pheno~de shows the presa~ce of both monomers 
and dimenc specres in the gas phase r7 _ 

the thrum ~ox~des are, m general, rapxdly hydroIys~d by water, 
bairn phenomde derrvatives can be prepared from tha~~m(i) hydroxide and the 
app~o~~a~e phenol m aqueous sofutzon. A number of t~urn(~) derrvatlves of poly- 
hydnc dcuhofs can also be prepared m aqueous solution IA-, tri- and ~~tra-~hal~~rn(~~ 
derivatives of ethylene glycol, glycerol and e~~~tol, re~~~~vely, have been so 
prepared 302. So far as 1s known, all hy~oxyl hydra~en atoms in a straight cham com- 
pound can be substituted by ~~urn(~) When, however the ~om~ound co~tams a 
pyrauose, furanose or an attached benzene ring, substlt~t~on may be mcomplete. Thus 
metbyl ar~bmoside gives a t~t~~nm(~) de~va~ve, as does methyl glucosrde. Sucrose, 
wrth eight OH groups and sahcm v&h five, grve tetrath~um(1) sucrose and trith~~urn(~) 
salicin It is only m rmgs co~t~~~ an n atom that ~complet~ s~bs~tution has 
been observed r.nositoi, in wlu& all sv( ups are secondary, forms hexath um(9 
inos~tol_ T&se polymenc po~yth~um uves are generally msoluble m organic 
solvents 3e2 Only a mo~ot~um(~) derivative of 1 ,Z-~ydroxybe~ene could be XSO- 
lated ao3. 

number of ~uoro~ox~de d~~vat~ves of t~~m(l) have been prepared from 
em hydro~de, but the st~~~nres and properties of these compounds have not 

yet been reported 3e4 
Conduct~~~ me~uremen~s suggest that thrum s~~yl~debyde ES largely tmdw 

socrated m acetone solutron I7 _ The mass sp~~tmm shows no peaks co~espondmg to loss 

of the -C ch a pe& IS prophet m the mass spectra of Barnard 

Clrf G~~ia~~O~ “. 

‘Ike uitra-~olet ~ectmrn of tb~urn(~) 8-hydroxyqo~nolma~e 1s su~estiv~ of 
~bela~on r’ . 

Jlxe mfra-red s~ectmm is afso su stxve of a chelated structure for the t~um(I) deri- 

vative 1~1 the soXw.l state, m contrast to largely ionic structures for the alkah metal derrva- 
t&es ” _ Chloroform solutions of urn 8-hydroxyq~mo~a~e are very hot-sen~tive; 
photoche~~~ decompo~~on IS accomp~ed by a change m colour from clear yellow 
dour cloudy red, brown, green and bright blue to pale yellow with depo~tlon of a 
white sohd 305f The nature of these tr~tio~s has not yet been estabh~ed. 

The complex foxed between t~~urn(~) and 8-mer~aptoqumo~e is very co~~d~ra~ly 

tIxxH?s ckm. Rev 18 (39721 
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stronger than that wth ~-hy~oxyqu~o~~ 306. A complex has also been reported 
between I-hydroxyacndine and thalhum(I) 307, VIZ 

In the thalhum(I) derrvatlve of Z-lsatoxune 

it is probably the -N-OH group that IS acting as an acad, and coordmatlon wrth either 
the carbonyl or the -NH group IS possible 308 

ThaIlmm(1) derivatives of 4-rsomtrosopyrazolone and Its denvatlves have been pre- 
pared in aqueous solution, the product dependmg on the pH of the solutron 28g~2go. in 

acid me&a (pH 34), salts of the type HTlPz are formed, which could contam three- or 
four-coor~nate thalhum 

At pH 5-7 5, derivatives of the type TlPz are formed, which could be either monomenc 
or dimeric of the two types 
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M. THAJLIUM(i~ &DiKETONE DERIVATIVES 

Thallmm(1) denvatwes of enohsable @-dietones have been prepared from thalhum(1) 
ethoxrde or thalhum(1) carbonate and the J.i-&ketone. Both thallium(1) hexafluoroaceton- 

ate and thalhum(1) drbenzoylmethane are monomenc in benzene solution, and their 
dipole moments are consistent wrth chelated structures with only moderately polar 
thaihum-oxygen bonds 3og _ 

ThaIhum(1) ethylacetoacetate, however, 1s drmenc m benzene solutron 2v1 _ A smgle NMR 
wnyl CH signal 1s observed for a number of acetylacetonate denvatives 111 solutron 310-312. 

No spin-spur couphng was observed wrth *03Tl or 2o5 Tl, although metal-proton coupl- 

ing IS known for the tin and platrnum denvatrves 312Y313 
The crystal structure of thalhum(1) acetylacetonate shows the presence of 1.1 com- 

plexes, with Tl-0 &stances of 2 43 and 2 54 A, wrth each thalhum atom bonded to 

oxygen atoms of nerghbourmg molecules m such a way that molecules are lurked In- 

defuutely along the 4 and c axes, but not along the b axrs 3K4 Infra-red spectra support a 

chelated structure; the complexes show no carbonyl band, but a CX stretchmg vlbratron 

appears 315-318 at 1630-1650 cm-’ Infra-red spectra of a variety of other thalhum(f) 

derivatives of Ii&ketones and af monothiodrbenzoylmethane are also consistent with a 

chelated structure 31v*320. 
The ultra-violet spectra of thalhum(1) and alkali metal acetylacetonates agam mdrcate 

a greater covalency for the thalhum-oxygen bond than for the alkali metal-oxygen 

bonds, and mdrcate mcomplete dtssocratron for thalhum(I) acetylacetonate 111 aqueous 

solution I’. 
The mass spectrum of th~ium~1) acetylacetonate shows the presence of both mono- 

merrc and dufieric species m the vapour phase r7 _ 

With carbon cfisulplude there IS an unusual reaction m which acetylacetone and the 

&thalhum(I) salt of I-acetyl-2-methyl-2-hydroxydrtmoacryhc acrd are formed 32 1y322 _ 

-CS2 -CH3COCH2COCH3 - 
/P=< 

TI 
\OESI/C--=O-CH3 

\ 
C*3 

Coord. Chem Rev , 8 (197 2) 
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N. THALLZUM(I) SULPHUR DERIVATIVES 

A number of thallium(I) denvatrves of throls have been prepared from thalhum(1) 
hydroxrde 111 aqueous solutron, but no deta& of structures or reactiviaes have yet been 
reported ’ More 1s known about thalhum(1) derrvatwes of dialkyhhthiocarbamates The 

structure of thalhum(1) drpropyhhthiocarbamate can be considered as burlt up of drmers 

IGH,W~&z~l z (Fw 4) 323 , hnked together by thalhum-suiphur mteractlons into 
chams runnmg parallel to the Q axis The central part of the duner consists of thallium 
and sulphur atoms in the form of a drstorted octahedron. The sulphur atoms of thrs 

octahedron form a tetragon whrch 1s not far from bemg planar. The two thallium atoms 

m the drmer are crystallographrcally non-equrvalent The four T12-S distances range from 
2 91 to 3.29 A, whereas three of the ‘Ill-S drstances are short (2 88-3 12 A) but the 
fourth is considerably longer (4.37 A). Th ere B also a hfference in the way that the two 
thaihum atoms are hnked to the sulphur atoms of adlacent doers, the two sulphur atoms 

whtch are lmked m thrs way to ‘l& are situated in drfferent hthiocarbamate hgands, 
wWe the correspondmg sulphur atoms linked to Tlr belong to the same hgand. 

Fig. 4. The dunenc umts of thalhum(1) dlpropyldithlocarbamate (reproduced by penrusslon from L.. 
Nelson and R Hesse, ref. 323) 

it is probable that whereas some of these thallium-sulphur bonds are largely sonic, 
others are apprecrably covalent. The sum of the romc radn for thalhum(1) and sulphur is 
3.38 A, and can be compared with the thallium(I)-sulphur lstances of 3.32 and 3.43 A 
respectively found m T12S.‘IlzS3 (ref. 324) and TlNOs .4SC(NHs)2 (ref. 325). The three 
shortest Tl-S drstances found for each thalhum (2.88,3.02 and 3.12 A for Tli and 2 91, 
3.11 and 3.12 4 for Tls) then probably correspond to essentially covalent bonds, and the 



other ‘H-S distances to largely ronic bonds The Tl-‘II drstauce withm a duneric umt is 
3.98 A, shgbtly longer than the distance of 3.84 A found m the ‘HOMe tetramer 

Thallium(I) dipropyldrthrocarbamate also exrsts as a dlmer m benzene salutron 326. 
The dtthrophosphmate TISSPPh2 has been found 327 to be associated in benzene solu- 
tron, with n = 1.6, and is probably a mixture of monomer and dimer. The thalhum(1) 
d&kyhbthiophosphates Tl&P(OMe)z and T&P(OEt)z are dmenc in chloroform solu- 

tion 328 _ 

0. DiT~ZONAT~ AND SIMILAR DE~VATi~S 

The structure of the prnnary dithrzonate of thalhum(i), TlfPhN=NCSN.NHPh] could 
mvolve chelation of two nitrogens or mtrogen and sulphur. Tire smulanty of the mfra-red 
spectrum of the thallium(I) derrvative to that of the copper(D) derrvatrve (whose crystal 
structure shows the presence of N,S chelatron) led to the suggestron of structure I for 
the thalhum(1) derivative 32g*330. 

“\JPh 

/ s-c= 1, 
“yq-w I 

I 
bh 

The compound IS red in the sohd state. On irradration of a chloroform solution with a 
low-pressure mercury arc, the coiour changes irreversrbly from orange-red to red-vrolet; 
the nature of these changes rs unknown 32g_ 

Nitrogen, sulphur chelatron has been suggested 33’ 111 the thalhum(1) derrvatrve of 
thioprcolmaruhde, fl, and sahcyIaldehyde throsemrcarbazone 332, HI 

II m 

me thalhum(HI) derivative of dicyanoethylene-1,2-drthrolate (mnt) reacts with 
sodmm chlonde solution to grve black crystals of a uni-brvalent electrolyte, 
Ks [(mnt)TI(C~HsNsOS)] . Three possrble structures were drawn 333 for this compound, 
all mvolving thalhum(l). 

Coon-L Chem. Rev, 8 (1972) 



328 A-G. LEE 

The posrtion of coordination of thalhum(1) m its 2-thiouracrl salt is unclear 341 

+ TLOEt __c TL+ 

P COMPLEXES OF THALLIUM(I) 

li) Nitrogen complexes 

Weak complexes are formed ~th ammoma and ethyienedtamme m aqueous solutron, 
wrth stabthty constants of 0.1 and 0.25 respectrvely I9 Although no solid complexes 

couid be Isolated wrth ethylenelanune or pyndme 287, with 1 ,lO-phenanthrohne, 
Tl(phen)cNOB and Tl(phen)2C10, can be prepared 334y335. The electrical conductrvity 
of Tl(phen)aN03 corresponds to that of a binary electrolyte 335. Reaction of 

Tl(phen)aN03 wrth solum chloride produces Tl(phen)&l, but wrth sodium bronude 
and rodrde, the major products are thalhum(1) bromide and rodrde respectively. 
Brs(1 JO-phenanthroline)thalhum(I) Iodide can be prepared 336 by the actron of heat on 
the thalhum(II1) denvatlve Tl(phen)J3 The correspondmg bipyridyl denvatrve Tl(drpyh1 
has also been prepared by the reductron of Tl(drp~)~Ia wrth sodium sulphrte 336 

The mfra-red spectra 337 of these denvatrves are too complex to yreld any useful m- 

formatron. The NMR spectra of solutions of the [Tl(phen)2]+ ion show no Tl* - l H coupling, 
and show that the two halves of the phenanthrohne hgand are equivalent magnetically on 

the NMR ttme scaleaaa . Exchange of hgands between the loons would seem to be very 

hkely. The mfra-red spectrum of the complex wrth p,p’diammo-2,3diphenylbutane, 
Tl(DPB)sClO4, shows bands due to a free C104- ion 339. 



(li) Oxygen complexes 

A number of complexes of the alkah metals of the type ML HL and MLHL have been 
reported, where HL includes the &hketones, sahcylaldehyde, o-mtrophenol, 8-hydroxy- 
quinoline, o-ammobenzorc acid, &4-drmtrophenol, o-mtrobenzorc acrd and ISONtrOSO- 

acetophenone 342-345 _ The tsorutrosoacetophenone derivative 
K+ ~~~O)CH=NOHON=CHC(O)~] - h as b een shown to be an acrd salt rather than a 

346 complex . The crystal structure of the complex formed between iso~~osoaceto- 
phenone and potassium o-mtrophenoxzde, however, shows rt to be a complex m which 
the potassmm IS surrounded by seven oxygen atoms and one oxime-mtrogen atom 347. 

Thalhum(i) does not readdy form derivatrves of tlus typ+ With sahcylaldehyde, a 
derivative TlL.HL has been prepared I7 _ No sohd derivatives of &is type have been ISO- 
lated wrth other hgands, although the observation that thallium(I) diphenol 1s soluble in 
chloroform solutions contaimng drphenol suggest that a compound of the type 

rrugbt be formed 348 _ 

(hi) 77ziourea compkxes 

A wide variety of thiourea complexes of thallium(I) has been prepared With singly 
charged anions, derivatives of the type TlX.4TU (TU = throurea) are formed. Wrth doubly 
charged amons, the same cation throurea ratio can be retamed325 as m Ti2S04STU. 
With trrply charged catrons this IS no longer so 340; thalhum(i) orthophosphate forms a 
complex T13p04 .6TU. 

The arrangement of sulphur atoms about thalhum m TlNOa ,4TU 1s shown in Frg. 5. 
The thallium atom en~ro~ent IS almost that of a tetragonal prism, but shghtly distorted 
towards an an&prism. The eight sulphur atoms are equtcfistant 325 at 3.43 A. Thxs distance 
IS very surnlar to the tbalhum(I)-sulphur distance 324 m TlK(TlflIS2) of 3.3 A and hence 
the throurea complex must be largely ionic, and the major caheswe mteractions in the 
crystal are Ion-dipole interactrons The structures of a number of other throurea com- 
plexes have been determined and all mvolve a very smular thalhum(1) environment, they 
have been discussed at length elsewhere 2*34g The alkah metal bahde thiourea complexes _ 

MX 4TU (M = K, Rb, Cs; X = Br, I) are tsomorphous 32s wrth TlClO4.4TU. 
It can readdy be seen that, on the basis of maximum repulsion, e&t hgand Ions around 

a central ion wdl Ideally lie at the corners of an Arcbimedean antlpnsm. For a tbzourea 
complex MX.4TU whose structure 1s determined largely by electrostatic forces, the 
cations would then be rf@arly Spaced m linear chains where they are each surrounded by 
eight sulphur atoms at the comers of a cubtcally drstorted and shghtly elongated antiprism 
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Fig 5 Arrangement of sulphur atoms about thalhum 111 TIN03 4TU (reproduced by pemussion from 
J C A Boeyens and F H. Herbstem, ref 325) 

centred on the catron. The elongatron occurs because cation-catron separatrons are on 
the average longer than the drstance between mterditral positrons between antrprrsmatrcally 
close-packed sulphur atoms, and the cubrc drstortron 1s necessary to srmultaneously 
optunise the cation-sulphur and sulphur-sulphur drstances 34g 

Assummg that the free ions rn the complexes MX. 4TU have urut charges, and the 
sulphur atoms and -NH* groups have charges determined by the drpole moment of 

throurea polarised in the field of the free Ions, a lattice energy of 179 k&/mole can be 
calculated 350. Srnce the electrostatrc attractron between four moles of throurea amounts 
to approxrmately 17 kcal, rt follows that throurea will form sohd complexes of the above 
type wxth compounds of lattree energy less than about 162 kcal/mole. Thrs satrsfactonly 
explams the data for the alkah halide complexes Whereas KBr wrth a lattice energy of 
158 kcal/mole forms a complex, NaBr wrth a lattice energy of 172 kcal/mole does not 34g. 
The fact that all the thallium(I) hahdes form complexes IS therefore anomalous (see 
lattrce energies m Table 2). There are two factors which could well contnbute to an m- 
creased stabdrty of the throurea complexes for thallnrm(1) The first 1s a greater polansa- 
tron of the throurea by the thallium(I) than by other univalent ions, and the second 1s a 
degree of covalent bonding m the ‘II-S bond. As has already been mentioned, however, 
the Tl-S bond length is relatively long, so the latter factor must be relatively small. 

It 1s possible that throurea complexes are also formed rn aqueous solution, although 
the thalhum(1) hahdes are vrrtually rnsoluble m water, they dissolve m aqueous throurea 325. 
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(iv) Clyptates and poiyerhw denvatives 

The bmdmg of thallium(I) to a number of macrocychc ligands has been reported, but 
It 1~ obvrous that thrs 1s a field m which much more work must be done before any de- 
taded picture can be gven 

Complexes have been prepared 350a between thalhum(1) and crown ethers such as 

benzo-l S-crown-S, IV 

Stabdity constants of the complexes between the cryptate V and thaIhum and the 
aikah metal chlorides are given m Table I5 - 

The crystal structures of the alkali metal denvatives of V show that the metal IS m a central 
posrtron, surrounded by the two mtrogens and SIX oxygens 3s2*353. For the alkali metal 
derrvatrves there 1s a good correlatron between the romc radms and the stabrhty constant 
The estrmated cavrty srze of the cryptate can be measured by the radms of the sphere 
which may be mcluded wrthout dlstortmg the hgand, and has a value of 1 4 A The low 

stabrhty constant of the sodmm complex arises from the fact that the ion is somewhat 
too small for effective coorcimatron whdst the low stabrhty constant of caesmm can be 
attrtbuted to Its large size 3s1 The hrgb stablty constants observed for t~~urn~~) and 

TABLE 15 

Stablllty constants m water (ca. 10v3 
with chloride ion 351 

Mm hgand) for compbxmg between metal 10x1s and cryptate, V, 

Ion log K 

Lf <20 
Na+ 3 90 
ic* 540 
Rb+ 4 3s 

es’ <20 
Ti” 6 30 
Ai?+ 960 
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sr.lver(I) clearly show that other effects are also rmporrant betides consideratrons of 
radms ratios It would clearly be of conslderable mterest to know how much of this h@ 
stabrhty constant for thalhum(1) IS due to the presence of nitrogen m the cryptate V, 
and to know the stabrhty constants wrth a serves of pclyether derivatrves 

shifts r.rr the proton NMR spectra of the CHz groups occur as a metal salt IS added to a 

solutron of V m chloroform or water, and m Gus way it has been shown 3s4 that complex 
formatron IS complete when the metal-to-Irgand ratio is 1.1. With met&-to-@and ratros 
of 1 2, signals due to both the complexed and the free form of the cryptate can be ob- 
served at low temperatures, but as the temperature IS rarsed, the rate of exchange of metal 
between one complex and another becomes fast on the NMR tune scale and only one 
broad set of resonances is seen. The rate of exchange for the alkah metals IS faster rn 

water than m chloroform, for thalhum(1) the opposite IS true 354 For thaihum the 
rate of exchange was sensitive to the anion present, exchange 1s faster for the thalhum(I) 
rntrate cryptate than for the spanngly soluble thalhunr(l) chlorrde cryptate The reason 
for this IS not clear. Interestmgly, this molecule shows the presence of Tl *-- H couplmg at 

low temperatures (below 40°C for the chlonde and below -6’C for the mtrate), with 

.J(n **a CHzN) ca 14 Hz and J(Tl l ** CH,C) ca I2 Hz Thrs 1s the onIy thalhum(1) denva- 
ttve for which thalhum-proton couphng has been observed, rt strongly suggests that the 
lack of couphng m other specres IS due to raprd exchange of tha~lnm(~~ between lrgands 

A tha~um(I) derrvatrve of the hgand VI has also been prepared 355 _ 

The structure of this derrvatrve IS unknown NMR spectra of the alkali metal denvatlves 
show that only hydrogens on the CH2 groups attached to mtrogen were affected by 
complex formation, whereas for the silver and lead denvalves, the resonances of the 
S-CH2 groups were also shifted 

These derivatrves are all closeIy related to a number of antrbtotrcs of the vafmomycm 
and mgerrcm group Compounds of the vahnomycm group are hxghly selectrve for po- 
tassmm and have the property of mcreasmg the catron permeabrhty of artrficral hprd 
membranes and mduce the transport of alkali metal rons mto intact mrtochondna Com- 

pounds of the mgericm group have the property of mterfenng wrth theuptake of aIlcall 
metal catlons mto nutochondria when uptake IS mduced by antlblotlcs of the valmomycm 
group. Studies of the mteractton between these compounds and thalhum(1) have yet to 
be reported. 
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Q THALLIUM(I) IN GLASSES AND ION-SELECTIVE GLASS ELECTRODES 

A number of thallmm(I) germanate 356, alummogermanate 3g6, borate 357~3s8 and 
s&ate 3sgy360 glasses have been studred Pure GeOa glasses possess a structure consrstmg 
of corner-shared Ge04 tetrahedra that form randomly arranged, three-drmensronal poly- 
meric networks. The addrtron of an alkah oxrde or T120 to molten GeOz causes a sudden 
ehmmation of the network via the formation of srgmficant concentratrons of Ge06 octa- 
hedra 3s6. 

The alkah germanate glasses are colourless at all concentrations For thalhum(Ir 
glasses, however, there 1s a marked concentration dependence, up to ca 10 mole % TlaO, 

the glasses are colourless, at 15 mole % TlaO the glass 1s green, and the colour gradually 
deepens 111 mtensrty and the wavelength of the transmrtted hght (colour) shafts to longer 
wavelengths untrl it 1s yellow at 36 mole % TlaO With Ag’ ions m GeO,, glasses, at a 
grven ionic concentratron, the colours are more Intense and are shrfted to longer wave- 
length than wrth thallmm(I) 

Due to the stronger polansmg power of thalhum(I) than of bhe alkah Ions, an amon 
such as 02- or O- near to a thalhum(I) wrll act as rf rt were encauntermg a larger posrtive 
charge than d rt were near to a potassium ton, for example Consequently, the amon near 

the thalhum(I) wrll be more distorted Conversely, because of the greater polarrsabrhty 
of thalhum(I), the thallium(I) 1s m turn more easrly polarrsed by the amon than 1s a 
potassmm ran. Large polarrsatron effects can cause mtense charge-transfer bands m whrch 
an electron rs transferred from the amon (O*- or O- 111 the glass) to the catron rn short- 
hved exerted states 

The sudden appearance of colour m these thalhum(1) glasses would suggest a sudden 
structural change, and one rmght guess that tlus would consist of a shortemng of the 
thallium-oxygen bond. There 1s Indeed strong evidence for thrs from studtes of the 
thalhum NhiR spectra of borate glasses 3s8 The thallium(I) borate glasses are also systems _ 
m which the network-formmg species, boron, changes coordmatron wrth added thalhum(1) 

The NMR studres led to two conclusrons (i) low T120 content glasses (O-25 mole % T120) 
have romc thalhum bondmg (diamagnetic chemrcal shrft wrth small amsotropy), 
(zz) hrgher TlaO content glasses @- 35 mole % T120) have covalently bound thalhum 
(paramagnetrc chemrcal shrft with large amsotropy) 

It was also found that there was an abrupt rncrease of the &polar wrdrh and a sudden 
203Tl NMR broadening relatrve to “‘Tl at 0 2.5 mole fraction Tl20 Thrs was associated 
wrth a substantial molecular orbital overlap between the thalhum atoms (covalency) 3s8 
At thrs composrhon the B04/B03 ratio was reported 358 as 0 4. The onset of colour at 
15 mole % Tl20 in germanate glasses occurs 356 at a Ge06/Ge04 ratlo of ca. 0 3 

The concepts just considered for thallium(I) incorporated mto glasses also apply for 
thalhum(1) in ran-selective glasses When a thm membrane of glass rs mterposed between 

two solutions, an electnc potential drfference IS observed across the glass, which depends 
on the ions present 111 the solutrons 111 a simple and reproducrble manner Dependmg on 
the exact composrtron of the glass, the response may be mamly to H‘ or to one of the 
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alkah catrons or to NL&+, Ag+ or Tl+, or to some polyvalent ion. By varymg the composr- 
tron of the glass (usually an SrOs-AlsOs-NasO nuxture) a varrety of selectivity prefer- 
ences for the monovalent cations can be generated 3611 

The observed selectrvrties are attnbuted to the different attractive forces, mamly 

Coulombrc, exerted on drfferent cations by water on the one hand and by membrane 
negative charges on the other The glass electrodes specific for these catrons are ion ex- 
changers m which the negatively charged sate for catron exchange IS [AlO&]-. The cation 
preferred by tbe negatrve sate wrll be that catron whrch experrences the greatest decrease 

m free energy when rts nearest nerghbour becomes that ate rather than water. Thus the 

relatrve affmrtres of the site for two drfferent catrons n and m wrll be governed by the 
free energy hfference 

AFa,ste - AFm,srte - AFn,water + AFm,water 

where AFT water and AFrn,water 

AFrn,srte ’ 

are the free energres of hydration and AFn,slte and 

are the free energres of mteractron between the cation and the negatrve site. In 
the case that the site has a very hrgh electrrc field strength, so that the cation negative site 
AF’s and their drfferences are much hrgher than the hydratron energies and therr Mfer- 

ences, then affimtres wrll be controlled by the term 

Smce the smallest catron wrll have the greatest AF, the affimty order wrll decrease wrth 

mcreasmg IONC rachus and the sequence Lr > Na > K > Rb > Cs IS obtamed for the 

alkah cations. if, on the other hand, the sate has a very low electric field strength, catron- 
site AF’s WIII be smaller than the hydration energres, and then catron selectivrty wrll be 
governed by 

In thrs case, the smallest catron, whrch has the hrghest free energy of hydration, wrll have 

the most unfavourable value of AF,,,,,,t, - AFrorrwater so that affimty wrll decrease 
wrth decreasmg romc radms and the alkah ran sequence Cs > Rb > K > Na > LI wrll be 

observed As the site strength IS varied contmuously from a very low to a very hrgh value, 
the observed senes of cation sequences is obtamed 361. 

In order to reproduce these cation sequencres m a senu-theoretical manner, values of 

A&l,srte have been calculated m one of two ways, both usmg the metal hahdes as ex- 
arnples of aruonic sites wrth different field strengths 361 The first method was to apply 

Coulomb’s law to a system of a negatively charged sphere of vanable radius and a posr- 
trvely charged sphere of radms equal to the catron radms Thrs method neglects all non- 

Coulombrc forces. in the second method, AFlon,slte for hahde-type sites of drfferent 
field strengths was equated wrth the experunentally deternuned free energies of forma- 
tion of the metal hahdes Both methods yreld curves of (AFlon,ate - AF,,,,water) as a 

function of the ste field strength or the radms of the halide ion, for the metal cations 
For the alkali metal cations, both methods yield smular curves, whrch are smular to those 
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obtamed expenmentaliy For srlver(I), the observed curve KS intecmedrate between that 
calculated for the thermochemical model and that calculated for the purely electrostatrc 
model, showmg that polarrsatron effects are rmportant for sliver(I) For thalhum(I), two 
drfferent curves for (AF.l,srte - ARI-l,water) are also obtamed from the two models, but 
now the agreement with the electrostattc model 1s much better than with the thermo- 
chemrcal model, so that polansatron effects for thalhum(I) are relatively ummportant m 

these oxrde srtes 361 _ 

R CATALYSIS OF ORGANIC REACTIONS 

The rate of hydrolysis of a number of orgamc compounds m water has been found to 
be slower when thallium(I) hydroxide IS the base than when rt 1s solum hydroxide, but 

a number of cases have also been found where the reverse IS true. Thus the rate of depoly- 

merrsatron of dracetone alcohol, 

CH3 COCH, .CMe3 OH OHI 2 Me,CO 

whrch shows specrfic hydroxyl ran catalysrs, IS slower with thalhum(I) hydroxrde than 
wrth sodxum hydroxrde 362. Thrs was attrrbuted to recomplete drssocratron of thalhum(1) 
hydroxrde. The kmetrcs of the base-catalysed hydrolyses of ethyl acetate have also been 
measured, and the second-order rate constant for thrs reactton was found to be the same 

w&h thalhum(1) hydroxrde as with sodrum hydroxtde 363 However, m the alkahne 

hydrolysis of a number of half-esters of dlcarboxylic acids, a much more marked effect 
was observed 364 It was found that the alkali metal catrons only had a small, negatrve 
salt effect on the rate of alkalme hydrolyses of the half-esters of adrprc and sebacrc acrds. 
Thallmm(1) ions, however, had a marked catalytic effect on the hydrolyses of the half- 

esters of oxahc and malomc acids The cataIytrc effect was attrrbuted to chelate forma- 
tion between the transition state of the hydrolyses and the thallmm(1) Ion, resultmg m a 
stabrhsatron of the transrtron state 

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

ph\c=o PhZ-c-o H 

LL 

*OH- - I 

=o 
c=o 

Ph/ 
b- 

is also strongly dependent on the catron of the base 36s Here agam, thrum is much 

more effectrve than the aIkalz metal cations (Table 16). This can be attrrbuted to a stabrh- 

satron of the transmon state VI by coordmatron of thaIhum(1). 
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Ph OH Ph 

I 
OLC-C=O 

-=I I, 
. OH- ; O--C-C==0 

i”r 
__) O=C-C-O- 

1 I 
Ph LA Ph 

PI 
1 
0- Ph 

0-i J-OH -- 

l 
Ph 

Vndoubtedly, many other hydrolysis and rearrangement reactlons of Gus type will be 
found to be sensltlve to catalysis by thalhum(I). 

TABLE 16 

Half-hfe penod (IIWI) of the rearrangement of 0.01 M 2,2’-dlchlorobenzd mth bases of 0.01 N lnltlal 
concentrations 365 in 1 1 &oxane/water at 60 5°C 

BaSe Half-hfe 

KOH 472 
NaOH 
LIOH 
CsOH 
TIOH 

461 
459 
453 

57 

S ACTIVATION OF ENZYMES 

A number of enzymes have been found wluch require potassmm Ions for actlvity As 
a general rule, it has been found that such enzymes are also actwated by rubldmm, but are 
httle actwated by sodium and even less by h&urn It has also been found that the molar 
concentration of potassium and rubldmm required for inaXlmum actlvlty 1s l~gh, havmg 

an actlvatlon constant KA near 0.01 Mm most cases 366 The mode of actlon of the 

alkah metal cations IS not yet completely clear. It has been suggested 36g that the role of 
the monovalent catlon IS to mamtam a sped% protem conformatlon necessary for optl- 

mum catalytic efficiency 366 The alternatlve suggestion has also been made that the 

monovalent cation exerts its role by formmg a complex between enzyme and substrate 
(thus see ref 367). 

It has been noted 367 that the mtermehates for one of the substrates m monovalent- 
catlon-activated enzyme-catalysed reactlons have the structure 

X 
II 

5- 
1 !_ 

R-C-Y-R or R-C--Y-R 

X=O,Nor C, Y=O,N 
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Thus the followmg types of reactlon have been found to show such catalysis 
(a) Phosphoryi transfer 

(i) phosphorylatlon of --X(=0)-OH 

(il) phosphorylatlon of -C(=CH2)-OH 
(zii) phosphorylatlon of -C(=N-R)-OH 

(b) Ehmmatlon reactlons (such as those with trytophanase and threonme dehydrase) 

Saturn has been found to substitute for al&h metal cations m a number of these 
systems The comparison with the orgamc reactlons catalysed by t~urn~1~ and Qs- 
cussed m the previous section 1s ob~ous. 

The enzyme that has received most attention IS pyruvate kmase Tius enzyme 1s actx- 
vated by Mg’* and also requires a monovalent cation. It catalyses the reaction between 
phosphoenol pyruvate and ADP 

CJ52 CH3 

II 1 

COHzP03 +ADP+CO f- ATP 

I I 
COOH COOH 

Rabbit muscle pyruvate kmase (ATP pyruvate phosphotransferase. EC 2 7 1.40) LS a 
four-subumt glycolytlc enzyme 368*369 of mofecular we&t 237,000 daltons The enzyme 
has an absolute reqmrement for a monovalent catron as well as a divalent cation, the 
latter probably being mvoived m enzyme-substrate bridge formation “’ 

Thalhum(1) has been found to stimulate the pyruvate kmase reaction in a manner 
slmdar to that observed for potassium 371 The relative maximum actlvltles for various 
monovalent cations are gwen m Table 17. The most stnkmg feature 1s that the apparent 

affinity of thalhum(1) for the enzyme IS a factor of about 50 greater than that of potas- 

sium. Further, the thalhum(1) bmdmg becomes shghtly stronger wxth increasing divalent 
eon concentration up to the concentration of maximum actlvatlon, and then the apparent 
affinity decreases A marked lnlubltgon of the reaction IS seen at th~lurn(~~ concentra- 
tions greater than 10 n$$ Thrs also depends on the concentration of the dlvalent ion, the 

lugher the divaient ion concentratron, the iess the ml-ubrtlon at hgh th~hum(1) concen- 
trations. Smce both a drvalent and a monovalent cation are required for activation, tIus 
suggests a mutual competttion between the two ions, with an inactive enzyme resulting 

from the bmQng of thalhum(1) to the blvalent site An alternative explanation, however, 
could be thalhum(I) bmdmg to one of the substrates, ths would cause an tibltlon either 
by reducing the free substrate concentration or by the formatlon of a thallium(I)-substrate 
complex whch could act as a competltlve mlubltor of the enzyme Addltlon of ADP to 
the enzyme w&ch already had an mtibltmg Ievel of thalhum(1) caused a further reduction 
m the reaction velocrty. Tfus suggests competltwe u$ubltlon by the th&um(i)-ADP 
complex (tha~ium(1) is known to complex ADP, see p 3 14), either at the th~~lurn(I) site 

or at the substrate (ADP) site 

The number of bmdmg s&s for thalhumfl) m the enzyme has been found to be four. 
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TABLE 17 

Relatwe actwation of pyruvate kmase reaction by monovalent cations (Cl: as amon [Mgli‘] 8 mh2) “I 

Cations Vmax(catlon) d 

vma(K+) 
Optimum catlon concn 
(mM) 

Lf 0 02 100 
Na’ 008 100 
K+ 1 00 100 
Rb+ 065 100 
Cs” 0 09 100 
N&+ 0 81 50 
Tl+ 061 3 

=V max IS the maxunum mltlal velocity of the re, ctlon 

Again, four bmdmg sites for PEP (ref. 371) 2nd for Mn” (which also activates the 
enzyme) 3711372 have been found, 2nd four reactive lysyl e-ammo groups have been u-n- 
phcated 371 m the bmdmg of ADP The conclusron IS obvrous that a urutary relatronshrp 
exists between the substrates, monovalent and drvalent actrvators and the number of 
enzyme suburuts. 

A thaIhum NMR study has been reported for the bmdmg of thallmm(I) to pyruvate 
kmase The 205Tl line of a 0 10 M thalhum(I) mtrate solutron 1s broadened from 7 Hz to 
16 5 Hz on additron of 4 38 X 10V5 M enzyme Addition of Mn2+ (4 7 X 10e4 1M) causes 

a further broadenmg to 30.5 Hz. Thrs additional broadening IS probably due to dipolar 
interactions of the thallium(i) with the unpaired electromc spur of l’vlnzc (the addition of 
diamagnetic Mg2* causes no broadening), and implies that the thalhum(1) and Mn*+ are 
relatrvely close m the enzyme 373 

A number of other enzymes have been shown to be activated by th2llmm(i) Details 

are given 111 Table 18. ThaUlum(I) activates 371 
activation at ca 0 5 mM [Tl+] (V&T? /V&5? 

yeast pyruvate kinase with a half-maxrmum 
m [NO,-] = 1 0, m [Cl-] = 0 8) Thalhum(I) 

activation of both the acetylphosphatase and the p-rutrophenylphosphatase of beef bram 
nucrosomes has been demonstrated, with an affimty 9-l 0 umes that of potassmm 374~375 

AMP dearmnase 1s known not to require Kf (or TIC) for activity, rather, the monovalent 
cation acts 2s an allosteric activator 

The reactron sequence of the (Na+ + K’)dependent ATPase appears to mvolve a Nat 
dependent phosphorylatron of the enzyme followed by a K-dependent dephosphoryla- 
tion 380 The enzyme 1s pa rt i cularly rmportant since rt has been associated with the active 
transport of N2’ and K’ Several models for the mode of action of the enzyme have been 
proposed, mcorporatmg either two sets of ion-specrflc sites or mterconversron of specrfrc- 
rty for one set of sites ATP has been shown 380a to bmd to a single sate on kidney cell 
ATPase. Thts bmdmg is mhibited by K+ with antagomsm of thrs inlubrtron by Na+ Thus 
addition of Na+ to the ATPase causes bmdmg of ATP and addition of K+ drives off the 
A’TP from the bmdin, site. Further addrtron of Na+ reverses the actron of the IS+ and 
allows the ATP to return to the bmdmg site. The ATP can be driven off wrth other mono- 
valent tons, and the sequence of apparent ran affinity found 380a 1s 
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TABLE 18 

Effect of thaIhum and other monovalent cations on enzyme actwation 

Enzyme Order of efficiency (Km) Ref 

Rabbit muscle pyruvate kmase 
Yeast pyruvate kmasc 
Beef bram phosphatases 
Dlol-dehydratase (B12) 
Muscle AMP deammasc 
E COL homoserme dehydrogenase I 
Na/K ATPases (K-function) 
Ammoacyl transferases 

n+>K+>Rb’>Cs’>Na’>Zt’ 
Tl+ > K+ 
TI+ > K+ > Rb* 12 Cs’ > NHd+ > Na+ > LI+ 
Tl’ > NHd > K‘ > Rb’ > CP > Na+ > Li+ 
Tl’ > K+ 
Actwated by Tl+ 
Tl+>K*>Rb’>Cs+>Na’>h’ 
NH4+ > Tl’ 

371 
371 
374,375 
376 
37r 
371 
377-379,380a 
381 

Rb’ = K+> Tl+ > NH4+ > Cs+. For the dephosphorylatron step in ATPase, the sequence 
of apparent affimtres found 380a 1s Tl’ > Rb’ > K’ > Cs’ > NH,+ > Lr+, and the 
thalhum(I) has an affiruty ca. 10 times greater than potassium for the K+ sate 377 _ 

In the transfer of ammo acids from ammoacyl sRNA to polypeptrdes, the ammoacyl 
transferase rs most activated by ammonmm rons, with potassium somewhat less effective 
and Na+, Rb+ and Tl+ much less active, hthrum and caesmm ions were found to be the 
least active 381 _ The mecharusm of thrs reactron rs, as yet, httle understood. 

T THALLIUM(I) IN OTHER BIOLOGICAL SYSTEMS 

Alkah cations are involved m at least three roles m brologrcal systems. The first rs 111 
neutrahsmg romc charge, and mamtammg conformatrons m macromolecules. The second 
is 111 the actrvatron of enzymes The thud 1s m mamtammg a membrane potential (by 
accumulatron of potassmm ions and rejection of sodrum ions), whrch allows nerves and 
muscle to function. 

Thalhum(1) actrvatron of isolated enzymes has been dealt with m the prevrous section 
It has also been found that thalhum(I) can be concentrated wrthm an erythrocyte mem- 
brane instead of potassmm 382 Thallium(I) will also activate the frog sartorms muscle 

fibre at external thalhum(1) concentratron of the order of 74 FM, hrgher concentratrons 
lead to irreversible damage 383 ThalhumfI) will also start the beatmg of a frog Ranu 
esculenra heart which has been stopped by washmg wrth potassmm-free water 384 _ 

Thallium(I) has been found to substitute for potassrum mthe stabrhsatron of rrbo- 
somes 385 The bmdmg of thalhum(I) to whole casern has been studied at pH 7.0, and rt 
has been found that there are 16.7 independent bmdmg sites per IO’ g casem 386 

Thalhum(1) IS toxrc to hvmg species, and causes degeneration m a great many trssues. 
It has been suggested that thalhum(1) combmes wrth mrtochondnal SH groups, and so 
mterferes wrth oxrdatrve phosphorylatron 387 The effect of thalhum(1) on the develop- 
ment of the eggs of Paracentrotus lividus has been studred 388~389 Clearly, m such whole- 
body studies, there wrIl be very many pomts at whrch thalhum(1) could mterfere wrth the 
normal processes and grve rrse to toxic mamfestatrons. 
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ThaIhum(1) has been shown 3g4 to have a very hrgh affinity for the potassmm-specrfic 
bmdmg sates m GWureZZa and readrly competes with potassmm for bindmg sates on macro- 

molecular substances m barley root trssues 3g5 Thalhum(I) is readrly absorbed mto the 

protoplasm, but vacuolar accumulatron 1s slow and tends to stagnate, and tlus latter 
feature 1s the only drfference between the absorptron of thalhum(I) and potassmm or 
rubrdrum Thus thalhum(1) seems to block the systems that medrate rts transport mto the 
vacuoles The process by whrch rons are released to the vacuole appears to be much more 

drscnmmatmg with respect to the nature of the ran than the process of bmdmg to proto- 

plasmrc or carr:er sates The nature of the vacuolar release IS unknown, and could be an 
enzymatrc breakdown of either a chemrcal or a physxcal nature of the ion-carrrer complex. 

U SPECTROSCOPIC PROBES FOR THALLIUM 

Potentrally the most useful spectroscoprc property of thalhum 1s rts nuclear spin. It 

has two rsotopes both wrth nuclear spin I= 3, the most abundant bemg *OS Tl, wrth a 
natural abundance of 70.48%. It has a high relatrve sensitrvlty for NMR (19-B of that for 
protons). Relatrvely few thalhum NMR studres have been performed. Table 19 hsts the 
*OS Tl chemical shrfts defined as 

6= 
*ref - *cpd 

x lo6 
“ref 

for a number of sohds Clearly, the chemrcal shrft range of thalhum(I) IS large. The 
chemical shtft m a number of aqueous solutrons of thalhum(1) has been found to be very 
sensrtrve to the amon concentratron ” _ At low aruon concentratrons, the chemrcal shrft 

varies non-hnearly with amon concentratron, but at Iugher amon concentratrons, the 
varratron becomes hnear Agam, the shtfts are large For example, for a 0 3 M solutron of 

thalhum(I) hydroxide contamrng 6 M KOH, the chenucal shift 6 IS -1400, and wrth 
acetate as the amon at the same concentratron, S IS ca 400 (ref. 70) At low concentra- 
tions, the shrfts have been attrrbuted to ion pau formatron, and at hrgher amon concen- 
tratrons, the slufts have been attrrbuted to the effect of rons on the hydratron atmosphere 

of the ran pan. The change m the magnetic shreldmg is probably due mainly to a change 
m the temperature-mdependent paramagnetrsm mduced m the electrons of the thalhum 
atom ‘O . Thu term 1s most effectrve when chemrcal interactions are strongest, and so it 
appears that these mteractrons are most rmportant for hydroxrde rons and very small 
wrth, for example, fluorrde rons 

The hnewrdth observed 373 for a 0 1 M solutron of thalhum(I) mtrate is 7 Hz, which 
compares well wrth that calculated from the Tr value obtained by progressive saturatron, 
assummg that T, = T2 

These large chemical shrfts can, m prmcrple, be used as a very sensrtrve probe for the 
enwonment of thallium_ Further, a very large *03T1 -*-*“Tl couplmg constant 
(J= 2560 Hz) has been observed m thalhum(1) ethoxrde, the only polymenc thalhum(1) 
compound to have been studred *” by thallmm NMR. The detectron of drmerisation and 
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TABLE 19 

zosTl chemical skifts 6 (p p m.) 397 

Compound 6 
(P Pm-P 

Thallmm(1) perchlorate +370 
ThaiImm(1) mtrate -280 
Thalhum(1) chlorrde -610 
Thallmm(I) mlphate - 90 
Thalhum(I) formate -1110 
Thalkum(1) carbonate -1120 
ThaIhum tluorrde - 790 
mourn bromide -1080 
drum rodrde -2330 
K3TiC16 -2230 
ZnWCi412 -2970 
0 3 A1 aq soIn TlNOs (ref ) 00 

p Posrtrve values, more shielded than reference 

polymensation m thalhum(1) compounds should, therefore, be readrly performed by 

NMR. 

The only thalhum NMR study of thallnrm(1) m a brologrcal system has been a study 
of the bmdmg of thallrum(1) to pyruvate kmase (sect R) 

The temperature-lnde~ndent parama~etrsm of tha~urn~1~ also causes large chemrcal 
shrfts m the resonances of other nucler present m hgands bound to th~rum(I) Thus 

proton shrfts of -0 2 p p.m. have been observed m ethylenedrammetetraacetrc acrd on 

bmdmg to thalhum(I), and shrfts of up to -2 2 p p m. have been observed 376 in 
phosphorus resonances on bmdmg of phosphates to thalhum(I) 

The posrtion of the Intense absorptron band due to the thallmm(I) 7s + 7p (triplet) 
excrtation can also, m prmcrple, be used to study the bmdmg of thalhum(1). Thus band 
shrfts from 2 15 nm in the aquated cation to 246 nm on bmdmg to ethylenedramme- 
tetraacetate, for example 376 However, no clear pattern emerges from consrderatron of 

the shrfts wrth a number of different hgands. 
The fluorescence of thallrum(1) rs also of potentral use, but, unfortunately, most 

hgands appear to quench the fluorescence 3g8 _ 
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