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Density functional theory studies in the linear muffin tin
approximation on thallium halides (T1X; X = F, Cl, Br, I) show
that structural distortions due to a stereochemically active
lone pair of electrons depend crucially on cation—anion inter-
actions. Such distortions do not originate from a 6s-6p hy-
bridisation on the heavy metal as the Tl 6s and 6p states are
energetically too far apart to mix directly. In the case of TIF,
the Tl 6s and the F 2p states are located in the same energy
region, which leads to an efficient interaction that produces
strongly antibonding TI-F states directly below the Fermi
level that would destabilize the solid. Minimisation of these

unfavourable covalent antibonding interactions is the driving
force for structural distortion. In the case of the heavier thal-
lium halides, the growing energetic mismatch between T1 6s
states and X np states leads to weaker covalent interactions.
Thus, the compounds become more ionic and high symmetry
structures are adopted as covalent interactions play only a
minor role. The low symmetry structure of TII observed at
low temperatures is stabilized by attractive metal-metal
bonding.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

Thallium shows a strong preference for the oxidation
state +1, which has been attributed to the effect of the “in-
ert electron pair”, a term introduced by Sidgwick!! to de-
scribe the tendency of the heavier main-group elements to
adopt oxidation numbers that are two less than the respec-
tive group number.?! Traditional considerations assume
that this inert electron pair is generated by mixing of the 6s
and 6p orbitals on the heavy metal cation. The hybrid or-
bital is therefore often considered to behave like an ad-
ditional ligand in the coordination sphere.l’! The corre-
sponding pair of electrons is thought to be chemically inert
but stereochemically active. However, this would imply that
the lone pair is stereochemically active in any environment,
which is obviously not the case. Many thallium compounds
are known where the lone pair is not stereochemically
active, many of which even show interesting phase transi-
tions between structures where the lone pair is active or not.
So far, no comprehensive studies on the origin and nature
of the lone pair in thallium compounds have appeared that
can explain or even predict the stereochemistry of the 6s>
lone pair.

[a] Anorganische Chemie I der Ruhr-Universitit Bochum
UniversitétsstraBe 150, 44801 Koln, Germany
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Thallium halides (TIX; X = F-I) offer a unique possibil-
ity to study the stereochemistry of the (chemically) inert
electron pair since a large variety of TIX phases are known
even though these compounds are simple 1:1 salts. Much
work has been done over the years on the study of phase
transitions of these simple compounds, mainly to investi-
gate the temperature- and pressure-dependent behaviour of
the 6s> lone pair on the thallium atom.

Thallium(I) fluoride adopts an orthorhombic structure
in the space group Pbcm, which can be regarded as a dis-
torted rock-salt-type structure (Figure 1), under ambient
conditions where both thallium and fluorine are coordi-
nated by six counterions. However, the coordination poly-
hedron around the thallium cation deviates strongly from
ideal octahedral symmetry. This fact has been ascribed to
the presence of a stercochemically active lone pair. Al-
though the orthorhombic structure of TIF is stable up to
3.5 GPa,™ a structural phase transition apparently takes
place at temperatures above 355 K to a higher symmetrical
tetragonal structure, which still can be derived from a rock-
salt-type structure.l’) The space group I4/mmm has been
proposed for this structure. 2°°Tl and '"F NMR studies
question this assumption, however, as they indicate dif-
ferent coordination polyhedra around Tl and F.®! In con-
trast to TIF, the thallium halides with heavier halogens
(TICI and TIBr) adopt highly symmetrical cubic structures.
Both compounds crystallise in the CsCl structure type un-
der ambient conditions,[”] whereas at low temperatures a
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transition to the NaCl structure takes place.® TII also crys-
tallises in a CsCl-type structure under ambient conditions.)
Interestingly it undergoes a phase transition, at low tem-
peratures to a structure type in the space group Cmemtt0!
(Figure 2) that is also found for indium monohalides.['!]
Reliable crystallographic structure determinations are a
requirement for further studies as wrong crystallographic
studies, for example for TIF, have led to wrong interpret-
ations of the lone pair effect’®! and even speculations about
TI-TI interactions.['?!
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Figure 1. Crystal structure of TIF (Pbcm). The coordination poly-
hedra surrounding thallium and fluorine are shaded.

Recent studies on thallium(I) coordination com-
pounds!'3! show that s—p mixing on the heavy atom is nei-
ther the origin nor a necessity for a structural distortion
that might otherwise be associated with a stereochemically
active lone pair. Instead, antibonding TI 6s/ligand-p inter-
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Figure 2. Crystal structure of TII (Cmcm). The coordination poly-
hedra surrounding thallium and iodine are shaded. Closest TI-Tl
contacts indicated by broken bonds.

actions are the origin of these structural distortions. In or-
der to investigate the lone pair effect in extended solid mate-
rials, calculations have been carried out on the different
modifications of the thallium halides using density func-
tional theory.l'4]

Results and Discussion

The density of states for TIX (X = F, Cl, I) in the NaCl
and CsCl structure types as well as for TIF and TII in their
own structure types are shown in Figures 3, 6 and 9, respec-
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Figure 3. Total and partial densities of states for TIF (left: Pbem; right: Fm3m).
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tively, between —6 and +6 eV (with respect to the highest
occupied state). As both the halogen ns states and the Tl
5d states are located at energies significantly lower than
—6 ¢V and have no impact on the chemical bonding, they
are not shown.

Thallium Fluoride (TIF)

The density of states (DOS) for TIF (Figure 3) in its
room-temperature structure (space group Pbcm) and in the
hypothetically idealised NaCl-type of structure (space
group Fm3m) can be partitioned into four significant sec-
tions, a region above the Fermi level which is mainly of Tl
6p character (IV) and a complex area below the Fermi level.
This latter area shows three different segments (I-11I). A
region at lower energies around —4/-5 eV, which is of T1 6s
and F 2p character (I), is followed by a region of high DOS
mainly made up by F 2p with small Tl 6p contributions
(IT). Then, up to the highest occupied states, a region is
observed which again shows Tl 6s as well as F 2p contri-
butions (IIT). The crystal orbital Hamiltonian population
(COHP) curves for the TI-F interactions (Figure 4) reveal
that regions I and II are TI-F bonding and region III right
below the Fermi level is TI-F antibonding. This clearly
shows the ambivalent bonding situation in thallium halides:
on the one hand there is a strong Coulombic attraction be-
tween cations and anions in the solid, whereas on the other
unfavourable covalent antibonding Tl 6s/F 2p interactions
take place right at the Fermi level. If these are reduced, the
whole solid is energetically stabilized. A more thorough
study of the DOS for TIF in both structures reveals some
rather significant differences between the different struc-
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Energy / eV
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tures (Table 1). The integrated DOSs show a higher F p and
lower TI s contribution for region I in the distorted NaCl
structure compared to the undistorted (hypothetical) NaCl
structure, whereas for region III the opposite is found.
Furthermore, a significantly larger Tl p contribution is
found for region II in the idealised NaCl structure. These
observations can best be explained by a simple interaction

Table 1. Integrated projected density of states (IPDOS) and crystal
orbital Hamiltonian populations (ICOHP) for TIX (X = F, Cl, 1)
in the different structure types.

Compound TIF _Tia T
Space group Pbem  Fm3m  Fm3m  Pm3m  Cmem  Pm3m
1lal

IPDOS Tl s 9.6% 151% 179% 17.5% 21.0% 20.2%
IPDOS Tl p 0.7% 08%  0.3% 1.1%  04%  0.5%
IPDOS X p 148% 87%  13%  53%  44%  45%
ICOHP (TI-X) 1.58 1.38 1.83 1.79 1.17 1.61
1

IPDOS Tl s 0.7% 04%  0.7%  2.6% 1.5%  2.6%
IPDOS Tl p 0.1% 3.6% 48%  5.0% 5.6%  6.4%
IPDOS X p 49.2% 46.2% 45.7% 38.1% 35.1% 36.5%
ICOHP (TI-X) 0.54 0.65 1.39 1.29 1.04 1.36
I

IPDOS Tl s 124% 87%  12%  42% 31%  2.1%
IPDOS Tl p 1.2%  0.7% 1.1%  51% 1.5% 1.2%
IPDOS X p 11.4% 157% 16.0% 21.1% 274% 26.1%
ICOPH (TI-X) -1.13  -1.18 -1.63 -1.20 -0.58 -0.62
Total 0.99 0.85 1.59 1.88 1.63 2.36

ICOHP (T1-X)

[a] The Roman numbers refer to the different segments of the DOS
and COHP curves (see Figure 3).
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Figure 4. COHP and ICOHP of the TI-F interaction (left: Pbcm; right: Fm3m).
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scheme (Figure 5). The TI 6s and F 2p levels are found in a
similar energy region and thus are able to interact efficiently
which, however, leads to both strong bonding T1 6s/F 2p
combinations (region I) and antibonding T1 6s/F 2p states
right at the Fermi level (region III).

]l
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_ \ /S F2p
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Figure 5. Schematic orbital interaction diagrams for TIF (a) in its
actual distorted structure (Pbcm) and (b) in a hypothetical symmet-
rical structure (Fm3m). Shaded blocks symbolize occupied levels,
open blocks correspond to empty levels.
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If the antibonding T1 6s/F 2p interactions were reduced,
an energetic stabilisation of the whole solid would be
achieved. This can indeed be accomplished by a structural
distortion [Figure 5(b)]. A comparison of the total energies
per formula unit shows the distorted structure to be more
stable than the undistorted NaCl type of structure. Upon
distortion, the low-lying region I loses some of its Tl 6s
character to region III right below the Fermi level. In ex-
change, region I gains F 2p character and region III loses
F 2p character. Note also the high integrated crystal orbital
Hamiltonian population (ICOHP) for region I (Table 1).

6
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Accordingly, the high lying antibonding T1 6s/F 2p states in
particular come closer in energy to the TI 6p states, which
now can mix into the antibonding region III. This intro-
duces some additional Tl 6p/F 2p bonding, as noted ear-
lier,l'! and, more importantly, moves the antibonding states
partially above the Fermi level so that a net gain in bonding
is achieved. Indeed, the ICOHP value for the TI-F bond is
higher for the distorted structure than for the symmetric
structure (Table 1). In the distorted structure, the TI-F con-
tacts are unevenly distributed. Four shorter contacts at 243,
255 and 271 pm (2X) and two rather long TI-F distances
of 312 and 370 pm are observed. Closer inspection of the
COHP curves (see Supporting Information) shows that the
four shorter TI-F distances essentially determine the whole
TI-F interaction, whereas the interactions at the two larger
distances become essentially non-bonding.

It has been realized previously that the crystal orbital
Hamiltonian population can be used as an indicator in
trends of lone pair stereochemical activity.l'®l This mixing
cannot occur in highly symmetric (cubic) structures like the
rock-salt-type structure, however, as it would be symmetry-
forbidden. Note that for this gedankenexperiment the mean
TI-F distance is the same in all cases.

Thallium Chloride and Bromide (TICI and TIBr)

In contrast to TIF, no distortions associated with the ste-
reochemistry of a lone pair have been observed so far for
TICl and TIBr. This becomes obvious by comparing the
density of states and COHP curves for the thallium-halo-
gen bond for hypothetically cubic TIF (Figures 3 and 4)
with that for TICI (Figures 6 and 7). As for TIF in the rock-
salt structure, the density of states and COHP curves for
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Figure 6. Total and partial densities of states for TICI (left: Pbem; right: Fim3m).
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Figure 7. COHP and ICOHP of the TI-Cl interaction (left: Pbcm; right: Fm3m).

TICI can be separated into four distinct regions. In the case
of the CsCl-type structure, regions II and IIT have grown
together when compared with the situation for TIF. How-
ever, it becomes clear that the principal features are still
present, particularly when looking at the partial density of
states and COHP curves. In the low energy region the states
have predominantly TI 6s/Cl 3p bonding character whereas
the highest occupied states are Tl 6s/Cl 3p antibonding. the
low lying states have substantially more Tl 6s character
compared to TIF, and the states right below the Fermi level
more Cl 3p character (Table 1). This can, again, be illus-
trated by a simple interaction scheme (Figure 8). As the Cl
3p states are located at higher energies than the F 2p states,
they are farther apart from the T1 6s states and thus the Tl
6s/Cl 3p interaction is less strong. This becomes particularly

Ti6p

Figure 8. Schematic orbital interaction diagram for TICI.
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obvious when the band structures of TIF and TICI in the
CsCl-type structure are compared. The effects described for
TICI are even more pronounced for TIBr. The heavier the
halogen atom, the larger the energy separation between TI
6s and X-np states and the weaker the covalent and the
stronger the ionic interaction between T1* and X~. The en-
ergy separations between distorted and undistorted struc-
tures are reduced. Thus, in compounds with heavier hal-
ogens the necessity for a structural distortion from a highly
symmetric structure with a large lattice energy (Madelung
factor) to minimize unfavourable (antibonding) covalent in-
teractions gradually vanishes.

Thallium Iodide (TII)

The total and partial DOS diagrams for TICI and TII in
the CsCl-type structure show similar features. The more
ionic character of TII becomes obvious by the fact that a
pseudo gap opens up around about -3 eV due to the in-
creasing ionic nature of the compound, this is in agreement
with the trend observed for TICI and TIBr (see above).
However, the question remains as to why TII adopts a com-
paratively low symmetry structure at low temperatures (Fig-
ure 2), which is also seen for the red monohalides of in-
dium(I) (InX; X = CI, Br, I).' This TII type of structure
(Figure 9) has the special property that the contraction of
one sublattice (the cations) can be coupled with the dila-
tation of the other sublattice (the anions).['81 In the case of
the low-temperature modification of TII, the anions move
apart from each other and the cations come closer. At the
same time the mean cation—anion distance remains almost
the same. Most importantly, short metal-metal contacts are
created (two of about 371 pm and two of 457 pm). The

Eur. J. Inorg. Chem. 2007, 882-890
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Figure 9. Total and partial densities of states for TII (left: Cmem; right: Pm3m).
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Figure 10. TII (Pm3m): COHP and ICOHP of the TI-I (left) and TI-TI interactions.

COHP curves for the TI-TI interactions in TII in the CsCl
(Pm3m; Figure 10, right) and InX (Cmem; Figure 11, right)
types of structure make it clear that TI-TI bonding becomes
important in the case of the low-temperature (InX) struc-
ture whereas it is negligible for the room temperature struc-
ture (CsCl). Accordingly, the ICOPH values (Table 2) for
the TI-TI interaction up to the Fermi level are higher for
TII in the InX type of structure than in the CsCl type of
structure, which accounts for a stabilisation of the distorted
structure at low temperatures through TI-TI bonding. Inter-

Eur. J. Inorg. Chem. 2007, 882-890

6 8

Table 2. ICOHP values of TI-TI interactions for TII in the InX
(Cmcm) and CsCl (Pm3m) structure types.

Region Space group _
Cmem Pm3m
1 0.29 0.36
11 -0.14 -0.18
111 0.05 0.10
v —-0.08 -0.21
\% 0.05 0.01
Total ICOHP 0.17 0.07
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Figure 11. TII (Cmem): COHP and ICOHP of the TI-I (left) and TI-TI interactions.

estingly, the shortest observed TI-TI distance of 371 pm in
TII is comparable to that found in pentabenzylcyclopen-
tadienidothallium(I) (363 pm).[**]

Conclusions

In summary, the calculations on thallium halides show,
just like previous theoretical work on TI! coordination com-
pounds,??! that structural distortions in TI' compounds do
not originate from a stereochemically active lone pair in the
sense that T1 6s and T1 6p mix directly (or hybridize) to give
the electron pair on thallium a directional character. The
Tl 6s and TI1 6p states are energetically too far apart from
each other to mix efficiently.?!>? Instead, the minimisation
of unfavourable covalent antibonding states, which origi-
nate from the interaction of the Tl 6s lone pair with lone
pairs of the bonding partner, is the driving force for struc-
tural distortions. A comparison of TIF with the heavier
thallium halides TIX (X = Cl, Br, I) shows that such lone
pair distortions depend crucially on the relative energy
levels of the valence states of the constituting elements and,
in turn, on the number of occupied antibonding states
within the crystal.

In the case of TIF, the Tl 6s and the F 2p states are
located in the same energy region, which leads to a strong
covalent interaction between both bonding partners that
produces strongly antibonding TI-F states just below the
Fermi level that destabilize the solid. Due to the strong
splitting, the highest states move closer in energy to the Tl
6p states. The admixture of empty Tl 6p states at the top
of the valence band becomes allowed through a structural
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distortion (symmetry reduction). This leads to a decrease in
energy of the antibonding states and thereby a net stabilisa-
tion of the structure. The large dispersion in the case of
fluorine thus minimizes the energy gap between the Tl 6s
and TI 6p states such that the latter can participate in chem-
ical bonding.

The heavier the anion the larger the energy mismatch
between T1 6s states and X np states. This leads to weaker
covalent interactions. The highest occupied valence states
gain increasingly higher X p character while the lower val-
ence states are mainly TI 6s like. Thus, the compounds be-
come more ionic and the gain of Coulombic energy out-
weighs the (decreasing) covalent antibonding forces at the
Fermi level (note that this observation is in contrast to what
would have been expected judging from relative electroneg-
ativities). Consequently, typical ionic structures like the
rock-salt or cesium chloride types of structure are adopted.
Similar observations have been made recently for lead chal-
cogenides.*] That covalent forces may, under certain condi-
tions, lead to unsymmetrical structures even in the case of
heavier anions is exhibited by the example of TII, which
gains stability at low temperatures by attractive metal—
metal bonding.

Computational Details

Calculations of the electronic structure of the thallium halides were
carried out using the tight-binding linear-muffin-tin orbital
(LMTO) method in the local density (LDA) and atomic sphere
(ASA) approximation within the framework of the density func-
tional theory (DFT) method.?*231 All major relativistic effects ex-
cept spin-orbit coupling were taken into account using the scalar

Eur. J. Inorg. Chem. 2007, 882-890
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relativistic approximation. The calculations include corrections for
the neglect of the interstitial regions and the partial waves of higher
order. To reduce the overlap of atomic spheres (AS), empty inter-
stitial spheres were added to the crystal potential and the basis set.
The construction of the atomic sphere radii was performed accord-
ing to an automatic procedure of the program package until the
empty space was sufficiently filled.?®! Reciprocal space integrations
were carried out using the tetrahedron method.[*”) The basis set of
short-range, atom-centred TB-LMTOs contained 6s, 6p, 6d and 5f
wave functions for Tl (n = 5). The 6d and 5f partial waves were
included only in the tails of the LMTOs according to the Léwdin
downfolding procedure.l?8! For fluorine, 3s and 2p were taken into
account as valence orbitals and the 3s orbital was treated by the
downfolding technique; for chlorine (n = 4) and bromine (n = 5),
ns, (n — 1)p and (n — 1)d functions were treated as valence orbitals,
with ns and (n — 1)d being downfolded. For iodine, 6s, 5p, 5d and
4f orbitals were considered as valence orbitals and 6s and 5d were
downfolded. The partial (/ and m quantum number decomposed)
electronic DOSs were calculated to examine the effect of the anion
on the electronic density of states in detail. These were calculated
by projecting the wave functions onto spherical harmonics centred
on each atom. For bond analysis, the crystal orbital Hamiltonian
population (COHP) method was used together with its integration,
the ICOHP.?) COHP gives the energy contributions for all elec-
tronic states for selected bonds by partitioning the band structure
energy in terms of the respective orbital pair contributions. Note,
however, that the values are negative for bonding and positive for
antibonding interactions. Thus, the sign is inverted with respect to
the crystal orbital overlap population (COOP) diagrams originally
used in semi-empirical extended-Hiickel calculations.?%

For TIFB in space group Pbnm, TICI*?! and TIBr*? in the CsCl
(Pm3m) and NaCl (Fm3m) structures as well as for TII in the
CsCI® structure and its low-temperature modification,*¥! the struc-
tural data were employed as reported in the literature. Lattice con-
stants for a hypothetical TIF in the rock-salt structure were esti-
mated from the molar volume of room temperature TIF in space
group Pbcm.

Supporting Information (see footnote on the first page of this arti-
cle) contains COHP and ICOHP curves for the TI-F interaction in
TIF (Pbem).
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