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Polyiodides and Polytellurides: Analogies and Differences

Maria C. Aragoni, Massimiliano Arca,

Francesco A. Devillanova, Francesco Isaia,

and Vito Lippolis

Universita degli Studi di Cagliari, Dipartimento di Chimica Inorganica
ed Analitica, Monserrato (CA), Italy

Analogies and differences between polytellurides and polyiodides are discussed with
the help of quantum chemical DFT calculations.
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INTRODUCTION

It is well known that discrete and extended polyiodides derive from the
interaction between the bases I7/I; and the acid Iz and for this a struc-
tural relationship exists between these building blocks and Is-charge-
transfer (CT) adducts. The reaction conditions (solvent, temperature,
I7/I3 molar ratio) and the nature of the counter-cations (charge, shape,
size, presence of donor/acceptor active sites) are responsible for the in-
credible variety of structural archetypes of polyiodides characterised
in the solid state.l2 The relatively flat potential energy surface for the
3c-4e bond system in I;, and the wide modulation of the donor/I in-
teraction strength on changing the donor atom (N, P, S, Se, ...), allow
to freeze both I3 (Figure 1a) and I3 in CT compounds (Figure 1b shows
the case of the sulfur donors) in very different bond situations. Both
scatter plots in Figures 1a and 1b indicate that the two bond lengths
in I-I-I-and D~I-I systems are strictly correlated.? Because of the
structural analogy between these two systems (both having the cen-
tral iodine in a hypervalent state 10-1-2), very asymmetric I;’s can be
alternatively described with the donor/acceptor charge-transfer model,
whereas fairly balanced DI, adducts with the 3c-4e bond model.? FT-
Raman spectroscopy has played a crucial role in characterizing these
systems: the analysis of the Raman spectra of numerous structurally
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FIGURE 1 Scatter plots of the two bond distances (from CCDC database)
within the linear (angle > 165°) fragments: a, (I-I-I)~; b, S—-I-I; ¢, Te-Te-Te.

characterized polyiodides and CT adducts represented the experimen-
tal basis to confirm the analogy between these systems and to conclude
that all polyiodides are combinations of I, I and I3, being the Raman
response related only to the structural features of Iy and I building
blocks.!?

Although the chemistry of polytellurides is less explored, their va-
riety appears at least as rich as that of polyiodides for the tendency of
tellurium, as well as of sulfur and selenium, to catenate.* Due to the rel-
atively strong Te—Te bond, the number of possible building blocks which
can contribute to the formation of tellurium-based networks is higher
than that of polyiodides. In fact, besides the species Te?, Teg’ ,and Te‘é’,
which are isoelectronic with I7, I and I respectively, other fundamen-
tal species [such as Te?~ chains or cyclic Te, (n > 3)] must be considered
to explain the different structural archetypes of polytellurides ob-
served. In addition, a substantial difference between polytellurides and
polyiodides resides on the different charges associated to isoelectronic
species, which are responsible for their different donor/acceptor ability
and for their different stability. Differences and analogies between
polytellurides and polyiodides will be discussed here with the help of
DFT calculations, using selected examples from the literature.

Quantum-Chemical DFT Calculations

Quantum-chemical DFT calculations were carried out with the commer-
cial suite Gaussian03.5 All calculations exploited the well-known three
parameters hybrid functional Becke3LYP.® For halogen and chalcogen
atomic species the LanL.2DZ basis set’ including diffuse and polariza-
tion functions® and effective core potentials were used, while for C and H
the double-zeta Shafer et al.? basis sets were adopted.!® Force constants
and the resulting vibrational IR- and Raman-active frequencies were
computed by analytically determining the second derivatives of the en-
ergy with respect to the Cartesian nuclear coordinates at the optimized
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geometries. For all compounds, NBO populations!! and Wiberg bond
indexes!? were also calculated at the optimized geometries.!® The pro-
grams Gabedit 2.0.71* and Molden 4.6 were used to investigate the
charge distributions and MO’s shapes.

DISCUSSION

Our discussion starts with the comparison between the isoelectronic
species I~ and Te?~, and I, and Te; . Te2-and Te; ™ are better donors
than I” and I3, while the acceptor ability of Te;™ is much lower than
that of I, since the negative charge prevents the approaching of nucle-
ophylic species. In fact, while DFT calculations® confirm the stability of
the I species, they show that Teg_ is unstable with respect to the two
Te?~ and Teg_separate components (Figure 2a).

However, a search of the literature data on the linear Te—Te—Te
arrangement shows that numerous examples of this linear three-body
system have been structurally characterized and that, as found for I or
for Is-CT adducts, the two bond distances are strictly correlated (see Fig-
ure 1c). In addition, the mean bond lengthening within the Te—Te—Te
fragments is 11.5% with respect to the sum of the covalent radii (same
entity of lengthening’s found for I with respect to I2) in good agreement
with the 3c—4e description of the bond. It must be pointed out that, ac-
cording to the relatively flat potential energy of the 3c—4e system, a

A
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£
2- 0.0+
® 66 —
Te> Te* Te Te* Te,> -0.1.1

LUMO HOMO LUMO
Te,>  Ter Me,Te,

(a) (b)
FIGURE 2 (a) The removal of two electrons from the system formed by three
telluride anions leads to the Teg’ anion, which is unstable with respect to the

two Te?~ and Teg’ separate components; and (b) calculated energies of the
HOMO of Te?" and of the LUMO of Te;~ and Me;Tes.
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wide variation of the Te—Te bond lengths is observed with several ex-
amples of very asymmetric situations, for which the use of the CT model
for their description is fully justified. The energy (and consequently the
accepting properties) of the empty o* orbital of the Te-Te fragment
can be modulated by changing its electron population charge (which
can assume all the formal values, including fractional ones, ranging be-
tween —2 in the ditelluride anion and +2 in the ditellurium dications).
On the other hand, the energy of the tellurium atom, which acts as a
donor is strictly dependent on its chemical surrounding. The case of
Teg_ clarifies very well this aspect: in spite of the fact that the match
of energy between the LUMO of Teg_ and the HOMO of Te?~ (Figure
2b) is appropriate for their interaction, the electrostatic repulsion due
to the high charges on the two fragments prevents their approaching
to give an effective donor/acceptor interaction, and consequently the
existence of the Tegf isolated linear anion. It is enough to consider the
MesTeg neutral compound instead of the Tegf species (Figure 2b) to ver-
ify that the decreased LUMO energy and the absence of charge allow
the donor/acceptor interaction of MeyTes with Te?~. Thus, the condition
necessary to favour an increasing overlap between the two fragments
is an increasing reduction of the total charge on the Tey species. This
can be achieved by either attaching organic groups to the tellurium
atoms or favouring the interactions of the telluride species with metal
centres in transition metal complexes. The expected results are a very
great variety of Te—Te—Te linear arrangements ranging from symmet-
ric to very asymmetric bond situations, depending on the particular Te-
donor/(Te—Te)-acceptor couple. Only few cases of linear Tes fragments
with attached organic groups [(RTe); (R=Ph, CF3)] are reported in
literature;'6-20 however, the case of TesMes; reported by du Mont!® and
that of (TeMe); by Seppelt?’ indicate how different can be the organic
framework containing the 3c-4e Te—Te—Te system. A relatively higher
number of linear Te—Te—Te fragments are found within transition
metal complexes. In these cases the lowering of the charge in Te, 2 py
interaction with metal centres allows a wide modulation of np(Te?~) —
o *(Te—Te) donor/acceptor interaction. The structural features of the
two anionic complexes [FesTes(CO)s]>~ and [Mo(CO)sFeyTes(CO)gl2~
shown in Figure 3 elucidate very well this aspect.2!:22

In [Fe;Tes(CO)6]2~,2! the Tel~ is n%-bonded to the two iron atoms
thus allowing a small but significant interaction (3.215 A) with the »?2-
coordinated Te?~. In [Mo(CO)5FesTe3(CO)s1%~, where the interaction of
the terminal Te~ of the Teg’ ligand with a pentacarbonyl molybdenum
fragment reduces the charge on Teg’ ligand, the donor/acceptor inter-
action is stronger as verified by the decrease in the Tez_"'Tegf distance
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(a) (b)
FIGURE 3 (a) [Fe;Tes(CO)s1%~ (from Ref. 21); and (b) [Mo(CO)sFesTes(CO)g 12~
(from Ref. 22).

(3.157 A) and the lengthening of the Te-Te one in Te;™ from 2.705 to
2.769 A due to the increase of electron charge transferred from Te2™ to
the o* MO of the n?-coordinated Te5 .22 The lowering in the charge of
Teg_ by interaction with metal ions represents the main way to obtain
CT-type interaction not only with Te?~ but also with other donors. In
this respect, the structural analogies of Te?’, RTeTeZ; and ITeZ* frag-
ments, found in some Mo/W trinuclear complexes,?3~25 with the I~-3I,
(IT;) eptaiodide®® is very illustrative. In all these trinuclear complexes,
the Te?~, RTe™ and I~ donors interact with three Te2~ ligands n* at-
tached to the metal centres.?3~25

The arrangement of three aligned tellurium atoms having a total dis-
tance of about 10% higher than the sum of the covalent radii represents
one of the leitmotifs of tellurium chemistry. Examples of compounds
containing this structural motif are found in numerous n-dimensional
polymeric structures?’—2® as well as in discrete polytellurides.?8-33
Among these, the three anionic complexes [AgTe;]>~, [CuTe;]?~, and
[HgTe;]1?~ show similar structures: the Ag,?® Cu®® and one of the two
Hg?®® reported complexes are characterized by very unbalanced Te—
Te bonds, while in the other Hg'' complex, the Te-Te distances are
quite similar [3.050(2)—2.997(2)A].2% The very unbalanced bonds sug-
gest the origin of the Teé_ anion, which can be described as deriv-
ing from a np(Te™) — o*(Te—Te) donor/acceptor interaction between
a monodentate Te;"and a bidentate Te,  ligand. Although the gold
complex [AuTe;]?>~ presents the same stoichiometry, its structure is
different, being Au'! coordinated by a monodentate TeZ  and a tri-
dentate Teg_.32 This last polytelluride can be seen as formed by an
np(Te~) — o*(Te—Te) donor-acceptor interaction between the lone pair
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of the terminal tellurium atom of a bent [Au(' — Te;?)]* moiety and
one of the two Te—Te bonds of a Au-bicoordinated Te;" ligand. In
the dinuclear [AusTe;2]*~ complex, two [AuTes]~ fragments are held
together by a TeZ~ anion.?

Another structural motif recognizable in many polytellurides is the
square-planar Teg_fragment, which is isoelectronic with ICIZ.34 It can
be seen as formed by two orthogonal 3c-4e bond systems, each obtained
by removing two electrons from three aligned closed shell Te?~ for each
direction. Strictly correlated to the Teg*fragment, is also RTeTei* in
which the central tellurium brings an organic group. As verified for
Teg’ species, DFT calculations show that the high charges on these
fragments prevent their existence as isolated anions. Also, in this case,
a reduction of the charge is necessary to obtain the square-planar
Tesfragment. In CsyTes and RbyTes,335 a lowering of the charge from
Teg_ to Te;™ is obtained by the formation of four 2c-2e bond systems
with adjacent Teg_ fragments thus generating a [Teg_]Oo polymeric rib-
bon. This occurs in different manners in the two salts: the four bonds
are on the same side with respect the Te; plane in the case of caesium,®
and two on one side and the other two on the opposite side in the case
of Rb.36 Alternatively, in both salts, the two orthogonal 3c—4e bond sys-
tems in each Teé_ unit can be considered as formed by five closed shell
species: a central Te=2 surrounded by four Te~ of four Teg‘ aligned
perpendicularly to the Tes plane. The removal of two electrons from
each direction produces the Tegf unit. The remaining four free Te™ of
each unit are engaged into the formation of adjacent Te? units to give
a e [Tegf] ribbon. In the case of catenalbis(tetraethylammonium)(ji4-
pentatelluro)-diarsenic],3” the lowering of the charge of Teg* is achieved
by the interaction with the dumbbell Asg+ cation thus generating the
polymer [Asy;Tes 2~

A structural motif that makes the polytellurides chemistry quite dif-
ferent from that of polyiodides is the formation of cyclic Te, fragments.
For lack of space, only the case of cyclic Tes fragment38—42 will be dis-
cussed here. All the known compounds containing this cyclic arrange-
ment are collected in Table 1.

In the [M(CO)4Te3]?>* complex cations®®—3% (M = Mo, W) the three
Te—Te distances correspond to single bonds, and each complex cation
has been described as a Teg+ cyclic ligand coordinating the metal
centre of an M(CO)4 fragment. DFT calculations carried out on the
[MoTes** fragment confirm this description and give an optimized
geometry with two equal Te-Te distances shorter than the third
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TABLE I Experimental Bond Lengths Found in the Cyclic Tes
Fragment for all the Reported Species, Together with the Calculated
Values for [MoTes]*+, [NbTe;3]*, and Tej (n = 0, +2, —2)

Compound d; dy ds Ref.
[W(CO),Tes]2* 2.708 2.728 2.708 38
[Mo(CO),Teg >+ 2.718 2.736 2.718 39
[Cr(en); P+[Tel3™ 3.138 3.138 3.138 40
[NbTeo13~ 3.132 3.154 3.161 41
[TaTeq013~ 3.171 3.146 3.171 42
[MoTes]?t fragment 2.770 2.859 2.770 Calcd.
[NbTes]5* fragment 2.949 2.949 2.949 Calcd.
Cyclic Teg 2.782 2.782 2.782 Calcd.
Cyclic Te2* 2.645 2.645 3.011 Calcd.
Cyclic Teg’ 3.165 3.165 3.165 Calcd.

distance and fairly close to those corresponding to a single bond (Ta-
ble 1). The other three compounds containing such a fragment are
the two complexes [MTe;o]?>~ (M = Nb, Ta),*'*?2 and the polymeric
2D-network described as formed by interacting [Teg]>~ anions.*’ In
all these compounds, the endocyclic Te-Te distances are much longer
than that found in the Mo and W complexes and than that calcu-
lated for the cyclic neutral Tes. The sketches of the MO’s of cyclic Tes
(Figure 4) show that the LUMO is a o*-orbital (¢) in the molecular
plane which can accept electron density from the 7* MO of the Te;~
ligands.

The difference between the [MTe;o]>~ complexes and the [Teg]>~ an-
ion is that in the complexes three Teg_ ligands coordinate the metal cen-
tre with one tellurium, the second tellurium acting as a donor towards
the LUMO of the Tes cyclic fragment, while in [Cr(en)3]3+[Te]2_, the
polytellurides network is formed by combination of one cyclic Tegwith
three Te;” anions: one tellurium of each Te%’ has a donor/acceptor in-
teraction with the cyclic Tes fragment, while the second tellurium of
each Teg_ anion interacts with different Tes cycles. These three in-
teractions pour electron charge on the ox MO of Tes thus increas-
ing the Te-Te bond distance. With the aim of confirming this, we
have carried out DFT calculations on the cyclic Te;™ anion. Although
this anion is less stable with respect to the open structure by 51.25
Kcal/mole, its optimized geometry, which represents a transition state,
has three equal, very elongated bond distances (3.165 A) which are
comparable with the experimental distances found in the examined
compounds.
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(a) (0)
(c) (d) (e)

) (&) (h)

FIGURE 4 Sketches of the MO’s of cyclic Tes. The couple of degenerate MO’s
d and e are the HOMO and c is the LUMO.

CONCLUSIONS

Summarily, the chemistry of polytellurides, still widely unexplored, cer-
tainly should reserve a lot of new structural archetypes of compounds
in combination with the great variety of coordination compounds neces-
sary to lower their electron population and hence their charges, favour-
ing the freezing of Te~Te contacts in a practically continuous manner. In
the case of polyiodides, FT-Raman spectroscopy has supplied an exper-
imental basis for the conclusion that all the polyiodides are built up by
the combinations of only three building blocks. For the polytellurides,
no systematic characterization by vibrational spectroscopy has been
carried out to ascertain possible correlations between the structural
features of basic polytellurides and their vibrational properties. These
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correlations could be of help in the identification of the products in ab-
sence of X-ray crystal structure determination.
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