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Anion—Cation Redox Competition and the Formation of New Compounds
in Highly Covalent Systems
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Abstract: The increase in energy of the sp anionic band on

going from oxides to the less electronegative sulfides, se-
lenides, or tellurides (with a similar trend in neighboring
columns) facilitates anion—cation redox interactions in-
volving the d levels of transition metal cations and the sp
levels of anionic species. The interactions can induce phase
transitions or gradual change within a given structural
model. When a cation is reduced by electron transfer to its
d levels from the sp band, holes appear at the top of the
latter. Interesting soft chemistry can be carried out based
on redox processes that neutralize the holes with electrons.
This approach also allows particular structural types to be
stabilized. Three structural domains can be recognized
amongst the transition elements: 1) on the left-hand side
of the periodic table layered structures are observed involv-
ing M** and (chalcogen)?~ ions; 2) formation of sets of
metal-metal bonds is then observed, the geometry of
which depends on both the initial electron population and
the electron transfer to the metal; 3) on the right-hand side
the metals in their highest oxidation state are no longer
active, and the holes at the top of the sp band are taken up
by a catenation of the anions, which can lead to full poly-
merization of the anionic sublattice.

Keywords: chalcogenides * periodic trends - redox reac-
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Introduction

Discussions of redox behavior in solid-state chemistry mostly
refer to the oxidation states shown by the cations in a given
structure. At best, the mutual stability of two cations is exam-
ined with respect to a possible electron exchange between them.
The anion is considered to play a more passive role. In any case,
a large fluctuation in charge at the anion is not expected even
though the abrupt changes in charge distribution in a hard
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sphere model can be smoothed out through the mechanism of
bond ionicity.

This way of thinking can be traced back to the significant
developments in oxide and fluoride chemistry for which the
hard sphere model remains for the most part valid. This model
helps to simplify structural descriptions, and emphasizes the
central role played by transition metal cations in determining
magnetic properties and in the construction of the conduction
band from their d orbitals. We have gradually become accus-
tomed to describing structures in terms of coordination polyhe-
dra built up around cations. In terms of electron energy, this
corresponds to the anionic s and p levels forming a band whose
upper edge is low-lying, and their interaction with the majority
of the transition metal d levels is thus ruled out. Except for in the
highest oxidation states, the d levels lie above the sp band and
lead to very ionic states.

The top of the sp band in sulfur, selenium, and tellurium is
higher in energy than that in oxygen. The same is true for chlo-
rine, bromine, and iodine compared to fluorine. Also, on going
from left to right along a period of transition elements, the d
levels are lowered. Therefore, with an appropriate metal/non-
metal combination, strong interactions can take place between
sp band and d cation levels, leading to complex structures in
which the the anionic entities may be significantly modified by
electron transfer to the cationic species. One of the best known
examples of this d cation/sp anion redox competition is the
transition from dichalcogenides with layered structures on the
left-hand side of the periodic table to pyrites and marcasites on
the right.

Let us start with layered dichalcogenides. Their structure re-
sults from a stacking of slabs (Fig. 1), which are built up from
edge-sharing octahedra (TiS, type) or trigonal prisms (NbS, -
MoS, type). The d orbital levels, which are split in the classical
patterns 3—-2 and 1-2-2 (from low to high energy), respective-
ly, are located between a valence band, essentially built up from
s and p anionic levels and the corresponding cationic levels that
have been pushed up in energy (Fig. 2). The degree to which
these d levels are filled governs the properties of the solids. With
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Fig. 1. The structure of layered chalcogenides: the stacked slabs are built up from
a) octahedra sharing edges (TiS, type) or b) trigonal prisms (NbS, type).
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Fig. 2. Band-structure models for layered dichalcogenides: a) ZrS,, TiS,;. b) NbS,, MoS,. and
c) the drop in d-level energy on moving to the right-hand side of the periodic table, leading to a

lowering of the oxidation state of the cation through an sp-to-d electron transfer.

empty d levels ZrS, (d°) is a semiconductor. NbS, (d!) shows a
half-filled &, band and metallic properties. With the same sym-
metry MoS, (d?) has a filled o} band and shows semiconducting
behavior. On moving further to the right in the periodic table,
the pyrite and marcasite structures appear. This is a direct con-
sequence of the lowering of d levels along a period. At a critical
point in the period the d levels will begin to overlap energetically
with the valence band, and if they are initially empty, they will
be filled at the expense of the valence band and holes will appear
at the top of the latter. The holes may remain localized on
specific anions, as we shall see below, but generally the anions
condense in pairs to form (S;)?~, giving rise to pyrites or marc-
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A sp cation | asite structure types. In chemical terms the cation
E ;—5 Ig cation E E / has been reduced and the anion oxidized. We have
» o moved, for example, from layered TiS, which is
o Ti** 252" to FeS, with Fe?* and (S,)?” ions. This

> t2g cation | _________ €, tor wos, well-known tr'fmsition was described as far back as

; (m-1)+ 1968 by F. Jellinek.!"! We now know that it is in fact

A Epfor2rS, L —Ep for NBS, the most visible aspect of a much broader phe-

/ 7" LD nomenon concerned with variations in layered and

sp anion sp anion 7 pyrite structures, including metal clustering on the

= left-hand side of the periodic table and anion poly-
) merization on the right. Significant changes in phys-
ical properties can be discussed in terms of the d—sp
competition. The holes present at the top of a va-
lence band also allow some interesting soft chem-
istry to be carried out, based on redox processes.
Finally, new compounds can be stabilized by neu-
tralizing holes with electrons to prevent the layer-to-
pyrite transition from taking place. These points will be succes-
sively examined in this contribution. Previously published
results will be reexamined,!?! and special attention will be paid to
the soft chemistry that can be done with sp holes and to the
stabilization of new structural types.

Discussion

1. Structural and electronic consequences of the d—sp redox com-
petition on low-dimensional binary chalcogenides: Let us return
to Figure 2. Chemistry allows us to play with the position of the
top of the sp band as well as with the position of the d levels and
the degree of filling of the sp band. The first of these adjustments
involves comparing sulfides, selenides, and tellurides of a given
cation. The three titanium dichalcogenides, for example, have
the same CdI,-type structure. With Ti** this would lead to an
empty /,, band and semiconducting properties. TiS, is indeed
known to be a semiconductor, but TiSe, is a semimetal, as is
evidenced by the substantial pressure dependence of its Hall
coefficient,”® and TiTe, is a metal. The large decrease in elec-
tronegativity of the anion along this series results in a significant
rise in the top of the sp band.™ The d levels are at first well
removed from the sp band, and then just skimming above it or
already inside the band. In the last case (TiTe,), it was estimated
from Mulliken overlap population calculations that 0.38 elec-
trons are transferred from tellurium to titanium. This transfer
has important structural consequences. Because the top of the
sp band, which has some antibonding character, is being depop-
ulated, the Te—Te distances are shortened. Te—Te contacts of
3.77 A are observed, which are shorter than the sum of the van
der Waals radii of 4.0 A. Conversely, the existence of short an-
ion-anion contacts in a given structure may be indicative of an
electron transfer to d cationic levels, which may often explain
unexpected physical properties such as electron conductivity or
the magnitude of the magnetic moments.

Niobium triselenide is probably the best example in this con-
text. The structure!® ~ ¢ is built up from individual NbSe, chains
that run parallel to the b axis of a monoclinic unit cell. Each
chain consists of stacked [NbSe,] irregular trigonal prisms, each
containing an Se-Se bond in its base. Adjacent chains are dis-
placed by b/2 (Fig. 3, top). As in most transition metal trichalco-
genides one would expect the M** X2~ (X,)?~ charge distribu-
tion with M** cations surrounded by X?~ and (X - X)?~ anions.
This is indeed the situation in NbS,,!”? which contains only one
type of chain with Nb** cations, S2~ anions, and true (S,)?"
pairs (dy_g = 2.05 A). The d! electron configuration is responsi-
ble for Nb—Nb interactions along the chain. In the case of
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Fig. 3. Structure of niobium triselenide: top: adjacent [NbSe,] chains are displaced
by b/2; bottom: the three types of NbSe, chains.
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NbSe,, there are three types of chains with three different values
of the Se—Se bond lengths in the pairs (2.37, 2.49, 2.91 A. re-
spectively; Fig. 3, bottom). The value 2.37 A in chain m corre-
sponds to a true (Se,)? ~ ion. Niobium in this chain is in the + 1v
oxidation state (d'); this leads to a half-filled d,. band along the
chain. Chain 11 can be regarded as insulating. Chains and m
bear the two charge density waves observed in NbSe,,®! as
shown by the associated structural distortions. The Se—Se dis-
tances in chains 1 and 11 are much longer; this implies a partial
population of the antibonding states. Depending on its length,
that is, on the population of its antibonding states, the chalco-
gen dimer can behave as an electron reservoir, which governs the
electronic properties of the adjacent metallic chains. Indeed the
structural distortion is directly related to the electron popula-
tion of the conduction band. It is characterized by a ¢ vector
which is equal to twice the Fermi vector (g = 2kg).

Of course, instead of adjusting the top of the sp block, we can
also lower (or raise) the position of the d levels by substituting
a given metallic element with one that is less (or more) elec-
tropositive. The d levels in HfTe, are higher in energy than those
in TiTe,, and there is no electron transfer from Te to Hf. The
Te—Te separation in HfTe, is consistent with the sum of the van
der Waals radii.!®"'% In contrast (see above), electrons are
transferred from Te to Ti in TiTe,. The trend of increasing
d-level energies down a column of the periodic table accounts
for the stabilization of layered structures for the bottom ele-
ments, while pyrites and marcasites already start appearing for
the top elements: MnS, is a pyrite, but ReS, is a layered com-
pound.

ReS, is in fact a particularly interesting layered dichalco-
genide. At the center of the [SReS) sandwiches making up the
slabs there is a set of metal—metal bonds (Fig. 4e).!'!! This is a
classical situation which characterizes dichalcogenides of metals
with d!, d2, and d? configurations. The d electrons may be used
in the formation of metal-metal bonds at lower tempera-
tures.!''27 7 However, here again, the situation may differ for
the tellurides and sulfides of a given element. In VTe, (Fig. 4d),
there is an electron transfer of 0.25 electrons from Te to V,¥
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Fig. 4. Cluster formation in the slabs of 2D chalcogenides: a) undistorted hexago-
nal lattice typical for d° systems, b) metal-atom clustering typical for d’ systems,
¢) double zig-zag chains found for d” systems, d) pattern in VTe,, and e) metal-
metal bonds in ReS, (d%).

which leads to a d! ** configuration in the metal. This results in
a particular superlattice arrangement of V-V bonds that is dif-
ferent from the d! pattern (Fig. 4b) and resembles the d? situa-
tion (Fig. 4c). The electrons that originate from the top of the
mostly anionic sp band and which possess n-antibonding char-
acter now take part in the formation of a net of metal-metal o
bonds. The geometry and number of these bonds depend on the
occupation of the d orbitals and on whether the electrons orig-
inate from the metal or are transferred from anions. Additional
studies are needed to correlate x in d' **, d2** or d3** to partic-
ular bonding patterns. Nevertheless, anions, or at least the less
electronegative ones, play a role in the two-dimensional cluster-
ing of the metal atoms within the slabs.

2. Soft chemistry with sp holes: When holes created at the top of
an sp band do not associate, that is, anion pairing does not
occur, the control of their population can lead to a very rich soft
chemistry based on redox processes. The chemistry of copper
thiospinels is a classic in this respect. Let us first consider Cu-
Cr,S, .18 Polarized neutron studies as well as investigations by
XPS led to the formulation Cu*(Cr®*),(S27),S ~. Chromium is
in the + mr oxidation state, and there is one hole on the anions
per formula unit. The hole is delocalized in the anionic sublat-
tice and leads to p-type metallic conductivity. It is also responsi-
ble for the strong ferromagnetic coupling between Cr3* ions.
The hole can easily be “neutralized” by one electron introduced
through a reductive electrochemical intercalation of an addi-
tional copper in the CuCr,S, framework [Eq. (1)]. Starting from

Cu™ +e” + Cu*(Cri*),(8?7);8 ™ — (Cu*),(Cr**),(S?7), (1)

a ferromagnetic metal, one obtains a paramagnetic semiconduc-
tor. There is no longer a hole at the top of the sp band. An
analogous spinel structure with the electronic arrangement
Cu*(Cr®*),(Se?"),;Br~ is adopted in CuCr,Se,Br.'*! In this
example no additional copper can be intercalated, although the
same geometrical possibilities are offered by the framework.
This confirms the central role played by the sp hole in this type
of reaction.
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The reverse reaction, that is, the removal of copper from
CuCr,S,, has been attempted. One expects to get a layered CrS,
with a CdCl, structure in conjunction with the (ABC), type of
stacking of the anions in the spinel structure. These attempts
have been unsuccesful (SCrS sandwiches would lie parallel to
the 111 plane of the spinel structure). Removing copper would
oxidize chromium to Cr** ions or create an additional hole.
Both situations are unstable. Cr** has never been observed in
the presence of sulfur. Two holes at the top of the sp band of
sulfur (one hole for two sulfide ions) are not stable either. The
top of the sp band is high enough to destabilize Cr**, but not to
stabilize a high concentration of holes. The latter point seems to
be supported by the fact that it has been possible to obtain
layered CrSe, by deintercalating KCrSe, [Eq. (2)1,12°! which has

KCrSe, —K* —e™ — Cr’*Se? Se’~ )

an aNaFeQ, structure with K* ions between CrSe, layers of
edge-sharing [CrSe4] octahedra. The structure of the product is
most likely Cr3*Se2~Se ~ with one hole on the anionic sublat-
tice and Cr®* ions. The fact that this reaction, which also leads
to one hole for two chalcogenide ions, is now observed has
certainly got something to do with the better stabilization of
holes at the top of the much higher selenide sp band. Deinterca-
lation of copper from CuCr,S, could also result in the two holes
forming a pair according to Equation (3). An IrS, type of struc-
ture would result. This has not been observed.

CuCr,S, —» Cu* + e +(Cr**),(§27),(S,)?" )]

While CuCr,S, is best described as an anionic mixed-valence
system, in CuTi,S, mixed valency occurs in the metal cations.
The titanium d levels are high enough to stabilize the + 1v oxi-
dation state of the metal. The electronic structure is
Cu*Ti**Ti**(S?7),. Removal of copper simply results in oxi-
dation of Ti** to Ti** (which is perfectly stable in the presence
of sulfur). So-called cubic TiS, is formed, which has the CdCl,
type of structure.?! 22! The difference between the ‘“‘chimie
douce™ (soft chemistry) of CuTi,S, and CuCr,S, is simply ex-
plained by the change in position of d levels with respect to the
top of the sp band. The difference between the “chimie douce”
of NaCrSe, and CuCr,S, (or similarly NaCrS,) is due to the
increase in energy of the top of the sp band. In both CuTi,S, and
KCrSe, deintercalation is possible because a higher oxidation
state can be reached on the metal (TiS, case) or because holes on
the anions can be stabilized (CrSe, case).

Let us select a few other examples among the many that have
recently been reported, before discussing a case in which both
cations and anions are oxidized. Thallium —copper sulfides and
selenides represent a very interesting series of phases,23~2¢
which can be described in terms of various structures of inter-
weaving TICu,X, slabs and more copper-rich slabs.’**! Semi-
conducting phases like TICu,Se,, which is TI*(Cu*),(Se?"),,
allow a deintercalation of copper from copper-rich slabs
through *‘chimie douce™ processes.!*®) This can be achieved by
electrochemistry, but also very directly and simply by using an
aqueous ammonia solution.'*” TICu,Se, is obtained, which can
be formulated as T1*(Cu*),Se?~Se’~. Similarly, TICu,S, is ob-
tained from TICu,S,. In fact, “‘chimie douce” is the only way to
synthesize the latter compound. The deintercalated phases are
metallic.l>”

The alkali metal (Na to Cs) copper chalcogenides!?® ~2°! cer-
tainly show a comparable variety. In the case of potassium and
sulfur,’?® for example, one finds K,CuyS,, K;CugSy, and
K ,Cu,S,. The structures are based on layers or chains built up
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from [CuS,] tetrahedra. The alkali metal is located between
these units. K,Cu,S, is an anionic mixed-valence compound,
which can be written as (K*),(Cu*)g(S27),(S 7),. With only
one hole on the anionic sublattice, K;Cu,4S,, formulated as
(K*)3(Cu™)e(8%7)sS 7, is a two-dimensional metal showing in-
stabilities possibly of the charge density wave type.[3¢~3!
TIV,S; is a tunnel-type chalcogenide.??! Removing thallium
from the tunnels results in an oxidation of the anionic sublattice
with the formation of anionic mixed-valence states [Eq. (4)].

TIN(V3*) (82 )g — (V2*)5(S27),S ™ + TI* +e” @

Li,FeS, is a more complicated case. The deintercalation of
lithium proceeds in two steps, namely, an oxidation of Fe?* to
Fe** followed by the formation of anionic pairs. Fe**S27(S,)?
is formed, which may be related to the IrS, structure. However,
the poor crystallinity of the samples did not allow a precise
structure determination. The above structural information was
obtained by Mdssbauer studies as well as IR and Raman spec-
tra.33

The latter example shows that in deintercalation reactions it
is necessary to carefully check that the resulting compound real-
ly retains the framework of the starting material. When transi-
tion elements of the left-hand side of the periodic table are
present they can generally adopt a higher oxidation state, and a
direct continuity is observed from the precursor to the final
product (compare cubic TiS, and CuTi,S, spinel). On the right-
hand side d levels are deep in the sp band. Anionic pairs can be
generated which may modify the framework. When a cation is
oxidized it may also prefer another type of site in a given frame-
work.

Finally, it should be mentioned that an appropriate substitu-
tion in the cationic sublattice may allow sulfur p-band holes to
be generated, which induce p-type conductivity. A good exam-
ple of this is -BaCu,S,.1*4 It shows a two-dimensional struc-
ture with [Cu,S,]>~ anionic slabs separated by Ba?* layers
(ThCr,Si, type). The preparation of the substituted phase
K, Ba, _,Cu,S,B% leads to p-type conductivity. The compensa-
tion of charge cannot be achieved through an oxidation of some
of the Cu* ions to Cu?*. It is therefore taken up by the anionic
sublattice and can be expressed by the formulation
(K*),(Ba2*),_ (Cu*),(S27),_ (S 7).. One hole is introduced at
the top of the sp band for each potassium, which allows an
interesting variation in the physical properties.

3. Association of holes—anionic polymerization: The (X,)?"
species which are present in the pyrite and marcasite structures
represent the simplest case of anion association. Much more
complex anion patterns can be formed, the most extreme form
of which is a full polymerization of the anionic sublattice. Even
in the pyrite-type chalcogenides the classical bond length for
S-S (~2.06 A), Se—Se (x2.35 A), and Te-Te pairs (x2.75 A)
can be modified as a function of the position of the cation along
a row of the periodic table. The variation of S—S distances along
a period for a sulfide pyrite phase has been discussed in terms of
an interaction between cationic e, levels (low-spin octahedral),
which are now low enough in energy, and n* anionic states.!*®!
There is a shortening of the S-S distances from FeS, to CuS,
with a concomitant reduction of the cation oxidation state.
CuS, is in fact Cu*(S,)". The effect is similar to that described
in Section 1 for the layered phases. It is magnified in the case of
tellurides. MnTe, is probably the only telluride that contains
true (Te—Te)?~ pairs.>”

Ir,Te, and CrTe, represent an intermediate situation between
compounds containing isolated (Te,)?" pairs and those with a
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polymerized anionic sublattice. Ir,Teg has a pyrite structure!*8!
with a random distribution of Ir*® on the cation sites. Te, pairs
do exist with a Te—Te distance of 2.833 A, a bit longer than the
value of 2.79 A observed in MnTe,. However, an analysis of all
the distances shows that there are some distances between Te,
pairs of 3.56 A, much shorter than the nonbonding distance of
4.03 A corresponding to the sum of van der Waals radii. Each
tellurium of a pair is bonded to two others belonging to the same
irridium coordination octahedron. This means that we are look-
ing at some type of polymeric tellurium network, even though
discrete Te— Te pairs (2.83 A) can be identified. The balance of
charges is not easy to express in such a compound. Clearly, the
longer Te—Te distances, which result from complex equilibria
between pairs, means that there is a higher formal charge on the
pairs, necessary to compensate for nine cationic charges. Except
for MnTe, (see above), where true (Te,)? ~ pairs are separated by
distances of the order of the sum of van der Waals radii, the
transition metal ditellurides all show a range of Te-Te bond
lengths.

CrTe, contains both (Te,)>~ and (Te,)?~ groups. The struc-
tural work by Klepp and Ipseri*® shows a layered structure with
slabs built up from groups of four edge-linked [CrTe,} octahe-
dra, which are connected via apical tellurium atoms. These
building blocks are linked together through Te—-Te bonds, giv-
ing rise to Te, and Te, entities. The very stable Cr>* ions that are
present impose a mean oxidation state of — 1 on the tellurium
anions, and the charge balance can be viewed as (Cr®*),
(Te?~)(Te,)*> (Te,;)*~. Within the polyanions interatomic dis-
tances are 2.816 and 2.824 A for (Te,)*~ and 2.817 A for
(Te,)>~. These are a bit longer than expected; this suggests
higher charges on tellurium, assuming these groups are
really isolated. In fact, within the sheets, Te-Te distances of
3.437 and 3.507 A are observed, which indicate the presence
of bonding. The distances of 3.85 A between slabs are close
enough to the sum of the van der Waals radii to exclude any
bonding. CrTe, is a layered structure with in-plane anionic poly-
merization, although discrete Te, and Te, groups are clearly
visible.

IrTe, does not have the pyrite structure as do some other
ditellurides of the late transition elements. Until recently it was
reported to have a CdI, structure.!*°~*!] Assuming the usual
configuration, a Ir** oxidation state is implied, which is not
acceptable. The same structural type has been reported for other
ditellurides of the late transition elements.'*! =31 But it is very
unlikely that CoTe,, for example, would adopt a CdlI,-like
structure, since the corresponding sulfide is already a pyrite. As
tellurium 1s less electronegative than sulfur, the top of its sp
band is higher, and the d—sp redox competition is thus facilitat-
ed. We therefore expect IrTe, to have a pyrite structure. It ap-
pears that its structure was originally assigned only on the basis
of similarities of powder diffraction patterns. The structure of
IrTe, has since been redetermined!*! and is indeed of the CdlI,
type (P-3m1 space group). However, it was found that the tel-
lurium atoms located at different elevations ('/, and ?/,) were
bonded to each other (dy,_;. = 3.497 and 3.558 A), whereas
nonbonding anions at the same level were found at 3.928 A.
Figure S compares IrTe, with HfTe,, which represents an ideal
CdI,-type ditelluride. The extensive bonding between tellurium
atoms within the slabs, and also between them, explains the
rather short c¢/a ratio of 1.37 in the former, compared to the
usual value of around 1.66 in a clasical CdI, structure. What we
have here is an infinite polymerization of the anionic sublattice.
These structures have been called polymeric Cdl, structures.
The short c/a ratio associated with the P-3m1 space group is
indicative of this situation.

Chem. Eur. J. 1996, 2, No. 9

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

O O r—
3928 O = O
/$Q\' S ‘o'.‘v van der Waals gap
L 2 d ]
/,Q\ /Q\ ol —
e \(5’ van der Waals gap
b o |-
Ir Tez H 'Te 2
c/a =138 c/a =168

Fig. 5. Right: regular CdI, structure of HfTe,. Left: polymerized CdI, structure of
IrTe, with short Te- Te contacts between slabs leading to a reduced c/a ratio (1.38
instead of 1.68). .

4. The role of electron transfer in structural stabilization—inter-
weaving in highly covalent systems: Neutralizing holes at the top
of an sp band by adding electrons from a donor will of course
prevent the formation of anion pairs and stabilize a low-dimen-
sional arrangement. Owing to the instability of Cr** in the
presence of sulfur, layered CrS, cannot be synthesized, not even
by deintercalation using low-temperature soft chemistry. How-
ever, [CrS,] slabs of the TiS, type exist in NaCrS, where they are
separated by layers of Na* cations (¢(NaFeO, structural type).
NaCr$, can be regarded as an intercalation compound of sodi-
um in an hypothetical layered CrS,. It is indeed isostructural
with NaTiS,, which is a true intercalation compound of TiS, . In
the [CrS,] slabs of NaCrS,, chromium is in the + 111 oxidation
state, but the electrons transferred from sodium neutralize the
holes that would otherwise exist. The final outcome is similar in
NaTiS, and NaCrS,. However, in forming NaTiS, electrons are
added to Ti d levels of TiS,, whereas, in the case of NaCrS§,, the
Na electrons refill the top of the sp band in already reduced CrS,
slabs. The same considerations apply to the stabilization of CrS,
or V8§, slabs by addition of phosphorusi®! or silicon.!*¢! In
P, 0 VS, phosphorus occupies tetrahedral holes between VS,
slabs.143]

The Ge,NbTe, phases!*” represent a case of particular impor-
tance. NbTe, does not exist with the layered trigonal prismatic
structure of NbS,, but addition of germanium stabilizes this
structural arrangement, although with particular features re-
garding structure and chemical bonding (Ge was chosen first
instead of Si or P, because Nb and Te atoms are larger than, for
example, V and S atoms, but it appears that Si, at least, also
gives good results). Ge is located in an unusual site at the center
of rectangles separating Te, prisms that are not occupied by Nb
atoms (Fig. 6). In addition some of the Nb atoms are linked
together to form metal—metal pairs through a common rectan-
gular face between adjacent trigonal prisms. Other Nb atoms
remain isolated and form ribbons that demarcate the domains
in which M-M bonds exist. The sequence according to
which these regions alternate as a function of Ge concentration
is responsible for the commensurate or incommensurate
modulation of the structures. With general formulation
NbGe——31 :;nTez , all these phases have slabs that result from the
association of three types of ribbons. Ribbons a and b contain
both Ge atoms and M-M pairs with opposite orientations.
Ribbon ¢ contains isolated M atoms. Ge is in the + 11 oxidation
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state, as shown by an analysis of the density of states curves
which reveals the presence of levels with Ge 4s character lying
about 4 eV below the Fermi level, while the Ge 4 p levels are well
above E,. Two electrons have been used to reduce Nb atoms.
But niobium has also been reduced by electrons coming from
the top of the tellurium sp band. Indeed the partial depopulation
of these anionic states with antibonding character results in a
[Te,] catenation. Two Te in one slab are associated with two in
an adjacent one, through the van der Waals gap. Successive
slabs are thus fixed relative to each other. In all compounds, the
number of Ge atoms is equal to the number of Nb—Nb pairs. It
could therefore be supposed that the two electrons donated by
Ge are used by two Nb to form (Nb*), pairs. The other Nb
atoms would be reduced through the transfer of electrons from
the sp band. There is, however, no direct proof that such an
hypothesis is correct. The interest in Ge,NbTe, in the context of
this contribution arises because both extra atoms (Ge, Si) act as
donors and Te associations contribute to stabilize the structure.

The Ge NbTe, phases show a segregation of ribbons in a
plane, that is, in a two-dimensional space. Misfit layered chalco-
genides!*®! represent a case of segregation of slabs in three-di-
mensional space. The presence of CrS, slabs in this series also
relies on an electron transfer from a donor in adjacent slabs.
With a general formulation (MX), ,, TX, (M = Sn, Pb, Bi, Ln;
X =8, Se; T=Ti, V, Nb,
Ta, Cr), misfit layered
chalcogenides present two-
layer sublattices that alter-
nate along a common axis
(the ¢ direction) (Fig. 7).
The sublattice consists of
octahedral (Ti, V, Cr) or
trigonal prismatic (Nb, Ta)
slabs similar to those of
TiS, or NbS,. The MX
slab is a distorted 100 slice
of the NaCl structure of
the corresponding MX
chalcogenides. The misfit
is observed along one in-
plane axis (a direction) and
is directly reflected in the

Fig. 7. (LnS),, (CrS,) misfit compounds
show an alternation of LnS slabs (pseudo-
NaCl) and CrS, ones (TiS, type). Incom-
mensurability occurs along a.
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formulation (MX), , ,TX, by the 1 + x value, which is associated
with the ratio of unit cells and ranges from 1.08 to 1.24. An
important electron transfer takes place when MX is LnS. The
electronic structure of this slab is Ln3*e~S2 ", like in rare earth
monochalcogenides themselves. The electron is transferred to a
CrS, slab, which is stabilized in the same way as described above
in case of Si CrS, or NaCrS,.

Conclusion

The very active role played by the anions in mostly covalent
structures leads simultaneously to a great variety and a great
complexity of effects. In the case of chalcogenides, which form
the basis of our studies, one can envision three domains in the
periodic table. On the left-hand side of a period of transition
elements, simple layered structures are found with M"* cations
and X2~ anions. Further along, the destabilization of high oxi-
dation states leads, at least for the elements in the second and
third rows, such as Nb, Ta, Mo, W, or Re, to metal clustering
within the layers. The geometry of such associations depends on
the initial electron population on the metal and on the extra
electrons transferred from the anions. Towards the right-hand
side of the transition periods the d levels do not participate in
anion-to-cation electron transfer processes. The anion simply
absorbs the depopulation of the sp band through catenation.
This catenation can range from simple (X,)*~ pairs in pyrites
and marcasites to more complex groups that can eventually
extend throughout the entire crystal (polymerized Cdl, or pyrite
structures).

With the depletion of antibonding levels, through electron
transfer to the lower-lying cationic d levels, the anion—anion
distance changes substantially. If the anion—anion distance is
plotted versus the net charge per anion, a quasi-linear relation-
ship is observed. For instance, if one considers ZrTe,, with
well-defined Te?~ ions, MnTe, with well-defined (Te,)*~ ions,
and IrTe, with the Te2~ charge balance (i.e., Te~'-*), the corre-
sponding linear variation is shown in Figure 8. Many other

4.5
Cdl,type structure
~ 4k
< Ir Te,
8
§ polymeric Cdl,
% sr type structurc
e
g
| W ZrTe,, HE T .
’ * * pyrite type structure
O MnTe,
25 1 1 1 { 1 1 | ) \
25 23 21 -19 -1.7 15 13 -1 09 -07 -05

net charge per tellurium anion

Fig. 8. Plot of formal oxidation state per tellurium atom versus Te - Te distances for
a “regular” Cdl, structure with isolated Te? "~ ions (ZrTe,, HfTe,). a polymerized
Cdl, structure of IrTe, (Te™'-*), and a true pyrite structure with (Te,)>~ pairs
(MnTe,).

examples that we have studied can be considered, with sulfides,
selenides, and tellurides. It is not clear why such a linear relation
exists.

A nice extension of the work described here would be to study
the effect of pressure, which might lead to changes in the anion -
anion distances. Other important questions that should be re-
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solved are: “why can holes be found isolated at the top of a
given band?”’ and “when do these holes associate to form an
anionic catenation?”’. The problem is exactly analogous to that
encountered for electrons located on cations.

The wealth of soft chemistry implied by the occurrence of
those holes opens many new and promising prospects. There is
a whole chapter on the chemistry of antibonds that remains to

be written.
Received: March 15, 1996 [C 320]
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