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a b s t r a c t

During the last two decades, supramolecular compounds and especially coordination polymers have
received great attention and the number of their synthesized compounds is still growing, which is
mainly due to their potential application in various fields such as microelectronics, nonlinear optics,
ion exchange, catalysis, gas storage, separation and luminescence. Formation of polymers with main
group metal ions such as thallium(I) is disproportionately sparse when compared with those of other
metals. Because of the interest structures, properties and applications of thallium polymers, it is neces-
sary to understand thallium’s ability to bind donors and form supramolecular compounds. This review
tries to give an overview of all supramolecular compounds which were reported from thallium(I) after
1990 and to investigate their properties and applications. Thallium(I) usually forms neutral species
and exhibits greater tendency to forming one-dimensional supramolecular compounds. Thallium(I) also
favors secondary interactions on its coordination sphere (especially with unsaturated carbon atoms forms
organometallic polymers) with stereochemically active lone pair and hemidirected coordination sphere
around it.

© 2010 Elsevier B.V. All rights reserved.

. Introduction

Thallium, when compared with the remainder of the group 13
lements, shows a preference for the oxidation state +1. This has
een attributed to the effect of the inert pair of electrons which is
enerally used in introductory textbooks to explain the tendency of
he heavier main group elements to adopt oxidation numbers that
re two less than the respective group number. This phenomenon
hich could also be observed in Pb2+ and Bi3+ [1–6], originates from
combination of shell structure effects and relativity. Owing to the

elativistic downshift in energy of the 6s orbital, Tl does indeed
avor the oxidation state +1 over +3. Moreover [7], Tl might be
egarded as a relativistic alkali metal because Tl chemistry paral-
els that of the alkali metals in many ways [8] and the well-known
oxicity of thallium compounds may also be associated with the
igh affinity for sulfur functions and the non-reversibility of the
omplexation reactions as compared to the action of alkali cations
9]. Specially thallium(I) compounds are similar in structure and
hemical properties to potassium and silver salts [10]. In mod-
rn coordination chemistry the role of most metals as clustering
enters for ligands appears to be predictable and the coordination
umber and coordination geometry can be extrapolated for most of
he common metal/ligand combinations with quite high certainty.
lthough this is generally true, the situation is surprisingly difficult

or main group metals in their low oxidation states in which they
re assigned lone pairs of electrons [11]. Although such a pair of s
lectrons beyond a completed shell is always stereoactive with an
bvious gap in TlI coordination sphere in the thallium(I) complexes
ith lower coordination number (three to five), this activity cannot

e predicted in complexes with higher coordination number (six
o twelve) [12]. Thallium(I) has atomic, ionic, covalent and van der
aals radii of 1.70 < r(Tl) < 1.90, 1.47, 1.55 and 1.96 Å, respectively

13,14]. Owing to the relativistically contracted valence shell and
he low electrical charge, the Tl+ cation is intermediate between
tandard hard and soft character and has affinity for both hard and
oft donor atoms, like oxygen and sulfur, or chloride and iodide,
nd so forth [11].

The design and construction of supramolecular arrays utilizing
on-covalent bonding of tectons would be called supramolecular
ynthesis. Thus, the supramolecular synthesis successfully exploits
ydrogen bonding and other types of non-covalent interactions,

n building supramolecular systems such as intermolecular coordi-
ation bonds, which leads to formation of coordination polymers,

also forms �-complexes with aromatic hydrocarbons [16] as first
demonstrated for the anionic cyclopentadienyl ligands in 1957, and
in 1985 for neutral arenes [11], but structural reports on thallium(I)
arene complexes have only appeared in the literature in the last
20 years. It was not until 1985 that Schmidbaur isolated the first
structurally characterized Tl(I) arene complex, with Tl· · ·�(centroid)

distances between 2.94 and 3.03 Å [17]. The reported Tl· · ·C sepa-
rations range is 3.20–4.00 Å in recent reported species [11,18] and
the sum of the van der Walls radii of carbon and Tl atoms is 3.66 Å
[14]. The M–M bonded clusters, in which the metal ion has a +1
oxidation state and weakly interacting ns2 lone pairs, are of par-
ticular interest due to the nature of the bonding and the unusual
optical properties that can be produced by M–M interactions, in
particular those in thallium(I) centers [19]. The strength of this
interaction is generally considered to be of a magnitude similar to
that of a typical hydrogen bond [20]. Recent ab initio calculations
on thallocene dimers suggest energy minima with Tl· · ·Tl distances
slightly under 4 Å and interaction strengths of the order 10 kJ/mol
[21]. Though positioning in a structural analysis of a H so close to
the heavy Tl atom may not be given too much credibility, however
M· · ·H interactions have recently reported [20,22–24]. This interac-
tion is observed when the H atoms situated above the proposed site
on the lone pair of Tl are oriented such that they might be thought to
be forming a Tl–Lp· · ·H–C– (Lp = lone pair) as a weak hydrogen bond
[22] or Tl· · ·H–C– as agostic interactions with distances smaller than
3.30 Å [25].

In this review we summarize three types of thallium(I)
supramolecular compounds: thallium(I) coordination polymers,
thallium(I) compounds aggregate from secondary interactions
and finally thallium(I) polymeric compounds obtained from Tl–M
(M = Pt, Au or Ni) bonds. Also we take distances that fall within
the sum of the covalent or ionic radii, as primary bond and dis-
tances falling within the sum of the van der waals radii or near
it, as secondary interactions, in addition we consider much atten-
tion in Tl···C, Tl···Tl and Tl···H secondary interactions due to role
of these interactions in aggregate TlI supramolecular compounds.
Scheme 1 shows the figures of some complex ligands which are
used to fabricate thallium(I) supramolecular compounds.

2. Thallium(I) coordination polymers

Coordination polymers are a very important topic of modern
solid-state chemistry. Especially porous compounds like MOF-5
olyhapto, metallophilic or agostic interactions which are intro-
uced below.

In contrast to transition-metal arene complexes, arene �-
omplexes of monovalent p-block metals are rather scarce [15]. TlI
[26], MIL-53 [27] or HKUST-1 [28] have attracted a lot of atten-
tion due to their potential as heterogeneous catalysts or adsorbates
for gases like hydrogen. Besides porosity there are also attractive
aspects of non-porous coordination polymers, e.g. magnetic, lumi-
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escent, vaporochromism or conducting properties to name a few
29–31]. Coordination polymers offer significant advantages over
onventional molecular compounds due to very low solubility in
onventional organic solvents and water, and much higher ther-
al stability. They have also several applications in sensors, organic

ight emitting diodes (OLED) and full-colored LCD displays [32].
n this section we classified coordination polymers on the basis of

heir dimensions and secondary interactions in the TlI coordination
phere. Tl(I)–ligand bonding is generally divided into two types,
rimary and secondary. Primary bonding is said to exist if the Tl–X
X = hetero atom) bond distance falls within the sum of the cova-
ent or ionic radii. Secondary bonding occurs if the Tl–X (X = hetero

Scheme 1. Shows the figures of some complex ligands which used in fabricate thallium
istry Reviews 254 (2010) 1977–2006 1979

atom) bond distance falls within the sum of the van der Waals radii
[33].

2.1. One-dimensional coordination polymers with secondary
interactions in TlI coordination sphere

[Tl(�4-AB)]n (1) [34], Tl[C8H8NO2] (2) [11], [HAnthAn-

thOTl(H2O)0:5] (3) [9], catena-[bis(�3-salicylato)dithallium(I)]
(4) [35], catena-[bis(�3-4-aminosalicylato)dithallium(I)] (5) [35],
catena-[�3-(3,5-dimethoxybenzoato)thallium(I)] (6) [35], [Tl(�4-
dpa)]n (7) [36] and [Tl2(�-1,3,5-H3btc)(H2O)]n (8) [37] form 1D
coordination polymers with the carboxylate group of the related

(I) supramolecular compounds. In L5 and L6 hydrogen atoms omitted for clarity.
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Scheme 1

igand. In 1 (Fig. 1a) the thallium atoms have an irregular coor-
ination sphere containing stereochemically active lone pair and
i-hapto (�2) interactions. Thus the Tl(I) atoms are linked to two
arbon atoms of phenyl groups with distances Tl· · ·C of 3.362(2) and
.617(5)Å, attaining a total hapticity of seven with O5Tl· · ·C2 coor-
ination environment. The oxygen atom of the carboxylate groups
nd hydrogen atom of –NH2 groups of AB− anions in compound 1
re involved in a hydrogen bonding network (Fig. 1b). Compound
does not melt and sublimation of this compound occurs between

22 and 239 ◦C. The ligand HAB and compound 1 are luminescent

n the solution state, with emission maxima at 395 nm.
In thallium(I) 2-amino-3-methyl-benzoate (2) the anion is

helating the metal atom to form a wedge-like four-membered
ing. These fundamental units aggregate to give dimers, the geome-
ntinued ).

try also suggests intramolecular hydrogen bonding. Complexation
of the metal atom through four oxygen atoms in a small quadrant
of the coordination sphere is supplemented by a weak polyhapto
contact with Tl· · ·�(centroid) distance of 3.230(11) Å. In the dinuclear
units of 3, the thallium ions accommodate one nitrogen and four
oxygen atoms of the anions in their coordination sphere and in
addition entertain weak Tl-arene contacts forming 3D supramolec-
ular networks. Relatively short contacts of three carbon atoms with
TlI ion have 3.47, 3.59 and 3.47 Å distances. The water molecules are

not involved in metal complexation, but contribute to a network of
hydrogen bonding. In compounds 4 and 5, adjacent units are held
together by secondary Tl–O3 interactions, resulting in stair-like,
infinite one-dimensional polymers. The Tl+ ion is in a distorted
square pyramidal geometry, with the four oxygen atoms in the
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ig. 1. (a) A fragment of the one-dimensional coordination polymer in [Tl(�4-AB)]n

eproduced with permission of Elsevier.

asal plane and the stereoactive lone pair occupying the apex posi-
ion of the pyramid, in a hydrophobic environment provided by two
eighboring phenyl groups with O4Tl· · ·2�6-C6 coordination envi-
onment. In 4 the distance between the planes of the phenyl rings
nd the Tl+ cation is 3.29 Å and in 5 the distance between the planes
f the phenyl rings and the Tl+ cation are 3.31 and 3.68 Å. In addition
o the strong intramolecular hydrogen bond, weak hydrogen bonds
re also formed between the amino protons and O2 atoms of adja-
ent units, resulting in a 3D supramolecular compound. Compound
was obtained from H2O with empirical formula of (C7H5O3Tl)2

rystallizing in the monoclinic system with P21/n space group. In
imilar work in our laboratory a polymorth of 4, with empirical for-
ula of C7H5O3Tl, thallium(I) salicylate 47 [8] was obtained from a
ixture of H2O and CH3OH. It crystallizes in the orthorhombic sys-

em with Pbca space group. Compound 47 illustrates completely

ifferent structural packing compared with 4 which will be dis-
ussed in section 2.3. In 6 each Tl+ ion is coordinated on one side
o four oxygen atoms of three carboxylate groups. The Tl+ cation
s therefore in a distorted square pyramidal geometry as in com-
ound 4 and an �6–C6 polyhapto interaction could be also seen
atoms are omitted for clarity. (b) Hydrogen bonding in the compound 1 [34].

between Tl+ ion and the phenyl ring. The distance between the
planes of the phenyl rings and the Tl+ cation are 3.42 Å. In 7 the five-
coordinate Tl centers involving Tl· · ·C interactions with distances
between 3.379(5) and 3.995(2) Å, resulting in a total hapticity of
eleven with an O5Tl· · ·C6 coordination environment (Fig. 2).

Compound 8 which is stable up to 350 ◦C after removal of
coordinated water molecule, has two types of Tl+-ions with the
coordination sphere of O4Tl1· · ·Tl2 and O6Tl2· · ·Tl2. In 8, there is one
coordinated water molecule and this 1D polymeric compound is
further interconnected by an extensive network of hydrogen bonds
between the 1,3,5-Hbtc2− anions and the oxygen atoms of coordi-
nated water molecules. Compound 8 also shows a broad intraligand
fluorescence emission band with the maximum intensity at 400 nm
upon excitation at 350 nm.

Structural determination of [Tl(2-np)]n (9) [38], [Tl(3-np)]n
(10) [39] and TlOArF (11) [40] show the complexes to be one-
dimensional classical ‘stair-polymer’ array by phenoxide oxygen
atoms and with some thallophilic interactions in 9 and 10. In 9
thallium atoms are linked by five phenoxide oxygen atoms. The Tl
atoms have an unsymmetrical three-coordinate, TlO3 geometry in
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Fig. 2. (a) Fragment of 1D coordination polymer in [Tl(�4-dpa)]n (7); (b) bonding
a
[
R

1
a
a
1
i
T
a
t
c

s
2
o
t

nd polyhapto interactions within a fragment of 7 after extending the bonding limit
36].
eproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA.

0 and 11. Weak interaction of thallium(I) with oxygen atoms of an
djacent molecule and �–�-stacking interaction between the par-
llel aromatic rings could be observed in the solid state of 10. When
1 is recrystallized from CH2Cl2, no solvent is incorporated and an

nfinite ladder chain is observed (Fig. 3), close contacts are that of
l(1) to F(1), F(2), and F(4). If TlOArF is recrystallized from THF,
monomeric [Tl2(�2-OArF)4] unit with pseudo-octahedron struc-

ure is formed and if TlOAr′ is recrystallized from THF, a disordered
ubic unit, {TlOAr′}4.THF is formed [40].

Compound [Tl(2Cl-PhCO)] (12) [41,42], has an exactly similar

tructure as observed in 11, but compounds [Tl(OC6H3(Me)2-
,6)]n (13) [43] and [Tl(OC6H3(CHMe2)2-2,6]n (14) [43], are
ne-dimensional polymers that possess a [Tl–O–]∞ backbone with
wo-coordinate TlI centers (Fig. 4). With a low coordination number

Fig. 4. Thermal ellipsoid plot of [Tl(OC6H3(Me)2-2,6
Reproduced with permission of A
Fig. 3. ORTEP of TlOArF (11) [40] with ellipsoids at the 50% level.
Reproduced with permission of American Chemical Society.

and a stereoactive lone pair, both compounds form Tl–� interac-
tions with the aromatic phenyl ring with distances of 3.16 and
3.08 Å for 13 and 14, respectively.

When recrystallized from C6D6/d8-THF, compound
Tl2Cu(OArF)4 (15) [40], reveals a unique helical chain. The
{Tl2(�2-OAr)4} pseudo-octahedron unit bridges the Cu(1) and
Cu(2) centers. Tl(1), Tl(6), Tl(8), and Tl(10) are coordinated in an
�6-fashion to benzene molecules with average Tl· · ·C distances of
3.42(5), 3.53(6), 3.42(6), and 3.42(6) Å, respectively. Four other
thallium atoms are coordinated, in addition to the bridging ary-
loxide groups, intramolecularly to fluorine atoms at distances less
than 3.5 Å. There are also intermolecular Tl–F contacts less than
3.5 Å in 15. Tl2Cu(OAr′)4 and Tl2Cu(OAr′)4·2THF form dimeric and
monomeric structures, respectively [40].

In [Tl(acac)]n (16) [44], [Tl2(DBM)2]n (17) [45] and
[Tl{(O CPhOMe)2CH}] (18) [46], acac− or similar ligands were
used as the bridging ligand. The structure of 16 consists of mononu-
clear Tl(acac) units in which the chelating acetylacetonate ligands
bind the thallium atom through both oxygen atoms and can be
also described as an infinite two-dimensional supramolecular
compound, formed via Tl· · ·Tl interactions and oxygen bridges
with O3Tl· · ·Tl2 coordination environment. 16 is luminescent and
shows an emission at 418 nm (exc at 351 nm), which is shifted
to 410 nm (exc at 344 nm) when the measurement is carried out
at 77 K. TD-DFT calculations show that Tl2(acac)2 units would

be responsible for the luminescent behavior of 16 in acetonitrile
solution. In 17 there are two types of Tl+-ions, Tl1 and Tl2, with
the coordination number four. The Tl1 and Tl2 atoms interact with
two neighboring thallium atoms with thallophilic interactions

)]n (13) [43]. Ellipsoids are drawn at 30% level.
merican Chemical Society.
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Fig. 5. A fragment of the 1D coordination polymer in [Tl2(DBM)2]n (17) [45],
Reproduced with

f 3.974(2) and 3.897(3) Å. Tl1 and Tl2 atoms in this compound
ay also be involved in a �6 and �2 interactions with the phenyl

roups, respectively. Hence, the TlI ions attain O4Tl1· · ·C6Tl2 and
4Tl2· · ·C2Tl2 coordination sphere (Fig. 5). In 18, the organic ligand
oordinates to the metal center through both ketonic oxygen
toms in a slightly asymmetrical chelate fashion. Each monomeric
nit is linked to an identical, symmetry-related group through an

ntermetallic bridged bonding interaction to form a disk-like dimer.
he Tl–Tl separation observed is 3.747(1) Å. The whole dimeric
oiety (44 atoms) is roughly planar. The dimeric units form a

olymeric columnar arrangement and the thallium coordination
nvironment could be described as a highly distorted octahedron
ith a vacant position occupied by the stereochemically active

one pair of the Tl(I) atom.
[Tl(Ph2pz)] crystallizes in two forms. In the first form, ben-

ene has trinuclear molecules [Tl3(Ph2pz)3] (19) [47], linked by
ntermolecular Tl3–�–�6–Ph contacts, forming a one-dimensional
olymeric chain. In addition to these contacts, there are four other

ntermolecular Tl· · ·C distances of a similar magnitude but, unlike
he Tl3· · ·�6–Ph interactions, these other contacts do not appear to
ave a significant influence on the overall arrangement of (19)n.
ithin 19 the three thallium atoms are different, having coor-

ination numbers of two (Tl3N2) with the Tl· · ·�6–Ph contact,
hree (Tl2N3) with Tl· · ·�2–Ph contact and four (Tl1N4). Crys-
allization of [Tl(Ph2pz)] from dme gives tetranuclear molecules
Tl4(Ph2pz)4] (20) [47] solvated by dme. Three or four-coordinate
l atoms are observed with pyrazolate coordination. In addition
here is an intermolecular Tl–�–�3–Ph interaction linking the
etranuclear molecules into a polymer and secondary intramolec-
lar Tl· · ·C contacts (Tl1, Tl2, Tl3 and Tl4 with eight, six, six and
ne aromatic C atoms, respectively), the most important of which
s an unsymmetrical Tl–�–�5–Ph2pz interaction. Crystallization
f [Tl(Ph2pz)] or [Tl(MePhpz)] from dichloromethane afforded the
artially hydrolysed tetranuclear cages [Tl4(Ph2pz)3(OH)] (21) [47]
r [Tl4(MePhpz)3(OH)] (22) [47], which associate to give a dimer
nd a polymer respectively owing to Tl· · ·Tl interactions, supported

or the dimer by an intercage distant Tl–�–�5–Ph2pz contact. Com-
lex 21 features three (Tl3) and four (Tl1, Tl2 and Tl4) coordinate
l atoms, Tl1 also form secondary interactions with two aromatic
atoms of the ligand. In 21, the dichloromethane of solvation is
ell behaved in refinement with the chloride atoms contacting
ing polyhapto interactions after extending the bonding limit. i: x, −y, z + 1/2.
ission of Elsevier.

phenyl hydrogen atoms, one of the hydrogen atoms contacting a
distant thallium, whilst 22 has three (Tl4), four (Tl3) and five (Tl1
and Tl2) coordinate thallium atoms, which formed a tetranuclear
cage which is linked to adjacent cages by metal· · ·metal interactions
between Tl(1) and Tl(2′) (3.685(2) Å) giving an overall polymeric
structure. Secondary Tl· · ·C interactions are observed in Tl1 and
Tl4 with six carbon atoms. [Tl(2-(3(5)-pz)py)]n (23) [48] (Fig. 6)
demonstrates one-dimensional chain structures with a zigzag
arrangement of pyrazolato-bridged thallium atoms, featuring a dis-
torted trigonal pyramidal coordination geometry. Orientation of
the aromatic rings in 23 toward the TlI ion, make us to have a search
in CIF of this compound. We found that TlI ion has a short contact
with the pyrazolyl ring (Tl· · ·�(centroid) = 3.35 Å) and the two carbon
atom of pyridine ring of (2-(3(5)-pzH)py ligand, thus the thallium(I)
ion attained the total N3Tl· · ·N2C5 coordination sphere.

One-dimensional polymeric chains in [Tl(Tbz)]∞ (24) [49], com-
prise a zigzag array of Tl and S atoms (Fig. 7a). The full coordination
sphere of the Tl ion is shown in Fig. 7b. The vacant coordination
sites on Tl interact (albeit weakly) with the �-systems of benzothia-
zole units in neighboring ligands with S4Tl· · ·2�6–C6 coordination
sphere. In one case the interaction is approximately symmetrical,
whereas in the other the metal is placed significantly ‘off-center’
with respect to the ring. In the solid-state Tl[PhTtt-Bu] (25) [50]
forms a one-dimensional coordination polymer. Each thallium ion
is coordinated to three sulfur donors and a phenyl ring in an
�6-mode that may be described roughly as a three-legged piano
stool coordination environment. The Tl· · ·C distances range is from
3.272(8) to 3.446(8) Å.

In [Tl{Cp*Fe(�,�5:�5:�1-P5)}3]n[Al{OC(CF3)3}4]n (26) [51]
the Tl+ ion is surrounded by three �-coordinating units of
[CpxFe(�5–P5)]. The geometry around each Tl+ ion is trigonal pyra-
midal, owing to an additional � bond of one of the phosphorus
atoms of each P5 rings to the neighboring Tl+ ion and a 1D coordi-
nation polymer is formed which contains the cyclo-P5 moieties of
[CpxFe(�5–P5)] in a hitherto unknown bridging �5:�1-coordination
mode (Fig. 8). Thus, the geometry around the thallium ions may be

considered as a distorted octahedron.

Structural determination of {[Ph2B(CH2PPh2)2][Tl]}n (27) [52],
revealed the formation of 1D coordination polymer. The thallium
atom is best described by two Tl–P bonds and two �6–aryl interac-
tions. The Tl–Caryl average distance is 3.31 Å (Fig. 9).
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Fig. 6. Structure of the [Tl(2-(3(5)-pz)py)]n (23) [48], extended ch
Reproduced with permissio

Compound TlL9 (28) [53], forms a polymeric ladder structure

rom centrosymmetric dimers that are formed by the bridging
unction of the phosphoryl oxygen atom with a central planar
our-membered Tl2O2 ring. One nitrogen atom and methoxy group
xygen atoms of the neighboring dimer moieties are also involved
n coordination to each thallium atom with the O4NTl· · ·Cl coordi-

ig. 7. (a) A view of a section of the infinite polymeric chain in [Tl(Tbz)]∞ (24) [49], emph
lTbz.
eproduced with permission of Elsevier.
owing 30% probability ellipsoids and the atom-labeling scheme.
merican Chemical Society.

nation environment. In TlL7 (29) [54,55], each of three imidazolyl

rings coordinate to a different metal atom. A one-dimensional
ladder-like strand is formed from this. The packing of adjacent
strands in 29 is most likely dictated by electrostatic interactions
between the thallium ion and imidazolyl � manifolds. These non-
bonded Tl· · ·C and Tl· · ·N distances are in the range of 3.69–4.00 Å.

asising the zigzag –Tl–S–Tl– arrangement. (b) The thallium coordination sphere in
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Fig. 8. Portion of the polycationic chain in [Tl{Cp*Fe(�,�5:�5:�1-P5)
Reproduced with permission of

he basic structural feature of Tl(L10)NO3 (30) [56], is the formation
f infinite stacks of pairs of cytosine rings with the metal ions link-
ng the nucleobases forming 1D coordination polymer. Tl+ forms
ight bonds to two N(3), three O(2) as well as three nitrate oxy-
en atoms. Thallophilic interaction with distance of 3.79 Å could be
bserved in 30. A search was made for Tl· · ·C interactions revealing
hat the TlI ion has a short contact with three of the aromatic carbon
toms, thus attaining the coordination sphere of O6N2Tl· · ·C3Tl.

.2. One-dimensional coordination polymers without secondary
I
nteractions in Tl coordination sphere

The crystal structure of Tl(4Br-PhCO) (31) [42] and Tl(BTCO)
32) [32] is similar to that of 12 with no thallophilic interac-
ions. The separation between two phenyl rings in 12 is 0.22 Å

ig. 9. (a) A 50% displacement ellipsoid representation of {[Ph2B(CH2PPh2)2][Tl]}n

27) [52], hydrogen atoms are omitted for clarity. (b) Expanded view of the thallium
oordination sphere.
eproduced with permission of American Chemical Society.
l{OC(CF3)3}4]n (26) [51], ({Cp*Fe} fragments are omitted for clarity).
-VCH Verlag GmbH & Co. KGaA.

lower than the same separation for 31. This difference is very
close to the van der Waals radii difference between Cl and Br
atoms: 0.15 Å. The anion is non-planar and adopts a trans-anti-
configuration in 32. The solid-state UV–vis absorption spectrum
of 32 possesses an intense broad band of n → �* transition. Com-
pound 32 also exhibits strong room temperature blue emission in
the solid state. The crystal structure of TlL11 (33) [57] is similar to 11
but with four-membered Tl2S2 rings and TlS3 coordination sphere.
Our search also indicates the existence of a Tl· · ·H interaction
(3.126 Å) which leads to formation of 2D supramolecular network
in 33. Compound [Tl2(�-Htdp)2(�-H2O)]n (34) [58], which is stable
up to 216 ◦C, forms a large tetranuclear (�-Htdp)2(Tl(�-H2O)Tl)2
metallacycle (Fig. 10). This polymer consists of horseshoe-shaped
(�-Htdp)Tl(�-H2O)Tl(�-Htdp) subunits with TlO3 coordination
sphere. The individual strands of one-dimensional polymer are fur-
ther interconnected by an extensive network of hydrogen bonds,
extending the [Tl2(�-Htdp)2(�-H2O)]n chains to infinite two-
dimensional supramolecular sheets. In the solid state both ligand
H2tdp and 32 have fluorescence emission with a band at 475 and
465 nm upon excitation at 300 nm, respectively.

Tl[trans-Ru(DMeOPrPE)2Cl2]PF6 (35) [33] is a 1D coordina-
tion polymer in which the Tl(I) centers have an unusual slightly
distorted octahedral TlO4Cl2 coordination geometry with a stereo-
chemically active 6s2 lone pair (Fig. 11). The formation of product
35 is solvent and temperature dependent.

Complex Tl(18-crown-6)[H{ONC(CN)C(O)C6H5}2] (36) [59]
exists as a hybrid coordination/H-bonded one-dimensional poly-
mer (Fig. 12a) with eight-coordinate thallium. The polymeric chain
can be formally described to consist of macrocyclic cations Tl(18-
crown-6), oximate anions (bco)− and oxime molecules H(bco).
Complex hydrogen oximate anions H(bco)2

− that possess a cen-
trosymmetric structure with two (bco) fragments being symmetry
equivalents. Compound 36 is illustrated in Fig. 12b.

TlBp3py (37) [60] forms a one-dimensional polymeric chain
(Fig. 13a) and crystallizes in a centrosymmetric space group, imply-
ing that the crystal contains equal numbers of chains of either
helicity. Each Tl(I) center in 37 is in a pyramidal three-coordinate
environment with TlN3 coordination sphere, arising from the
two chelating pyrazolyl donors from one ligand and a 3-pyridyl
donor from an adjacent complex unit. TlBp4py (38) [60,61] forms

one-dimensional chiral helical chains (Fig. 13b) with similar con-
nectivity to that of 37. The chiral space group indicates that each
crystal only containing helical chains which all have the same
chirality. The structure of TlTp4py (39) [60,61] reveals a chiral
one-dimensional polymeric chain results by virtue of a bridging
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Fig. 10. Schematic representation of the one-dimensional chains in [Tl2(�-Htdp)2(�-H2O)]n (34) [58].
Reproduced with permission of Elsevier.

Fig. 11. Schematic representation of Tl[trans-Ru(DMeOPrPE)2Cl2]PF6 (35) [33] formation and thermal ellipsoid plot of a fragment of 1 (50% probability level); O (red), Cl
(green), C (gray), Ru (maroon), Tl (blue). Hydrogen atoms, PF6− anions and non-coordinated methoxypropyl groups have been removed for clarity. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of the article.)
Reproduced with permission of The Royal Society of Chemistry.
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ig. 12. (a) View of one-dimensional polymeric structure of Tl(18-crown-6)[H{ONC
= Tl+.

eproduced with permission of Elsevier.

nteraction between a pendant 4-pyridyl donor on one complex
nit and the Tl(I) center of another. In the structure of Tl[MeB(3,5-
e2pz)3] (40) [62] the bridging action of the ligand between two

hallium atoms leads to a 21-helicoidal chain and in CymB(pz)3Tl
41) [63] each ligand binds to one Tl(I) ion in an �2 fashion. In 40
nd 41 one thallium atom is coordinated by two pyrazolyl rings
nd the third pyrazolyl ring binds the adjacent symmetry-related
hallium center in a monodentate fashion, finally forming a TlN3
oordination sphere. Bulky substituents attached to the boron cen-
er apparently disfavor a �3 binding mode of the scorpionate ligand,
robably due to steric congestion. 1H and 13C NMR signal patterns
bserved for 41 suggest that oligomeric structures are restricted to
he solid state, while monomeric thallium scorpionates are formed
hen 41 is dissolved in benzene or DMSO. 1H-Tl (42) [64] form 1D
olymeric rods with TlN3 coordination sphere. Steric congestion
ue to a ferrocene substituent at boron facilitates the formation of
2 as a coordination polymer.

The compound [TlL1]·MeOH (43) [65] is a one-dimensional heli-
al polymer of TlL1 units (Fig. 14), with each ligand bridging two
etals and each Tl ion in a ‘2 + 3’ coordination geometry with

wo short and three longer, weak bonds to ligand. A combination
f interstrand aromatic �-stacking interactions, inter- and intra-

trand hydrogen bonding interactions involving the lattice MeOH
olecule, stabilized the structure of 43 in the crystal packing.
In TlL12 (44) [12], the coordination environment of TlI ion is

quare pyramidal with the lone pair electrons oriented in the
xial direction. In this complex, each malonohydroxamate ligand
(O)C6H5}2] (36) [59]. (b) Schematic representation of compound 36 formation with

acts as a bridge between two thallium centers to generate a 1D
polymer and these polymers are further interlinked by hydro-
gen bonds to form a three-dimensional supramolecular compound.
[Tl([24]aneS8)]PF6 (45) [66] adopts a polymeric structure in which
each TlI bridges two thioether crowns to give an infinite sinusoidal
chain. The [S4 + S4] coordination sphere at the metal center is satis-
fied by two half ligands in a sandwich arrangement. Overall [4 + 4]
thioether coordination at each metal center results with two Tl–S
bond distances, lying within the sum of the formal ionic radii of S
and TlI suggesting a substantial covalency. The two other Tl–S dis-
tances are rather longer. In TlL13 (46) [67], Tl(C12H15N2OSe) units
exist in a dimeric form and the two complex molecules are con-
nected by Tl–Se bonds to form a planar four-membered ring with
TlOSe3 coordination sphere. The considerably bent chelate rings are
nearly at right angles to the central four-membered rings; finally
form a 1D coordination polymer.

2.3. Two-dimensional coordination polymers with secondary
interactions in TlI coordination sphere

[Tl(salicylate)]n (47) [8], catena-[�4-(3,4-dimethoxybenzoato)
thallium(I)] (48) [35], [Tl3(�-BPC)2(�-NO3)]n (49) [68] and

[Tl(L14)]n (50) [69,94], all form 2D polymeric compounds with car-
boxylate donor atoms and Tl· · ·C interactions. The coordination
number of the TlI ion in compound 47 is four with the coordi-
nation environment of TlO4 (Fig. 15). It appears that the Tl atom
in compound 47 may also be involved in an �6 interaction with
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Fig. 13. Views of the one-dimensional chain formed by bridging (a) 3-pyridyl inter-
actions in [Tl(Bp3py)] (37) [60] and 4-pyridyl interactions in (b) [Tl(Bp4py)] (38) [60]
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Tl, green; B, purple; N, blue; C, black]. (For interpretation of the references to color
n this figure legend, the reader is referred to the web version of the article.)
eproduced with permission of The Royal Society of Chemistry.

he Tl· · ·�(centroid) distance of 3.541 Å, giving a total hapticity of ten
ith the coordination environment of O4Tl· · ·C6. Crystal structure

f 48 is based on dimeric Tl2(C7H6NO3)2 units, each dimeric unit
s extensively cross-linked to adjacent units resulting in infinite
wo-dimensional, puckered sheets. Tl+ ion is coordinated on one
ide to five oxygen atoms of four carboxylic groups. In this case
he other side is also completely naked due to the stereoactive
one pair and has a short contact with the aromatic phenyl ring
Tl· · ·�(centroid) = 3.47 Å). In 49 there are three types of TlI ions with
oordination numbers of 5 (Tl1 and Tl2), and 4 (Tl3). Two of the
hallium atoms, Tl1 and Tl3, contain close Tl· · ·C contacts with a

l· · ·�(centroid) separation of 3.43 (Tl1) and 3.32 Å (Tl3), thus attain-
ng a total hapticity of 11 and 10 with coordination environments of

5Tl1· · ·C6 and O4Tl3· · ·C6, respectively. It appears that in 49, there
re thallophilic interactions between Tl1· · ·Tl2 and Tl2· · ·Tl3 too.
ompound 50 is based on dimeric, non-centrosymmetric Tl2(L14)2

Fig. 14. Crystal structure of the one-dimension
Reproduced with permission of The
Fig. 15. A view of 2D coordination polymer in [Tl(salicylate)]n (47) [8].

units without �2-bridging carboxylic groups. In bis [Tl(L14)] (50)
with TlO5 coordination sphere, adjacent units are held together by
secondary Tl–(phenyl) � interactions (with Tl· · ·�(centroid) distance
of 3.22 Å) resulting in a crystal organization which can be described
as half sandwich, infinite two-dimensional polymer. The pseudo-
cyclic conformation is stabilized by hydrogen bonds, with most
of the polar oxygen atoms directed inward to capture the metal
ion and with all nonpolar groups outward, but in [Tl2(phthalate)]n

(51) [70] and [Tl2(py-3,5-dc)]n (52) [71] only thallophilic interac-
tions observed. There are six (Tl1O6) and five (Tl2O5) coordinate
Tl atoms and some “weak” Tl· · ·Tl bonds in the polymeric state of
51 and the exact distances are Tl1–Tl2 (x − 1, y, z) = 3.8572(8) Å.
In 51 also there is a �–�-stacking interaction between the par-
allel aromatic rings of adjacent chains. Compound 52 which is
stable up to 330 ◦C has six (TlO5N) coordinate Tl atoms with some
“weak” Tl· · ·Tl interactions in the polymeric state and the exact dis-
tances are Tl(1)–Tl(1I) = 3.5563(8) Å, Tl(1)–Tl(1I) = 3.6849(8) Å and
Tl(1)–Tl(1II) = 3.8188(8) Å. The ligand and compound 52 show flu-
orescent emission in the solid state. �max emission bands of the
ligand and compound 52 in the solid states are the same and equal
to 465 nm upon excitation at 300 nm.

In 2D coordination polymer of Tl(m-Nbs) (53) [72], both Tl(I)
cation and the sulfonate group display high coordinating ability:

one thallium(I) cation is surrounded by nine oxygen atoms and one
sulfonate anion is coordinated to six different thallium(I) cations.
The Tl/O distances are at long end of the range for Tl(I)–O distances,
suggesting a predominantly ionic character for metal–ligand bond-
ing in this complex. This might be interpreted as an indication that

al helical chain of [TlL1]·MeOH (43) [65].
Royal Society of Chemistry.
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ig. 16. Packing diagram of Tl(m-Nbs) (53) [72], as viewed along the y-axis, of the sta
ations reside in between pairs of columns that have their sulfonate groups directe
eproduced with permission of Elsevier.

he 6s2 lone pair of thallium ion is not stereochemically active.
he crystal structure can be viewed as consisting of inorganic and
rganic layers (Fig. 16). The organic layers are formed by m-Nbs−

nions arranged in columnar stacks along the z-axis. The sulfonate
roups are situated outside these layers and directed towards the
norganic layers within which they interact with the Tl+ cations.
esides the ionic and stacking interactions, the packing is stabilized
y the C–H/O hydrogen bonds. A relatively short contact between
l(I) cation and aromatic proton H(2) equal to 3.05 Å and thalophilic
nteractions at a distance of 3.857(1) Å also deserves attention,
esulting in O9Tl· · ·TlH coordination sphere.

In Tl(Ohyo) (54) [12], the coordination polyhedron around the
lI can be described as a distorted dodecahedron; the eight Tl–O
onds are divided into sets of six short and two long, the lat-
er lying at one side of the TlI ion which show the lone pair
lectrons are stereoactive. The oxalohydroxamate groups com-
rise a hydrogen-bonded, two-dimensional ligand layer; layers of
his type are, in turn, interlinked by the aforementioned strong
ydrogen bonds to form a three-dimensional supramolecular
etwork.

The main structural unit of the polynuclear thallium complex
ith dialkyldithiocarbamates is the centrosymmetric binuclear
olecule Tl2{S2CN(CH2)6}2]n (55) [73] (Tl· · ·Tl 3.6776 Å) involving

wo bridging ligands. Both thallium atom simultaneously coordi-
ate all four S atoms of two dithio ligands. The geometry of the
imer can be represented by a tetragonal bipyramid with four
quatorial S atoms and the thallium atoms as its vertices. The geom-
try of the seven-membered heterocyclic fragments –N(CH2)6–
an be approximately represented as a “twist chair”. The com-
lexing metal in structure 55 becomes coordinatively saturated
ia additional coordination of the S atoms of adjacent dimeric
olecules. Thus, each binuclear fragment is united with two neigh-

ors through pairs of additional Tl–S bonds and the resulting zigzag
olymer chain is aligned with the crystallogaphic z-axis. In turn,
olymer chains are united into a layer through additional coor-

ination by each Tl atom and an S atom in an adjacent chain.
he distance between the closest Tl atoms in adjacent chains is
.7264 Å. The thallium atom has two agostic interactions with two
ydrogen atoms too, thus attaining the total coordination sphere
f S6Tl· · ·H2Tl2.
m-nitrobenzenesulfonate anions arranged in columns along the z-axis. The thallium
rds.

In [Tl(Tp3py)] (56) [60], the monomer units are associated into
two-dimensional sheets (Fig. 17a). Pairs of pyrazolyl–pyridine units
oriented in opposite directions are associated by �-stacking. Each
metal center accordingly has rather irregular coordination geome-
try with two relatively short Tl–N contacts to two of the pyrazolyl
ligands, and four much longer ones, to the third pyrazolyl ring and
the three bridging pyridyl ligands lead to N2Tl· · ·N4 coordination
sphere for TlI ion. It is noticeable that the six Tl–N bonds do not
define anything like an octahedral geometry, but that there is a
large gap in the coordination sphere of Tl(I) consistent with the lone
pair retaining some stereochemical activity. In [Tl(Tkp3py)]·H2O
(57) [60] and [Tl(Tkp4py)]·2MeOH (58) [60] the TlI ion is coordi-
nated by two or three of the four pyrazolyl arms with N3Tl· · ·N4
and N2Tl· · ·N3 coordination sphere, respectively; bridging interac-
tions of pendant 4-pyridyl groups with adjacent Tl(I) centers result
in a two-dimensional sheet forming in each case. In 57 a third pyra-
zolyl group lies approximately ‘face-on’ to the Tl atom. The fourth
pyrazolyl group of (Tkp3py)− is uncoordinated. Three of the pyridyl
groups also interact with adjoining Tl atoms. Thus Tl(I) is nominally
seven coordinate, if we count the side-on N–N bond as two donors.
The two stronger Tl–N(pyridyl) interactions connect the complexes
into a 1D ladder-like motif. The weaker Tl–N(pyridyl) interactions
then cross-link the ladders into 2D sheets (Fig. 17b). In 58 the fourth
pyrazolyl is uncoordinated. In addition, two of the pyridyl groups
coordinate to adjacent Tl(I) atoms. Thus each Tl(I) atom is five coor-
dinate, with distorted square pyramidal geometry; the lone pair on
the metal again appears to be stereochemically active. The coor-
dinating pyridyl groups link the complexes into 2D (4,4) sheets,
as shown in Fig. 17c. These sheets are chiral, (as indicated by the
space group). The uncoordinated pyridyl groups hydrogen bond to
methanol molecules are intercalated between the sheets.

2.4. Two-dimensional coordination polymers without secondary
interactions in TlI coordination sphere
{[Tl(L2)(HL2)](H2O)0.77}n (59) [74] which melts at 162 ◦C, is the
first thallium(I) coordination polymer with a Schiff base ligand
forming 2D network with the thallium atom weakly coordinated to
seven oxygen atoms of the L− and HL ligands. The TlI coordination
sphere is holodirected with no observed gap in the coordina-
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Fig. 17. Views of the two-dimensional sheet formed by bridging (a) 3-pyridyl inter-
actions in [Tl(Tp3py)] (56) [60], (b) 4-pyridyl interactions in [Tl(Tkp3py)]·H2O (57)
and (c) 4-pyridyl interactions in [Tl(Tkp4py)]·2MeOH (58), only the two bridging
pyrazolyl-pyridine arms are shown for each ligand; the arms where the 4-pyridyl
group is not coordinated are not shown for clarity [Tl, green; B, purple; N, blue; C,
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plays two unprecedented characteristics; one (MeSO2)2N ion
that strongly deviates from the C2-symmetric standard conforma-
tion of this species and approximates to mirror symmetry and
a tris(dimesylamido)argentate anion featuring a trigonal planar
AgN3 core. The independent thallium ions are coordinated by the

Fig. 19. Representation, down [0 0 1], of the crystal packing in [Cu(pyn-2-
ol)2]n .[Tl(NO3)m]n/2 (64) [78] shows two layers. For the sake of clarity granting
lack]. (For interpretation of the references to color in this figure legend, the reader
s referred to the web version of the article.)
eproduced with permission of The Royal Society of Chemistry.

ion sphere and inactivity of 6s2 lone pair of TlI ion is obvious.
he individual layers of the two-dimensional polymer are fur-
her interconnected by an extensive network of hydrogen bonds
xtending compound 59 layers to an infinite three-dimensional
upramolecular network. [Tl(�-DNB)]n (60) [75] is a novel two-
imensional polymer with eight-coordinate Tl atoms. Each DNB−

nion is octadentate connecting eight TlI ions. The carboxylate

roup of the DNB− ligand is both bidentate chelating, and bridg-
ng. One of the nitro groups of this ligand has chelating and the
ther nitro group has only bridging coordination behavior. Struc-
ural determination of {Tl[(H)phthalate)]}n (61) [8,76] shows the
Fig. 18. A view of two-dimensional coordination polymer in {Tl[(H)phthalate)]}n

(61) [8].

formation of two-dimensional coordination polymer (Fig. 18). The
coordination number of the TlI ion is six with the coordination envi-
ronment of TlO6. The arrangement of the O atoms suggests a gap in
the coordination geometry around the thallium atom in compound
61, due to a stereochemically ‘active’ electron lone pair of TlI.

In Tl[B(Im)4] (62) [77] and Tl[B(4-MeIm)4] (63) [77], the thal-
lium borate units form two-dimensional layers, with the metal
sites facing the interlayer spacing. In both compounds TlI ion
has TlN4 coordination sphere and one of these coordination
bonds is longer than 2.7 Å. The arrangement of the N atoms sug-
gests a gap in the coordination geometry around the thallium
atom, due to a stereochemically ‘active’ electron lone pair of TlI.
[Cu(pyn-2-ol)2]n.[Tl(NO3)m]n/2 (64) [78], forms a two-dimensional
coordination polymer with four-coordinated Tl+ ion, being bound
to only the four exocyclic oxygen atoms of a metallacalix[4]arene
moiety. Due to “stereochemical activity” of TlI lone pair, nitrate ions
does not increase its coordination number (Fig. 19).

The layer structure of Tl2[Ag{N(SO2Me)2}3] (65) [79], dis-
−

ordered nitrate ions, hydrogen atoms and methanol molecules have been omit-
ted (carbon, gray; nitrogen, blue; oxygen, red; copper, green; thallium, violet). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of the article.)
Reproduced with permission of American Chemical Society.
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Fig. 20. Portion of 2D polymeric sheets in Tl2[Ag{N(SO2Me)2}3] (65) [79].
Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA.

omplex anions to form monolayer substructures, in which Tl(I)
ttains an O6 and Tl(2) an O5 environment; the monolayers are
ssociated into bilayers via one independent set of Tl(2)–O bonds
hat concomitantly raise the coordination number for Tl(2) to six
Fig. 20). The two-dimensional Ag–N/Tl–O bonding system is rein-
orced by a three-dimensional network of weak C–H· · ·O hydrogen
onds.

.5. Three-dimensional coordination polymers with secondary
nteractions in TlI coordination sphere

[Tl2(�9-ADC)]n (66) [80,81], is a 3D coordination polymer which
s stable up to 430 ◦C. In 66 there are two types of Tl+-ions with
oordination numbers of six Tl1O6 and five Tl2O5. The Tl1 and Tl2
toms in 66 interact with one neighboring thallium atom. Tl2 in
6 may also be involved in an �2 interaction with acetylene of
eighboring molecules. Thus, the Tl2 atoms in 66 are linked to two
arbon atoms of neighboring acetylene groups, with distances of
.398(2) and 3.628(5) Å, respectively. Hence, the TlI coordination
phere could be considered as Tl· · ·Tl1O6 and C2Tl· · ·Tl2O5 with the
tereochemically ‘active’ lone pair in the solid state. Tl4(ADC)(oxa)
67) [80] is stable up to 150 ◦C. In 67, Tl1 and Tl2 are 5-coordinate.
gain a search for Tl· · ·C and Tl· · ·Tl interactions shows that in addi-

ion of thallophilic interactions in 67, Tl1 ion has a short distance
3.628 Å) with one of the ADC2− carbon atoms resulting in 3D coor-
ination polymer with O5Tl1· · ·Tl2C and O5Tl2· · ·Tl2 coordination
phere. Tl4(ADC)(oxa) can be synthesized without adding oxalic
cid. Thus H2ADC has been oxidized under very mild reaction con-
itions to form oxalic acid. Compounds 66 and 67 crystallize in
on-centrosymmetric space groups. This is probably caused by the

nfluence of stereochemically active lone pairs at Tl(I). Thallium(I)
on in TlI2(oxa) (68) [82] has an O7Tl· · ·Tl3 environment with an
rregular coordination and a lone pair which clearly squeezes the
–O bonds in the polyhedron. [K2Tl(�-succinate)(�-NO3)]n (69)
83] with mixes succinate and nitrate ligands, shows two types of
+-ions with coordination numbers of seven and eight and one Tl+-

on with a coordination number of five. Two hydrogen atoms of
uccinate situated 3.26 Å above the proposed site on the lone pair

f TlI is oriented in such a way that it might be forming a weak
l–Lp· · ·H–C hydrogen bond or agostic interaction, thus attaining a
oordination environment of O5Tl· · ·H2. In [Tl3(�-1,2,3-btc)]n (70)
37] it appears that there are three types of Tl+-ions (Tl1, Tl2 and
l3), two of them contain the weak Tl· · ·Tl interactions with dis-
Fig. 21. Representation, down [0 0 1], of the crystal packing in TlCu(OH)CO3 (74)
[86].
Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA.

tances of 3.771 and 3.972 Å. The Tl1 in compound 70 is linked to
two carbon atoms of neighboring phenyl group, with distances
Tl1· · ·C15i and Tl1· · ·C6i (i: −x, y + 1/2, −z + 1/2) of 3.408(2), and
3.430(2) Å, respectively. Thus the thallium(I) ions in 70 attain-
ing the total coordination sphere of O5Tl1· · ·C2, O4Tl2· · ·Tl2 and
O6Tl3· · ·Tl2. In [Tl4(�-1,2,4,5-btc)]n (71) [37], there are two types
of Tl+-ions, Tl1 and Tl2. A search for Tl· · ·H interactions shows that
Tl atoms in compound 71 may also be involved in an additional
interaction with two H atoms of 1,2,4,5-btc4− anion with distance
Tl1· · ·H5i (i: −x, y + 1/2, −z + 1/2) = 3.05 Å. Thus the thallium(I) ions
in 71 attaining the total coordination sphere of O5Tl1· · ·H2 and
Tl2O6. Compounds 70 and 71 are stable up to 350 and 300 ◦C,
respectively and do not show emission upon excitation at 350 nm
in solution state. {(eda)[Tl2(�-1,2,4,5-btc)(H2O)2)]}n (72) [84] is
another coordination polymer of TlI ion with 1,2,4,5-btc ligand,
the TlI atom is seven coordinated by three 1,2,4,5-btc ligands and
two water molecules in an irregular geometry due to the stereo-
chemically active lone pair on the Tl center. The water molecule
and 1,2,4,5-btc ligand are bonded to the Tl atoms in �- and �6-
forms, respectively, leading to a three-dimensional structure. The
crystal structure involves O–H· · ·O, N–H· · ·O and C–H· · ·O hydro-
gen bonds, and also a Tl· · ·� interaction at a Tl-centroid distance
of 3.537(1) Å, resulting in O7Tl· · ·C6 coordination sphere. Com-
pound [(Tl(pydcH)]n (73) [85], has only one type of Tl+-ion with
coordination number seven, but with long Tl–N and Tl–O bond
distances indicating that these bonds are not strong chemical
bonds. The TlI ion has a short distance with aromatic pyridine
ring with Tl· · ·�(centroid) distance of 3.535 Å. Thus compound 73
could be considered as 3D coordination polymer with NO6Tl· · ·C5N
coordination sphere. TlCu(OH)CO3 (74) [86] which is prepared
from carbonate solutions, is stable up to 160 ◦C and decompo-
sition occurs in two steps to the products Tl2O and CuO. The
Structural features are Cu–O chains bridged by carbonate groups
and tunnels parallel [0 0 1] (Fig. 21), our studies illustrate that TlI

ion has O4Tl· · ·O3H coordination sphere with a short Tl· · ·H dis-
tance that could be considered as agostic, finally resulting in a 3D
coordination polymer. The magnetic measurements show Curie-
paramagnetism with �Curie = 2.7 K. A ferromagnetic arrangement of
the Cu2+-moments was detected below 4.8 K.

Although Tl(4-np) (75) [38] and [Tl(2,4-dnp)] (76) [39] have
approximately similar ligands, they show different structural

motifs. The structure of 75 is based on a tetranuclear cubane
motif with TlO3 coordination sphere. Tl· · ·Tl interactions within
the cube are 3.858(2) Å and [Tl(O-phenoxide)]4 units linked into
a three-dimensional network by further Tl· · ·O–nitro interactions
from adjacent units. The crystal structure of 76 shows a three-
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as Tl1, Tl2, Tl5 with TlS1 coordination sphere, Tl3 and Tl4 with TlS3
coordination sphere and finally Tl6 with TlS4 coordination sphere,
resulting in a 3D coordination polymer with stereoactive electron
lone pair (Fig. 23).
ig. 22. Fragment of the three-dimensional coordination polymer in [Tl4(�8-SB)2]n

77) [87].
eproduced with permission of Elsevier.

imensional polymer as a result of bridging 2,4-dnp ligands. In 76,
he Tl atoms have TlO2 coordination sphere with weak thallophilic
nteractions (3.740 Å), �–�-stacking interactions between the par-
llel aromatic rings also exist. [Tl4(�8-SB)2]n (77) [87], another
ompound with phenolic group, is a novel three-dimensional coor-
ination polymer involving the tetranuclear cubic cage nodes as a
esult of bridging “SB2

−” ligands with basic repeating [Tl4(�8-SB)2]
nits (Fig. 22). There are four thallium atoms with different coor-
ination spheres (Tl1O4, O4Tl2· · ·Tl2, O4Tl3· · ·Tl and O3Tl4· · ·Tl)

n the cubic cage. These thallium atoms contain an irregular
oordination sphere with stereochemically active lone pair and
hallium–thallium interactions.

.6. Three-dimensional coordination polymers without secondary
nteractions in TlI coordination sphere

CSB2− ligand in compound [Tl2(�10-CSB)]n (78) [81] is similar
o SB2− in 77 but with caboxylate donor groups instead of phe-
olate group. Compound 78 is a 3D coordination polymer which

s stable up to 410 ◦C. In 78 the thallium atoms have an irregular
oordination sphere containing a stereochemically active lone pair
ith TlO5 coordination environment. There are two known forms of

Tl(picrate)] (79) [88], showing approximately similar coordination
nvironments for the thallium atoms but the ‘high temperature’,
ellow form has a bond to the phenoxide oxygen atom which is
.2 Å shorter than the equivalent bond in the ‘low temperature’,
ed form. The yellow polymorph of 79 has TlO9 and the red poly-
orph of 79 has O11Tl· · ·C coordination sphere with Tl· · ·C distance

f 3.463 Å, finally resulting in a 3D coordination polymer with inac-
ive lone pair in both polymorphs. Transition from the red to the
ellow polymorph occurs in the solid state only at 400 K and above,
ut the yellow polymorph does not transform to red, neither on
eating nor on cooling. Addition of a small amount of solvent to

he system accelerates the transformations in both directions.

TlL8 (80) [55] form an extended 3D coordination polymer with
3Tl· · ·N3 coordination sphere around TlI ion. [2,5-DMe-DCNQI]2Tl

81) [10], is a 3D coordination polymer with TlN8 coordina-
ion sphere and inactive 6s2 lone pair of TlI ion which shows
istry Reviews 254 (2010) 1977–2006

semiconductor-like behavior. The acceptor molecules form a net-
work linked by thallium ions, therefore, one of the two thallium
atoms is to be visualized as being above the plane of the diagram
while the other is below the plane. More interestingly, 81 is the
first non-copper radical anion salt in which a significant Knight
shift of the 205Tl+ nucleus (referenced to TlNO3) has been observed
(4200 ppm at 290 K), shows that the s-orbitals of the thallium ion
become polarized onto the DCNQI stacks as a result of the mobility
of the electron spin.

In [Tl{HO3P(CH2)2PO3H2}] (82) [89], the thallium atoms are
coordinated dodecahedrally to oxygen atoms O(1)–O(6) of both
diphosphonates. TlO8 dodecahedra, share O(1)–O(1) and O(6)–O(6)
edges to form “TlO6′′ chains parallel to the a-axis; these chains
are linked to one another through the O(4) atoms. The diphos-
phonate is bonded, in a monodentate fashion, to six thallium
atoms. Similarly, the thallium atom is bonded to six phosphonate
moieties of different diphosphonates resulting in 3D coordina-
tion polymer. A network of hydrogen bonds is also present in 82.
Tl2(MoO3)3PO3CH3 (83) [90] which is stable up to 435 ◦C, is a new
layered phase build up from vertex-sharing MoO6 and PO3CH3
units. Interlayer Tl+ cations complete the crystal structure with
Tl1O6 and Tl2O12 coordination sphere. The thallium cations serve
to link adjacent anionic sheets by way of Tl–O bonds.

In Tl{ONC(CN)2} (84) [91], the thallium(I) center has four shorter
bonds than the sum of the ionic radii bonds (three with N and one
with O atoms) and three longer electrostatic (ionic) contacts with
the anion. The 6s2 lone pair is stereoactive, and the coordination
polyhedron is best described as a distorted square pyramid. The
ONC(CN)2

− anion in this complex is planar and in the nitroso form.
Compound 84 at 293 K exhibited structured metal-based red pho-
toluminescence in the range of 690–800 nm that depends on the
excitation wavelengths. An assignment of a metal-to-ligand charge
transfer (MLCT) state from Tl(I) to �* of the ONC(CN)2

− anion is
very likely since thallium is known to form a stable Tl(III) oxidation
state. [T1(SC6H5)] (85) [57], is built up by the two novel structure
units; [Tl7(SC6H5)6]+ and [Tl5(SC6H5)6]− with six different TlI ions
Fig. 23. Representation, down [0 0 1], of the crystal packing in three-dimensional
coordination polymer of [T1(SC6H5)] (85) [57], the phenyl groups have been omitted
for clarity.
Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA.
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. Thallium(I) supramolecular compounds aggregate from
econdary interactions

The utilization of intermolecular interactions which generate
pecific supramolecular motifs has greatly enhanced the systematic
pproach to both the understanding and the design of highly orga-
ized molecular arrays in solids. Intermolecular hydrogen bonding
as been the most widely employed ‘directional forces’ in this
ontext. More recently, the attractive interactions between heavy
losed shell metal centers (with d10 or d10s2 configuration) and the
ay they affect the intermolecular aggregation in solids have been

nvestigated [92,93]. In addition polyhapto and agostic interactions
lay important role in formation of TlI supramolecular compounds.

n Section 2 we considered TlI coordination polymers which cover
wide area of supramolecular compounds, in this section we con-

ider TlI compounds which aggregate from secondary interactions.

.1. One-dimensional supramolecular compounds

Thallium(I) 2-amino-benzoate (anthranilate) (86) [11], thal-
ium(I) 2-amino-4-methyl-benzoate (87) [11], thallium(I) 2-
ydroxy-4-methyl-benzoate (4-methyl-salicylate) (88) [11], and

hallium(I) 2-hydroxy-3-methyl-benzoate (3-methyl-salicylate)
89) [11], all form 1D supramolecular compounds, the first two hav-
ng Tl· · ·� interactions with the aromatic ring. In 86, the monomers
imerize to give a four-membered ring. Through stacking of the flat
imers each thallium atom builds contacts with an amino group on
ne side and an �6 arene ring on the other with a Tl· · ·�(centroid) dis-
ance of 3.372(6) Å. The vacancy appears to be finally compensated
y inter-string thallophilic contacts, finally lead to O3NTl· · ·C6Tl2
nvironment around TlI ion. In 87, both Tl1 and Tl2 are thus tri-
oordinated by nearest oxygen atoms in steep trigonal pyramids
nd �6-capped by one arene group with Tl· · ·�(centroid) distance of
.166(13) and 3.181(15) Å, lead to O3Tl· · ·C6 coordination sphere.
airs of symmetry-related water molecules which are located in
he voids between the tetramers in 87, stabilized the crystalline
hase through a set of hydrogen bonds. Compound 88 has tri-
oordinated TlI ion by oxygen atoms and �6-capped by one arene
roup with Tl· · ·�(centroid) distance of 3.304(8) Å. A longer Tl–O con-
act also observed, lead to O3Tl· · ·OC6 coordination sphere around
lI ion. The set of five oxygen atoms covers just about one hemi-
phere of the thallium environment in 89 and no other contacts are
iscernible in the other half of the coordination sphere. A hydro-
en bond between the hydroxy group and one of the carboxylate
xygen atoms result to 1D supramolecular compound. Another
olymorph of compound 50 [94] forms a monomer, Tl+(L14−),
here the metal ion is coordinated, on one side, to six oxygen atoms

f the anionic ligand. The other side of the metal ion is, however,
ompletely naked. The L14 molecule again assumes the pseudo-
yclic conformation stabilized by three types of hydrogen bonds.
he thallium atom in [Tl(18-crown-6)][H2N{B(C6F5)3}2]·2CH2Cl2
90) [95], is bonded to all six crown-ether O atoms and is posi-
ioned slightly out of the plane formed by the six oxygen atoms.
he coordination sphere is completed by two Tl· · ·F interactions,
hich lead to 1D supramolecular compound.

Compounds TlN(Me)ArMes2 (91) [96], HB(pz)3Tl (92)
97], [Tl][BQA] (93) [98], CH2[CH2N(Tl)SiMe3]2 (94) [92],

eSi[SiMe2N(T1)But]3 (95) [99], [(C6H5)C{CH2N(Tl)SiMe3}3]
96) [100], all form complexes with Tl–N bonds and supramolec-
lar compounds from polyhapto and/or thallophilic interactions.

ompound 91 features an apparent Tl-arene interaction with
he flanking mesityl substituent [Tl· · ·�(centroid) = 3.026(2) Å] in
ddition to two types of TlI ion which are coordinated by one N
tom. A longer interaction of 3.569(2) Å to the centroid of an aryl
ing of a neighboring molecule and agostic interactions of TlI ion
Fig. 24. Displacement ellipsoid (50%) representation of [Tl][BQA] (93) [98],
extended along the crystallographic a-axis.
Reproduced with permission of American Chemical Society.

with H atom of -CH3 (Tl1) and arene (Tl2) groups with distances
of 3.109 and 3.006 Å respectively, result in a 1D supramolecular
compound with NTl· · ·C12H coordination sphere. Compound 92
indicates the formation of 1D double strand chain from short
contact of TlI ion with one of the pyrazolyl ring with N3Tl· · ·C3N2
coordination sphere and Tl· · ·�(centroid) distance of 3.512 Å. In 93, a
possible weak �-stacking or Tl–Tl interaction is observable in the
zigzag arrangement of extended structure (Fig. 24) with N3Tl· · ·Tl2
coordination sphere. Notably, the nearest neighbor Tl cation is
located at a distance of 3.5336(5) Å.

In the solid the two amido-N atoms and the two TlI centers of
94 form a puckered four-membered ring and the molecular units of
94 aggregate via Tl· · ·Tl contacts to form infinite, double-stranded
bands. One of the two metal atoms in the monomers not only forms
a direct contact to its neighbor within a strand [Tl· · ·Tl 3.775(3) Å]
but also across to the opposite strand [Tl· · ·Tl 3.697(3) Å], lead to
N2Tl1· · ·Tl3 and N2Tl2· · ·Tl2 coordination sphere around TlI ions.
Metal exchange between the lithium amide MeSi[SiMe2N-(Li)But]3
and TlCl (Fig. 25a), yields the corresponding thallium amide 95
which aggregates in the solid through weak attractive Tl· · ·Tl inter-
actions (3.673(2) Å) to form infinite molecular chains (Fig. 25b).
Short interamolecular Tl· · ·Tl contacts also exist in 95, finally result
in N2Tl· · ·Tl2 environment for three types of TlI ions. In 96 there
are three types of TlI ion with TlN2 coordination sphere. Although
Tl3 adopts a slightly slipped �6 coordination of the aryl ring with
Tl· · ·C distances lying in the range 3.34–3.74 Å and Tl1 is located
close to the ipso and two ortho phenyl carbon atoms with Tl· · ·C
distances of 2.87, 3.24 and 3.22 Å. In the solid the amidothallium

units are dimeric and form infinite chains which are defined by
intermolecular Tl· · ·Tl contacts of 3.75 Å. Thus we could consider
N2Tl· · ·C3Tl and N2Tl· · ·C6 coordination environment for Tl1 and
Tl3 respectively.
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the aggregation polymer. The thallium cation in 104 is coordinated
by two phosphines and garners additional electron density from
the aryl ring of an adjacent arylborate group. In fact there are two
TlI ions with the same coordination sphere in 104 which is best
Fig. 25. (a) Schematic representation of MeSi[SiMe2N(T1)But]3 (9
Reproduced with permission

[TpTl] (97) [55,101], TlL3 (98) [102], TlL4 (99) [103],
l(TPPB) (100) [104], Tl2[1,3-C6H4(tBuBpz2)2] (101) [105],
tBuN–BPh–NtBu]Tl2 (102) [106], [iPrN–BPh–NiPr]Tl2 (103) [106]
nd [(m,m-(CH3)2Ph)2B(CH2PtBu2)2][Tl] (104) [52], all form 1D
upramolecular compounds which we will consider in detail here.
ompound 97 forms a double 21-helical strand. The molecular
tructure of 97 shows the usual pyramidal geometry of the thal-
ium atom with two different chain types present in the unit
ell and the two crystallographically different Tl centers with
3Tl· · ·C6N4 coordination sphere and Tl· · ·�(centroid) distances of
.555 and 3.748 Å for Tl1 and 3.500 and 3.665 Å for Tl2. Each
lI ion in 98 is in a “2 + 2” coordination environment, with two
hort bonds to the pyrazolyl donors and two longer bonds to
he pyridyl donors, therefore each TlI ion is in an approximately
quare pyramidal geometry, with the four nitrogen donor atoms
ccupying the basal plane and the stereochemically active lone pair
ccupying the obvious gap in the metal ion coordination sphere
t the apex of the pyramid. The molecules lie in a stack along
he Tl· · ·Tl axis with secondary Tl· · ·�(pyrazolyl) interactions (3.423
nd 3.427 Å). In 99 the TlI ion is coordinated in the N4 binding
ocket of the ligand and the externally directed N atoms involved
nly in intermolecular N· · ·H–C hydrogen bonding interactions.
imilar to 98, the two Tl–N bonds to the pyrazolyl N atoms are
uch shorter than the bonds to the pyrazinyl N atoms. Tl· · ·H–B

3.079 Å) and Tl· · ·�pyrazolyl (3.255 Å) interactions in 99 lead to a
2Tl· · ·C3N4H coordination environment around the TlI ion. The
lI ion in 100, is in a ‘3 + 3’ coordination environment, with three
hort bonds to the pyrazolyl N atoms and three long interactions
ith the pyridyl N atoms. The relatively open structure of the

omplex leads to aromatic �-stacking interactions between the
yridyl rings (3.56 Å) of adjacent complex units and three agostic

nteractions with Tl· · ·H separations of 3.52, 3.35 and 3.36 Å per
etal ion (Fig. 26).

Compound 101 is a 1D supramolecular compound with two

ypes of TlI ion being coordinated to two pyrazolyl nitrogen atoms
f its scorpionate ligand. In 101 each TlI ion forms two �-contacts
o the two pyrazolyl rings of a neighboring scorpionate ligand with
l· · ·�(centroid) contacts of 3.360 and 3.458 Å for Tl1 and 3.302 and
] formation and (b) the polymeric chain viewed onto the ac plane.
Royal Society of Chemistry.

4.019 Å for Tl2, resulting in N2Tl· · ·C6N4 coordination spheres for
TlI ions. In compound 102, the asymmetric unit of the complex
possesses a single dithallium unit that has a molecular structure
in which two nitrogen and two thallium(I) atoms form a puck-
ered spirocycle. Two types of TlI ion in 102 have N2Tl1· · ·Tl3 and
N2Tl2· · ·Tl3 coordination spheres (Fig. 27a). The asymmetric unit
in [iPrN–BPh–N iPr]Tl2 (103) possesses four dithallium units, all of
which possess similar Tl2N2 cores and ligand metrics as 102. Two of
these monomeric units aggregate to form an infinite chain of edge
sharing triangles with N2Tl· · ·Tl5 coordination sphere (Fig. 27b).
The other two monomeric units are not involved in aggregation,
but instead demonstrate a metal–arene interaction with N2Tl· · ·C6
environment. One thallium from each of these units has a contact
of 3.496(18) Å from the plane of the phenyl rings of the ligands in
Fig. 26. Part of the packing diagram for Tl(TPPB) (100) [104] showing two
intermolecular interactions: aromatic stacking between pyridyl rings, and Tl· · ·H
interactions.
Reproduced with permission of The Royal Society of Chemistry.
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ig. 27. Solid-state structure of [RN–BPh–NR]Tl2 [106] with (a) R = tBu (102) show
= iPr (103) demonstrating both thallium–thallium and thallium–arene interaction
eproduced with permission of Elsevier.

escribed with two phosphine donors and a single �2–aryl inter-
ction. Tl1· · ·�(centroid) and Tl2· · ·�(centroid) distances are 3.35 and
.38 Å, respectively.

In [TlS-t-C4H9] (105) [57], [NEt4]2[{Tl(1,2-(�-S)2C6H4)}2] (106)
107] and Tl2[Ni(H2O)6][NiII(d-pen)(l-pen)]2(NiII(SCN)2(H2O)4]
107) [108] the donor atom which coordinates to TlI ion is sulfur.
ompound 105 forms 1D supramolecular network from inter-
olecular Tl· · ·Tl interactions. In 105 there are four types of TlI

ons as Tl1, Tl4 with TlS3 coordination sphere, Tl2 with S3Tl· · ·Tl2
oordination sphere and Tl3 with S4Tl· · ·Tl coordination spheres. In
ddition to intermolecular Tl· · ·Tl interactions in 105, intramolecu-
ar thallophilic interactions also observed. Compounds 106 and 107
ontain rectangular bipyramidal [TlS4Tl] cages with the four sulfur
toms defining the equatorial plane and the two thallium atoms in
xial positions with the thallium lone pair electrons in the apical
ertex. In the crystal lattice of 106, nearly linear Tl· · ·Tl (3.9371(3) Å)

hains align along the a-axis with the ligand planes parallel to the
c-plane. TlI ion in 107 has Tl· · ·S5 coordination sphere with four
atoms from d-pen/l-pen and one S atom from –NCS ligands. The
ctahedral arrangement of two TlI ions and four sulfur atoms of
-pen/l-pen form 1D double-chain structure.
three dimeric units and weak intermolecular thallium–thallium contacts and (b)
rmal ellipsoids are shown at the 50% probability level.

TlCp (108) [109], Tl(CPMEF) (109) [110], Tl(PFSCp) (110)
[111], Tl(QtmCp) (111) [112], [Tl3Cp2][CpMo(CO)3] (112) [109],
[Tl2(FeCp2)3][H2N{B(C6F5)3}2]2.5CH2Cl2 (113) [95], [Tl(P2C3But

3)]
(114) [113], [Tl(�5-P3C2But

2)] (115) [114] and [{Tl(�-�5:�5-1,4,2-
P2SbC2But

2)}∞] (116) [115] form interesting 1D supramolecular
chains with cyclopentadiene or substituted ligands. Compound
108 forms zigzag-shaped chain polymers in the solid state with
Tl· · ·�(centroid) distance of 2.698, 2.755 Å for Tl1 and 2.743, 2.797 Å
for Tl1C. 109 exists as two polymorph; in both structures TlI ion
is coordinated to three aromatic systems and the primary inter-
action is an �5 Tl–Cp coordination with Tl· · ·�(centroid) distances of
2.604 (109a) and 2.507 Å (109b). Two other secondary interactions
lead to formation of chains (109a) or 3D network (109b) as shown
in Fig. 28. In 109a the coordination sphere of TlI ion is completed
by intramolecular �3,�5 �–arene contacts to the CPMEF− system,
but no bridging Cp ligands are found in 109b and TlI coordina-

tion sphere is completed by �2,�3 �–arene contacts to the CPMEF−

system.
Compound 110 is a 1D supramolecular compound with the bent

chain of rings linked through the Tl+ ions with Tl· · ·C distances
of 3.027(6)–3.149(5) Å. The coordination number at the thallium
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ig. 28. A section of a polymeric chain in Tl(CPMEF) (109a) [110] (top) and 3D
upramolecular network in 109b (bottom).
eproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA.

enter is increased by the coordinated THF molecule and lead to
Tl· · ·C10 coordination environment (Fig. 29).

The crystal structure analysis of 111 shows the tendency to form
n infinite zigzag polymeric chain in the solid state. The thallium
tom is coordinated by the substituted Cp ring and the nitrogen
tom. The distance between the metal and the center of the Cp
ing is 2.63 Å. A longer contact of 2.90 Å is observed to a neigh-
oring Cp ligand. Although this distance is quite long, 111 can be

escribed as a zigzag chain polymer. The NMR investigation indi-
ates a monomeric structure exists in solution. Compound 112
orms u-shaped units which are arranged through additional Tl–CO
ontacts to helices along [0 1 0]. There are three types of TlI ion in
12, Tl1 and Tl2 interact with two Cp in an �5 fashion, while Tl3

Fig. 29. A section of a polymeric chain in Tl(PFSCp) (11
Reproduced with permission of Wiley
Fig. 30. Formation of u-shaped units which are arranged through additional Tl–CO
contacts to helices along [010] in [Tl3Cp2][CpMo(CO)3] (112) [109].
Reproduced with permission of Wiley-VCH Verlag GmbH & Co. KGaA.

interacts with two carbon atoms of CO group and one Cp in an �5

fashion (Fig. 30).
The structure of 113 shows the presence of two different com-

plex cations, [Tl(FeCp2)]+ and [Tl(FeCp2)2]+, in a 1:1 ratio, with
sandwich and half sandwich structures, respectively. The anion acts
as a bridging ligand between the two different types of cations
via Tl· · ·F contacts. In the [Tl(FeCp2)2]+ fragment, the environ-
ment around Tl(2) consists of two �5-coordinated aromatic rings
with Tl· · ·�(centroid) distance of 2.9309 Å and two relatively close
fluorine atoms. In the [Tl(FeCp2)]+ fragment, the Tl· · ·�(centroid)

interaction has the distance of 2.923 Å to the centroid of the
�5-C5H5 ring. The coordination environment around Tl(1) is com-
pleted by two fluorine and two chlorine atoms. Compound 114
shows infinite one-dimensional polymer strands in solid state
with the mean thallium-ring centroid distance of 2.84 Å result-
ing in TlC6P4 coordination sphere but in 115, the triphospholyl
ring is �5 bound to the metal and the individual monomeric
units are linked into almost linear chains by weak interactions
between the metal center and alternate rings. The thallium-
centroid distance to the bonded ring is 2.85 Å whilst the distance

of the thallium to the centroid of the adjacent half sandwich
unit is markedly longer at 3.22 Å. Compound 116 forms a double-
stranded zigzag polymeric chain structure with intermolecular
thallium–phosphorus interactions and Tl· · ·�(centroid) distance of
2.835 and 2.890 Å forming TlC4P5Sb2 coordination sphere (Fig. 31).

0) [111], hydrogen atoms was omitted for clarity.
-VCH Verlag GmbH & Co. KGaA.
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dimensional chains with distances of 3.926(13) and 4.115(13) Å. A
I

ig. 31. Unit cell diagram of [{Tl(�-�5:�5-1,4,2-P2SbC2But
2)}∞] (116) [115].

eproduced with permission of American Chemical Society.

he thallium-centroid-thallium connections are approximately lin-
ar.

[Tl+][(�2–3-DMP)Ti(DMP)4
−] (117) [116] and [{[(3,5-

e2Ph)2B(CH2PtBu2)2]Cu}2(�-Br)]Tl (118) [117] are mixed
etal 1D supramolecular compounds aggregated from Tl· · ·�

nteractions. The Ti metal center is in a TBP geometry in 117, and
he “naked” Tl cation has �-interactions with four DMP �-arene
lectrons with the average distance of 3.45 Å (Fig. 32). One of the

hortest distance which was reported up to date is between the TlI

nd one of the nearest neighbor’s DMP ligands with Tl· · ·�(centroid)

istance of 2.592 Å.

Fig. 32. Thermal ellipsoid plot of [Tl+][(�2–3-DMP)Ti(DMP)4
−] (117) [116], showin

Reproduced with permission of A
istry Reviews 254 (2010) 1977–2006 1997

The structure of 118 shows two copper centers connected by
a linear bromide bridge, thus providing a monoanionic dinuclear
copper species with one thallium counter-cation. In the molecular
structure, the thallium atom resides in the hole formed by the four
aryl rings of the borate anion with Tl· · ·�(centroid) distances of 2.867,
2.901, 3.568 and 3.702 Å, lead to 1D supramolecular compound
(Fig. 33).

3.2. Two-dimensional supramolecular compounds

Compound [Tl(HB)]n (119) [118] with carboxylate donor groups
which is stable up to 185 ◦C has four-coordinate Tl atoms. TlI ions in
119 may also be involved in an 2 × �6 interactions with the phenyl
groups of neighboring molecules (Fig. 34). Hence, the Tl(I) coordi-
nation sphere could be considered as O4Tl· · ·C12. The Tl· · ·�(centroid)
distances of the two phenyl groups with TlI ion are 3.291 and
3.297 Å. Tl· · ·� interactions and hydrogen bonding network exist
in 119, finally resulting in a 2D supramolecular network.

Compound [Tl4(�3-dcp)4] (120) [119], which is stable until
183 ◦C, shows that the complex has a tetranuclear cubic cage as
a result of bridging dcp− ligands. There are interactions between
the Tl1 and two other thallium atoms in the cage with distances of
3.845(2) Å resulting in O3Tl. . .Tl2 coordination sphere. Compound
120 is luminescent in the solution state with emission maxima
at 397 nm which could be tentatively assigned to MMCT and the
existence of thallium–thallium interactions in the solution state,
indicates that the structure of this complex is retained in solu-
tion. These tetranuclear cubic cages act as nodes and are connected
through Cl· · ·Cl interactions to four other nodes resulting in a two-
dimensional network as shown in Fig. 35.

Tl2Pc (121) [120], [TlI(RC6H4NNNC6H4R)]2 (R = p-NO2) (122)
[121] and TlTpPh,4CN (123) [122] all form 2D supramolecular net-
works with N-donor ligands. In compound 121 there are two metal
ions per phthalocyanine macromolecule. The two thallium cations
are linked to the same four isoindole nitrogen atoms and form
an octahedron with thallophilic interactions. The weak interac-
tion between T1 and the N atom of the neighboring molecule
(3.516 Å) lead to a 2D supramolecular network. In compound 122
the centrosymmetric tectons attain unidimensional chains along
the c-axis through Tl· · ·O interactions. The 2D supramolecular net-
work assembling of the dimeric tectons is achieved through weak
secondary � interactions of the type Tl–�2–arene between the uni-
thallophilic interaction (3.846 Å) and short distance of Tl ion with
two N atoms also observed in 122, resulting in N3Tl· · ·TlN2O2C2
coordination sphere. In compound 123 the Tl ion is coordinated by
the three available pyrazole N atoms of the Tp ligand. In addition,

g interaction with nearest neighbor ellipsoids are drawn at 30% theoretical.
merican Chemical Society.
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supramolecular compound with Tl· · ·C interactions in a 2 × �
fashion with distances of 3.497 and 3.547 Å. Additional Tl· · ·O
interactions are also present in 129 leading to a O2NTl· · ·C4O4 envi-
ronment. In [Tl4(�3-OH)2][H2N{B(C6F5)3}2]2·4CH2Cl2 (130) [95],
[Tl4(�3-OH)2]2+ cation has a central Tl2(OH)2 core with two oxy-
ig. 33. A fragment of 1D supramolecular compound in [{[(3,5-Me2Ph)2B(CH2PtB
larity (C: gray, Tl: violet, B: pink, Cu: yellow, P: orange, Br: red). (For interpretation
f the article.)
eproduced with permission of Elsevier.

here are short contacts (Tl· · ·N 3.211 Å) between the Tl atom and N
toms from the CN substituents of three adjacent Tp ligands. There
s also a short contact between the Tl atom and the B–H group of
he Tp ligand directly beneath it (Tl· · ·B 3.071 Å), finally led to 2D
upramolecular compound (Fig. 36) with N3Tl· · ·N3H coordination
nvironment around TlI ion.

Tl[CrIII(d-pen)2] (124) [108], has square planar geometry around
lI ion with four S atoms lead to 2D supramolecular compound. The
hallium complex {[BmMe]Tl}x (125) [123] is oligonuclear with the

etal centers being bridged by sulfur atoms of the mercaptoim-
dazolyl groups and four-membered [Tl2S2] cores, but one of the
ulfur atoms on each of the [BmMe] ligands in the dinuclear thal-
ium fragment also interacts with another thallium center, thereby
esulting in a polynuclear structure. In 125 short contacts (2.69 Å)
f TlI ion with one hydrogen atom of [BmMe] ligand are observed,
hus we could consider a S2Tl. . .SH coordination sphere around TlI

on.
[(�5:�5-C5H4PPh2)Tl]∞ (126) [124], Tl(C5H3Ph2)(THF) (127)

125] and [Tl(C4H4P)] (128) [126] are 2D supramolecular com-
ounds with cyclopentadiene derivative ligands. Two-dimensional
etwork of 126 formed from polymeric zigzag chains of alternating
hallium ions and cyclopentadienyl rings by the weak interactions
etween phosphorus and thallium atoms with C5Tl· · ·C5P environ-
ent (Fig. 37) and Tl· · ·�(centroid) distances of 2.80(1) and 2.88(1) Å.
1P NMR spectrum of 126 in THF at room temperature, indicating
hat the Tl· · ·P interaction is retained in solution.

Compound 127 forms 2D supramolecular network with 2 × �5

oordination of the TlI ion with Cp groups, results in OTl· · ·C10

ig. 34. A fragment of the two-dimensional layer in compound [Tl(HB)]n (119) [118],
howing the �· · ·Tl· · ·� and Tl· · ·�· · ·Tl interactions. H atoms are omitted for clarity.
eproduced with permission of Elsevier.
u}2(�-Br)]Tl (118) [117], hydrogen atoms and solvent molecules are omitted for
e references to color in this figure legend, the reader is referred to the web version

environment with Tl· · ·�(centroid) distance of 2.83 and 2.87 Å. The
polymeric solid-state structure of 128 consists of parallel zigzag
strands in which the thallium atoms are �5-bonded to both sides
of the phospholyl ring with Tl· · ·�(centroid) distance of 2.810 and
2.847 Å. There are two noticeable interstrand close contacts in 128
lead to 2D supramolecular network. One involves two thallium
atoms (dTl-Tl) 3.7953(3) Å) and the other is observed between a
thallium atom and a phosphorus atom (dTl–P) 3.673(2) Å), result-
ing in C8P2Tl· · ·TlP coordination sphere. These Tl· · ·Tl and Tl· · ·P
interstrand contacts could contribute to the low solubility of 128.

3.3. Three-dimensional supramolecular compounds

Our search shows that [Tl(pydcH)]n (129) [127], is a 3D
2

Fig. 35. A fragment of the two-dimensional layer in [Tl4(�3-dcp)4] (120) [119],
showing the Cl· · ·Cl interactions. H atoms are omitted for clarity (Tl = purple, O = red,
C = gray, Cl = green). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
Reproduced with permission of Elsevier.
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Fig. 36. A fragment of 2D n
Reproduced with permissio

en atoms coordinated to the two bridging thallium atoms and to
wo terminal Tl atoms. The counteranions bridge between distinct
ations via C–F· · ·Tl and C–F· · ·H–O contacts and a Tl· · ·C (3.522 Å)
nteraction in Tl(2) and Tl(2A). Each of the terminal Tl atoms and
wo bridging Tl atoms are four-coordinate with OF2ClTl· · ·C and
lO2F2 environment, respectively. Four intramolecular N–H· · ·F
ydrogen bonds are found in [H2N{B(C6F5)3}2]2

−, finally lead-
ng to a 3D supramolecular network. Tl[C5H4C(CN) C(CN)2] (131)
128] shows the formation of a 3D supramolecular compound in
hich each thallium is bonded to four nitrogen atoms and a single

yclopentadienide ring with Tl· · ·�(centroid) distance of 3.040 and

.069 Å. This situation is entirely consistent with the behaviour
f this compound in solution in which the fulvenoid isomer is
ominant. Compound 109 also has 3D supramolecular polymorph
hich was illustrated in Fig. 28 (bottom). In the case of T1L5 (132)

Fig. 37. Packing diagram for [(�5:�5-C5H4PPh2)Tl]∞ (126) [124].
Reproduced with permission of Elsevier.
k in TlTpPh,4CN (123) [122].
merican Chemical Society.

[129], each thallium ion in the unit cell was surrounded by five gal-
lacarborane anions, resulting in a 3D supramolecular compound
from Tl· · ·H–B interactions with distances near 3.0 Å. The unit cell
of T1L6-2/3C7H8 (133) [129] consists of three crystallographically
unique aluminacarborane anions, as well as three T1+ cations and
two toluene solvate molecules. Each toluene molecule in 133 lies
close to a thallium ion, while a third thallium ion lies in a special
position closer to one of the L6 anions. The toluene-coordinated
thallium atoms in 133 also exhibit six similar non-bonded close
approaches to carborane cage hydrogen atoms averaging 2.84 Å.
Finally three TlI ions with Tl1· · ·H8, Tl2· · ·H6C6 and Tl3· · ·H6C6 envi-
ronments lead to 3D supramolecular compound.

4. Thallium(I) polymeric compounds from linear Tl–M
(M = other metal ions) arrays

Metal ions with the closed shell and pseudo-closed shell d8, d10,
and s2 electronic structures, such as Pt(II), Au(I), and Tl(I), can inter-
act with one another to form weak metal–metal bonds [21,130,131]
thus in this section we consider polymeric compounds obtained
from Tl–M (M = Pt, Au or Ni) bonds.

4.1. Supramolecular compounds with Tl–Pt polymeric chains

In this section we consider supramoleular polymeric com-
pounds obtained from linear Pt–Tl–Pt–Tl chains. The bonding
interactions between the metal centers in the s2–d8 (TlI· · ·PtII) com-
plexes result from a combination of metallophillic and coulombic
factors. The metallophillic interaction in these TlI· · ·PtII complexes
results from �-bonding that involves the filled 6s and empty 6pz
orbitals on thallium and the filled dz2 and empty pz orbitals on plat-
inum [132,133]. With complexes that involve TlI· · ·Pt0 interactions,
the Tl–Pt distances fall in the range 2.77–2.89 Å and complexes with
TlI· · ·Pt0 interactions; the Tl–Pt distances fall in the 2.79–3.44 Å
range. The range of distances in complexes with the s2–d8 (TlI· · ·PtII)
and s2–d10 (TlI· · ·Pt0) electronic structures are similar. In part, this

might be expected, since platinum uses filled dz2 and empty pz
orbitals to interact with the filled s2 and empty pz orbitals on thal-
lium in both cases [134,135].

[PtTl2(C C-(4-CF3C6H4)4(acetone)dioxane]∞ (134) [136], {Tl[Tl
{cis-Pt(C6F5)2(CN)2}]·(H2O)}n (135) [137], Cis-[(NH3)2Pt(1-
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Fig. 38. (a) Schematic view of the core Pt-Tl(1) in the {Tl[Tl{cis-
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t(C6F5)2(CN)2}]·(H2O)}n (135) [137] helical chain. (b) View of four helical
hains packing diagram projected down the crystallographic c-axis.
eproduced with permission of American Chemical Society.

eT)2Tl(1-MeT)2Pt(NH3)2]NO3·7H2O (136) [138], TlI[(C4H9N4)
tII(dmg-H)].5H2O (137) [135], TlI[(C4H9N4)PtII(mnt)] (138) [135],
trans,trans,trans-[PtTl2(C6F5)2(C CtBu)2](acetone)2} (139) [139],
Pt(NH3)2(NHCOtBu)2Tl](NO3) (140) [93], [Pt(NH3)2(NHCOt

u)2Tl](ClO4) (141) [93], [{Pt(NH3)2(NHCOtBu)}2Tl2](PF6)2·(CH3)2
O·H2O (142) [93], [{Pt(NH3)2(NHCOtBu)}2Tl2](NO3)2·EtOH·H2O
143) [93], [{Pt(NH3)2(NHCOtBu)}2Tl2](PF6)2.2(CH3)2CO (144)
93], [{Pt(DACH)(�-NHCOtBu)2}2Tl2]-X2 (X = ClO4−, 145; PF6−,
46) [93] and [{Pt(DACH)(NHCOCH3)2}2Tl2]X2 (X = NO3−, 147;
lO4−, 148; PF6−, 149) [93] form 1D supramolecular compounds
ggregate from Tl–Pt bonds. Compound 134 forms an extended
olumnar structure from Tl–Pt bonds with secondary Tl· · ·(�2-
cetylenic) interactions (distances from 2.980 to 3.267 Å). The blue
hosphorescence of 134 in solution is very different to that in the
olid state (orange). The solvent molecules are located in channels
nd have secondary interactions with TlI ion, finally leading
o a Pt2Tl1· · ·C4O(dioxane) and Pt2Tl2· · ·C2O(acetone) coordination
phere around the TlI ions. Compound 135 forms an extended
D helicoidal chain composed of both P (right-handed) and M
left-handed) helices (Fig. 38), affording an internal racemate. Two
ypes of TlI ions exist in 135 with Pt2Tl1. . .F5O and Tl2. . .F3N4
oordination sphere. Low energy absorption observed in 135
ompared with [Tl2{Pt(C6F5)2(CN)2}·(CH3COCH3)2]n (150) [137],
rises because of the presence of shorter Pt–Tl separations in 135.
n addition the lower emission energy for the helical chain in 135
ompared with 150 could be attributed to the expected lower
and gap energy in the extended chain. In contrast to the initial
recursors, compound 135 is phosphorescent in the solid state,

ut loses its emissive properties in solution probably because of
artial rupture of the Pt-Tl bonds.

Compound 136 forms 1D polymer with O4Pt2Tl. . .O2 coordina-
ion sphere. The protons of the water molecules would then be in
istry Reviews 254 (2010) 1977–2006

a position to make H bonding contacts with the lone pair at the TlI

center. Compound 137 forms as dimers with close TlI· · ·PtII sepa-
rations of 3.0843(5) Å. Additionally, the dimers of 137 are linked
via hydrogen bonding of the dimethylglyoximate oxygen atoms to
chains of water molecules. These interstitial water molecules form
ribbons of (H2O)4 tetramers with a T4(0)A(0) topology, lead to 2D
supramolecular network, while compound 138 has much longer
TlI· · ·PtII separations of 3.4400(2) Å and forms loosely associated
helical polymers. Compound 137 shows a band at about 415 nm in
the solid-state UV–vis spectrum, this band occurs at lower energy
in DMF and DMSO displaying a negative solvatochromic effect
in these more-polar solvents. This band tentatively assigned to
Pt–�*(carbene) metal-to-ligand charge transfer (MLCT). The 1D
polymeric complex of 139 can be regarded as trinuclear octahe-
dral fragments linked through weak four Tl· · ·C interactions with
distances of 2.905, 3.114 Å from alkynyl group and 3.495, 3.650 Å
from pentafluorophenyl group. Secondary Tl· · ·F interactions of o-
F atoms on each ring and weak Tl–O bond with acetone molecule
were also observed, lead to PtOTl· · ·C4F2 coordination environment
for TlI ion. The solid sample of 139 shows emission at 640 nm upon
excitation at 441 nm. Despite crystallizing in different space groups,
compounds 140 and 141 displays an identical supramolecular motif
consisting of infinite zigzag chains. The geometry around the Tl
atom may be described as a distorted tetrahedron. In compound
142, the Pt–Tl chains run along 31 screw axes to give a helical
motif. The helical pitch Pt6Tl6 is ∼34.38 Å. Compound 143 con-
sists of linear chains the same as those of 142, and the chains
stack to generate a trigonal architecture. Compound 144 has a
basically similar structure to that of 143, but all thallium cen-
ters have the same single absolute configuration, � or �, a P
or M helical arrangement of strands would result, respectively
lead to the achiral compound with space group of P21/n. Reaction
of [Pt(DACH)(NHCOtBu)2] with TlNO3 in the presence of NaClO4
or NaPF6, gave supramolecular compounds of 145 and 146 and
the reactions of [Pt(DACH)(NHCOCH3)2] with Tl+ always yielded
the supramolecular compounds of 147–149. The structures of the
cations of 145–149 are essentially the same. The polymers adopt a
helical structure in the solid state. The geometry about the thallium
ion can be viewed as a distorted trigonal bipyramid. The amidate
oxygen atoms and the nonbonding lone pair are located in the
equatorial plane, and two platinum atoms are at the apical posi-
tions. In compounds 140–149, TlI ions have TlPt2O2 coordination
sphere with stereoactive lone pair on TlI ions. The remarkable over-
lap between the filled 5dz

2 orbitals of Pt and the empty 6pz orbitals
of Tl is responsible for the emissive behavior observed in 135 and
140–149.

Compound [Tl2{Pt(C6F5)2(CN)2}·(CH3COCH3)2]n (150) [137]
forms a two-dimensional framework and the CN ligand shows an
unusual �3-�C:�N:�N bridging mode, C-bound to the platinum
center and N-contacting to two thallium atoms. Weak interac-
tions of TlI ion with o-F of the C6F5 rings and O atom of acetone
molecule were also observed, leading to a PtTl· · ·N2F2O2 coor-
dination environment. Compound 150 shows similar emission
properties observed for 135. TlI[(C4H9N4)PtII(CN)2] (151) [131]
exists in two polymorphs; red and yellow as shown in Fig. 39.
The red polymorph involves an extended · · ·Pt· · ·Tl· · ·Pt· · ·Tl· · · chain
with TlPt2N2 coordination environment. These layers are, in turn,
joined vertically through the Pt· · ·Tl interactions. The yellow form
lacks the extended · · ·Pt· · ·Tl· · ·Pt· · ·Tl· · · chain seen in the red
polymorph. Rather, dimers connected by pairs of shorter Pt· · ·Tl
interactions are present. The thallium ion in the yellow polymorph
has three-coordinate pyramidal geometry with TlPtN2 coordina-

tion environment.

In [{Pt(DACH)(NHCOtBu)2}2{Fe(CpCO2Tl)2}] (152) [93],
the neighboring helical chains are linked by 1,1′-ferrocenyl-
dicarboxylate anions to yield the two-dimensional supramolecular
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Fig. 39. (a) A view of the red polymorph and (b) dimeric unit in the yellow poly-
morph of TlI[(C4H9N4)PtII(CN)2] (151) [131] with 50% thermal contours for all
n
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on-hydrogen atoms (atom colors: carbon, purple; nitrogen, green; platinum, blue;
hallium, orange). (For interpretation of the references to color in this figure legend,
he reader is referred to the web version of the article.)
eproduced with permission of American Chemical Society.

rid like structure with TlO2Pt2 coordination environment and a

hiral space group of P21 (Fig. 40). The grids stack and form “stacked
ayers”. The stacking exhibited by the grids forms microchannels

hich run approximately perpendicular to the layers and water
olecules filled between layers.

ig. 40. Perspective drawing (30% thermal ellipsoids) of the asymmetric unit in
omplex [{Pt(DACH)(NHCOtBu)2}2{Fe(CpCO2Tl)2}] (152) [93].
eproduced with permission of American Chemical Society.
istry Reviews 254 (2010) 1977–2006 2001

The compound {Pt(pda)(NHCOtBu)2}4Tl4][Pt(CN)4]2.2H2O
(153) [140], exhibits a novel 3D network structure consisting of
[Pt(CN)4]2) connected 1D infinite Pt–Tl–Pt–Tl chains via strong
Pt–Tl bonds. Within 153, Tl(1) and Tl(3) ions are coordinated by
two [Pt(pda)(NHCOtBu)2] units and one [Pt(CN)4]2

− anion in a
severely distorted trigonal pyramidal geometry with a TlPt3O2
coordination environment.

4.2. Supramolecular compounds with Tl–Au polymeric chains

In the last few years, Fernández et al. studied the synthe-
sis of new strongly luminescent gold–thallium systems through
acid–base reactions between [AuR2]− (R = C6F5, C6Cl5) com-
plexes and Tl+ salts [141]. The photoluminescent properties of
gold–thallium systems are very sensitive to the environment of
thallium [142]. Short metal–metal contacts in the solid state are of
great interest because of their influence on the molecular structure
and physical properties of the materials in which they are present,
such as luminescence. Moreover, the spectroscopic properties of
such species can be useful for the development of, for example,
volatile organic vapor (VOCs) sensors or light emitting devices
(LEDs) [143]. The interactions between Au(I) and Tl(I) centers, in
extended metal complexes is estimated at about 276 kJ mol−1, of
which about 80% consists of an ionic interaction and 20% van der
Waals [144].

Compounds [AuTl3(acac)2(C6F5)2] (154) [44], {NBu4[Tl2{Au
(C6Cl5)2}{�-Au(C6Cl5)2}2]}n (155) [145], {NBu4[Tl{Au(3,5-C6
Cl2F3)2}2]}n (156) [145], {NBu4[Tl{Au(C6Cl5)2}{Au(3,5-
C6Cl2F3)2}]}n (157) [145], [AuTl(C6Cl5)2(L15)] (158)
[146], [AuTl(C6X5)2(L16)] (X = Cl, 159; F, 160) [146],
{Tl[Au(C6Cl5)2]}n (161) [147], {NBu4[Tl2(AuR2)3]}n with
R = 2-C6BrF4 (162), 2-C6F4I (163) [148], {NBu4[Tl(Au(2-
C6BrF4)2)2]}n (164) [148], [Tl(OPPh3)2][Au(C6F5)2] (165)
[149], [Au(C6Cl5)2]2[Tl(OPPh3)][Tl(OPPh3)(L)] (L = THF (166),
acetone (167)) [150], {Tl(THF)2[Au(C6Cl5)2]}n (168) [151],
{Tl(acacH)2[Au(C6Cl5)2]}n (169) [151], {Tl(THF)0.5[Au(C6Cl5)2]}n,
(170) [151], [Tl2{Au(C6F5)2}2{�-DMSO}3]n (171) [144] and
[Tl2{Au(C6Cl5)2}2{�-DMSO}2]n (172) [144] form 1D supramolec-
ular compounds from the formation of Tl–Au bonds. Compound
154 forms a double-chain polymer and displays Tl2(acac)2 units
acting as bridges between [AuTl(C6F5)2] units with three types of
TlI ions with O2Tl1· · ·Au and Tl2,3· · ·O4 coordination spheres. In
154 Tl· · ·Tl contacts also appear which are considered to be in part
responsible for the luminescent behavior. Finally some short Tl· · ·F
contacts stabilize the structure of 154. The comparison of these
properties in solution to that of the starting complex [Tl(acac)]
allows us to propose the presence of Tl· · ·Tl interactions also in
solution. Complex 154 shows a second band at lower energy with
independent excitation profiles. These energies are likely to be
attributable to electronic excited states coming from the d10–s2

interactions between AuI and TlI centers. These emissions do
not appear in solution at room temperature, where the Au· · ·Tl
interactions are probably lost. Compounds 155–157 form 1D
polymers with a half (155) or one (156, 157) additional gold
center per thallium atoms. These compounds display a strong
visible luminescence at room temperature and at 77 K in the solid
state, which originates from an admixture of MMCT (Au to Tl
charge transfer) and LMCT (ligand (perhalophenyl) to metal charge
transfer). These compounds showing bridging loosely bound
butterfly Au2Tl2 clusters which are joined together by an anionic

[Au(C6Cl5)2]− fragment (155, Fig. 41a) or terminal (156 and 157,
Fig. 41b) [AuR2]− fragments bonded to the thallium centers of the
principal Au/Tl chain with an almost planar TlAu3 environment for
the thallium atoms. Secondary Tl· · ·X interactions with X = Cl (155)
and X = F,Cl (156,157) also exist in these compounds.
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ig. 41. (a) Different structures of compounds {NBu4[Tl2{Au(C6Cl5)2}{�-Au(C6Cl5)2

cheme of the atom positions. H atoms are omitted for clarity.
eproduced with permission of American Chemical Society.

All three compounds of 158–160, show the formation of 1D
olymeric chain in solid state. Each thallium binds two nitrogen
toms of a chelating amineimine (158) or diimine ligand (159, 160)
ith TlN2Au2 coordination sphere, but the environment for Tl is
istorted trigonal bipyramidal with a vacant equatorial coordina-
ion site apparently associated with the stereochemically active
one pair. In addition in 158, a series of N–H· · ·Cl hydrogen bonds
re present between atoms of the same polymeric chain. All com-
ounds exhibit a bright luminescence in the solid state, but not in
eoxygenated tetrahydrofuran solutions. Compound 161 consists
f 1D linear polymer chains with unsupported Au-Tl interactions
etween the [Au(C6Cl5)2] anions and Tl(I) cations, although with
hannels which run parallel to the z axis structure with Au2Tl. . .Cl8
nvironment around TlI ion. Through decreasing the temperature
rom r.t. to 77 K, the emission is shifted to lower energy. Com-

ound 161 also displays a vapochromic behavior with reversible
hanges of color when the solid is exposed to a variety of organic
apors. Compounds 162 and 163 consist of anionic chains formed
y the association of loosely bound Au2Tl2 clusters interconnected
y [AuR2]− anions via unsupported Au· · ·Tl interactions. Compound
155) [145] and {NBu4[Tl{Au(3,5-C6Cl2F3)2}2]}n (156) [145] anions with the labeling

164 shows infinite polymetallic Au/Tl chains with an additional
[AuR2]− fragment bonded to each TlI via unsupported Au· · ·Tl con-
tacts. All three compounds have Au3Tl· · ·X {X = Br(162 and 164) and
I (163)} coordination sphere. The heterometallic bromotetrafluo-
rophenyl complexes 162 and 164 display luminescence in the solid
state, which is assigned to excited states that appear as result of
the interactions between the metal centers. At 77 K different emis-
sions appear in glassy solutions, which are assigned to the presence
of oligomers of different length. In the case of the iodotetraflu-
orophenyl derivatives, in spite of presenting similar structures,
complex 163 is weakly luminescent. This result is probably a con-
sequence of the heavy-atom effect (HAE) due to the presence of
iodine instead of bromine. Therefore, the emitting states responsi-
ble for the luminescence in the solid state for these complexes are
likely to arise from a mixture of MMCT and LMCT. Compound 165

forms a one-dimensional polymer parallel to the crystallographic
z-axis, including the metal–metal interactions. The geometry at
thallium is distorted trigonal bipyramidal with a vacant equatorial
coordination site and Au2O2Tl· · ·F coordination environment, pre-
sumably associated with the stereochemically active lone pair. Four
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ig. 42. View of the crystal structure of complexes: (a) {Tl[Au(C6Cl5)2]}n (161) [14
olecules are in red. (For interpretation of the references to color in this figure lege

eproduced with permission of American Chemical Society.

eak Tl· · ·F contacts may also contribute to the stability of the sys-
em. Compound 165 is fluorescent both at room temperature and at
7 K in the solid state. Thus, a feature of this excited state is that the
ransfer of an electron from a HOMO antibonding orbital (s* orbital

ainly of TlI) to a LUMO bonding orbital (s orbital of both AuI and
lI) resulting in a net increase of intermetallic bonding in the excited
tate. Compounds 166 and 167 display extended unsupported
hains with short intermolecular interactions between alternating
uI and TlI centers. Moreover, the TlI centers show two different

ypes of geometrical environments, such as pseudotetrahedral with
l2Au2O environment and distorted trigonal-bipyramidal with
l1Au2O2 environment, due to the presence of solvent molecules
hich act as ligands in the solid-state structure. Some Tl· · ·Cl inter-

ctions between adjacent chains lead to more stability of these
ompounds. Two complexes are luminescent in the solid state at
oom temperature and at 77 K. Complexes 166 and 167 show site-
elective excitation, probably due to the different environments
round the TlI centers, which was confirmed by DFT and (TD)-DFT
alculations. In 168 and 169 the thallium atoms show pseudo trig-
nal bipyramidal coordination with TlAu2O2 environment and a
acant equatorial coordination site. Each acetylacetone molecule
n the crystal structure of 169 coordinates in its enol form, stabi-
ized by intramolecular O–H· · ·O hydrogen bonding. Compound 170
btained from treatment of solid 161 with THF as a VOC. Structure
f 170 is intermediate between the structure of 161 in which there
s no ligand coordinated to thallium, and complex 168, which has
wo THF molecules per thallium (Fig. 42). In 161 there are vacant

hannels parallel to the crystallographic z-axis with hole diame-
ers as large as 10.471 Å to accommodate the VOCs. In 161, the
bserved shift of the emission to higher energies with increase in
emperature is consistent with an increase in the metal–metal sep-

Fig. 43. Molecular structure of [Tl2{Au(C6F5)2}2{�-DMS
Reproduced with perm
) 161 exposed to THF vapor: 170 and (c) {Tl(THF)2[Au(C6Cl5)2]}n (168) [151]. THF
e reader is referred to the web version of the article.)

aration as a result of thermal expansion. This interaction is also
influenced by the presence of the organic molecules in the lattice
channels.

Compounds 171 and 172 can be viewed as extended linear
chains built with Tl–Au–Tl units in which the thallium atoms are
bridged by the oxygen atoms of DMSO ligands with Tl1AuO3 and
Au2O2Tl2· · ·O coordination sphere in 171 and Au2O2Tl1,2· · ·Tl coor-
dination sphere in 172 (Fig. 43). Additional [Au(C6X5)2]− fragments
interact with one or two thallium centers, respectively, giving rise
to two different types of metal–metal interaction in each molecule.
Both show a strong fluorescence in the solid state and compound
172 also in solution. The thallium–thallium interaction in this com-
plex is considered to be the responsible for its luminescence, which
remains in solution. Finally, each metallic center displays several
metal–halogen secondary interactions.

[Tl(bipy)][Tl(bipy)0.5(THF)][Au(C6Cl5)2]2 (173) [152], consist of
2D planar polymers formed by repetition of Tl–Au–Tl–Au moi-
eties linked through bidentate bridging bipy ligands. In 173 there
are two nonequivalent thallium centers, Tl(1) with TlN2Au2 envi-
ronment displays a trigonal bipyramidal geometry with a vacant
equatorial coordination site and Tl(2) with TlNOAu2 environment.
No Tl· · ·Cl contacts are observed in this case. Compound 173 is
strongly luminescent at room temperature and at 77 K in the solid
state, losing this characteristic in solution even at high concentra-
tions. In [AuTl(C6Cl5)2(bipy)0.5]n (174) [142], the thallium center
has trigonal planar geometry with TlAu2N environment, the bipy
ligands bridge thallium centers of adjacent polymetallic chains

giving rise to a two-dimensional polymer as shown in Fig. 44.
Some short Tl· · ·Cl contacts were also observed in 174. The flu-
orescence in this complex is temperature dependent and shifted
to lower energies with decreasing temperature. No emission was

O}3]n (171) [144]. H atoms are omitted for clarity.
ission of Elsevier.
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ig. 44. Polymeric layer structure of [AuTl(C6Cl5)2(bipy)0.5]n (174) [142]. Hydrogen
toms and C6Cl5 groups have been omitted for clarity reasons.
eproduced with permission of The Royal Society of Chemistry.

bserved in solution, due to the dissociation caused by the sol-
ent.

[AuTl2(acac)(C6Cl5)2] (175) [44], displays Tl2(acac)2 units act-
ng as bridges between linear chains of [AuTl(C6Cl5)2]n, giving rise
o a two-dimensional structure (Fig. 45). In 175, in addition to the
u· · ·Tl interactions, Tl· · ·Tl contacts also appear which are consid-
red to be in part responsible for the luminescent behavior. The
uminescence behavior and coordination spheres observed in 175

re similar to those observed in 154.

Compound [Tl(bipy)]2[Au(C6F5)2]2 (176) [152] con-
ists of 3D polymers formed by repetition of Au–Tl–Au–Tl
oieties linked through bidentate bridging bipy ligands. Sec-

ig. 45. Molecular structure of [AuTl2(acac)(C6Cl5)2] (175) [44]. H atoms are omitted
or clarity.
eproduced with permission of American Chemical Society.
istry Reviews 254 (2010) 1977–2006

ondary Tl· · ·F contacts with C6F5 ring were also observed
in 176, lead to AuN2Tl· · ·F2 coordination sphere around TlI

ion. Compound 176 shows similar emission properties as
observed in 173. Compounds [AuTl(C6Cl5)2(bipy)]n (177)
[142], {[Tl(bipy)][Tl(bipy)0.5(THF)][Au(C6Cl5)2]2}n (178) [142],
[Tl(bipy)][Tl(bipy)0.5(THF)][Au(C6Cl5)2]2·THF}n (179) [142] and
{[AuTl(C6Cl5)2(bipy)]·0.5toluene}n (180) [142] are coordinated at
least by one bipy ligand which bridges adjacent polymeric chains
giving rise to three-dimensional networks. The thallium atoms
have trigonal-bipyramidal geometry with TlAu2N2 or TlAu2NO
coordination sphere and a vacant equatorial coordination site
apparently associated with the stereochemically active lone pair.
The structures of 178 and 179 are similar, but the supramolecular
structure resulting from the interconnection of polymetallic chains
through bridging N-donor ligands and the presence of a crystal-
lization THF molecule disordered into two positions in complex
179 is not present in 178. Finally, additional Au· · ·Cl and Tl· · ·Cl
contacts stabilize the systems. The luminescence properties in
these compounds are similar to those observed in 174.

4.3. Supramolecular compounds with Tl–Ni polymeric chains

Tl[NiII(d-pen)2H]·H2O (181) [108], is the only polymer which
obtained from formation of Tl–Ni bond and shows 1D double-chain
polymer with secondary Tl· · ·S interaction and Ni2Tl· · ·S coordina-
tion sphere around TlI ion.

5. Additional remarks

Several different synthetic approaches have been offered for the
preparation of single crystals of thallium(I) supramolecular com-
pounds. Some of them, in order of the most use, are (1) slow
evaporation of the solvent at ambient or reduced temperatures
(compounds 1–8, 12, 17, 24, 28, 30, 31, 34, 36, 39, 43, 44, 47–54,
58–61, 64, 66, 67, 69–73, 77–80, 82, 84, 86, 89, 92, 99, 100, 109b,
117, 119, 120, 122, 123, 125, 129, 134–138, 140–149, 151–153, 174
and 180), (2) slow diffusion (compounds 26, 45, 57, 62, 63, 132,
139, 150, 154–157, 162–169, 173 and 176–179), (3) recrystalliza-
tion at low temperatures (compounds 131 at 10 ◦C, 101 at 4 ◦C, 106
at −10 ◦C, 41 at −25 ◦C, 90, 113 and 130 at −28 ◦C, 96 and 103 at
−35 ◦C, 110 at −78 ◦C), (4) slow cooling of hot saturated solution
(compounds 13, 14, 32, 55 and 126), (5) vapor diffusion (com-
pounds 27, 38, 93 and 118), (6) sublimation at reduced pressure
(compounds 114, 115 and 128), (7) layering technique (compounds
37 and 56), (8) electrocrystallization (compound 81), and (9) branch
tube (compound 76) and (10) combination of some methods with
each other (compounds 29 and 97 from layering technique with
slow diffusion and evaporation of the solvent).

With the exception of compounds 30, 36, 53, 59, 79, 81–83,
155–157, 162–164 and 174 which have an inactive electron lone
pair, all thallium compounds which were considered here have a
stereochemically active lone pair. There are several compounds
where the stereochemical activity of the lone pair is not distin-
guished (Compounds 113, 115, 117, 118, 129, 132, 133, 135, 150
and 153).

The results of studies the stoichiometry and formation of
compounds 59, 119 and 120 by spectrophotometric and conducto-
metric methods in solution state were in support of their solid-state
stoichiometry.
6. Conclusions

Considering the structures discussed in this paper, TlI favors
to forms neutral species with anionic ligands. One-dimensional
polymers constitute a great portion of thallium(I) supramolecular
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ompounds and two and three-dimensional polymers are less com-
on. This may be related to existence of a vacant site on thallium(I)

nvironment and hemidirected coordination sphere of TlI ion due
o the stereochemical activity of its lone pair (however the stereo-
hemical activity of the lone pair was also observed in 2D and 3D
upramolecular compounds) and effects which relate to structure,
ize and rigidity of ligands. In addition thallium(I) usually favors
he formation of Tl· · ·Tl, Tl· · ·C, Tl· · ·H secondary interactions espe-
ially through the stereochemically active lone pair indicating that
hallium(I) ions act as both a Lewis acid and a Lewis base. With
henolate derivatives ligands, TlI usually forms two structures;
isordered cubic units which are retained also in solution with thal-

ophilic interactions and stair-like polymers. Furthermore TlI favors
he formation of organometallic zigzag chains with cyclopentadi-
ne derivatives. TlI also forms polymeric compounds from Tl–M
M = Pt, Au or Ni) bonds, these materials show unique emission
roperties arising from metal–metal interactions.
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