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A 2,3-Connected Tellurium Net and the Cs;Te,, Phase

Qiang Liu, Norman Goldberg, and Roald Hoffmann*

Abstract: The bonding in the recently re-
ported Cs,Te,, phase, which contains
both Te, rings and remarkable Te, sheets,
is studied by approximate molecular or-

electron count. Both types of tellurium
atoms are hypervalent; we make connec-
tions to other well known hypervalent
molecules, such as XeF,, I, and BrF;.

Several possible variations and distor-
tions of this net are discussed, all of which
are found to be less stable. The discrete
crown-shaped Teg units that appear in the

bital theory. Our focus is on the geometric
and electronic features of the unique 2,3-

phase show normal covalent bonding and
should occur in smalier molecular entities,

connected Te net found as a substructure Keywords _ too. According to our computations,
in this phase. The calculations show that | 4nd structures - hypervalent bonding Cs,Te,, should be metallic. Two struc-
semiempirical caleulations - tellurium

both the linear and T-shaped Te ge-
ometries in the 2,3-connected Te net of
Cs,Te,, are determined by their particular

compounds

Introduction

Over the past few years the chemistry of tellurium has blos-
somed. In both discrete molecules and extended systems telluri-
um has been found to display a wide range of unusual geomet-
rical and bonding features.!-2!

An example of the richness of tellurium bonding!®! may be
found in cesium tellurides. At least nine binary caesium telluride
phases!*~ 111 (CsTe,, CsTes, Cs,Te, Cs,Te,, Cs,Te;, Cs,Tes,

Cs,Te,, Cs,Te;, and

Cs;Te,)!*? had been re-

ported earlier. In many

‘! 1 of these there is Te—Te

bonding, but quite dif-

ferent in nature. For ex-

ample, CsTe, contains

@ isolated TeZ ™~ chains, T-

’ shaped, and four-coor-

dinate Te atoms;!® in

Cs,Te, there are one-di-

(3 mensional [Te,Te,,)*~

* & chains containing both

two- and four-coordi-
nate Te atoms.™!

. Last year yet another

binary phase (Cs;Te,,)

was reported.['3 14 The

beautiful structure of

this compound (Fig. 1)

displays a number of un-

usual features. Discrete

crown Te, entities can

Fig. 1. The structure of Cs;Te,,. One unit
cell is outlined. Small circles represent Te
atoms; Cs atoms are marked black. The few
Te, groupings in the unit cell are actually
truncated fragments of Te, rings.
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turally related phases, CsTe, and Cs, Te, 5,
are suggested.

be easily identified in Figure 1. Though such eight-membered
crown-shaped molecules are well known for sulfur and
selenium, they had not been previously observed for tellurium.
Also apparent are infinite two-dimensional sheets that are
formed by Te atoms and which include one Cs atom per six
telluriums. The Cs atom in the CsTe, sheet, located in the center
of a large square of twelve Te atoms, also lies at the center of an
almost perfect cube, which is built from two sets of four Te
atoms each belonging to a Te, crown (one such Te;CsTe, unit is
highlighted in Fig. 1). The structure may also be described as
consisting of two different types of layers: CsTeg sheets separat-
ed by layers of CsTeg crowns.

Following Zintl’s concept,!* > Cs, Te,, can be written formally
as [Cs3*[Tel;]. If one assumes the Teq rings to be neutral
molecular entities and assigns the valence electrons of caesium
fully to the tellurium sheets, the compound may be described as
[CsTeg2 H[CsTe )2 ™.

The pattern of the CsTe, sheet (Scheme 1) is interesting in that
a C, axis is the principal symmetry element present (aside from
twofold rotation axes and the mirror plane containing the sheet
itself). The structure of this 2,3-connected sheet, constituted of
linear and T-shaped tellurium atoms, belongs to the two-
dimensional P4 space group
(no. 10).

Several aspects of this new
binary compound are of inter-
est: the geometrical and elec-
tronic nature of linear and T-
shaped Te atoms in the CsTe,
sheet; the electronic structure
of the whole sheet, as unusual
asitis; possible variants or dis-
tortions of this sheet; the sta-
bility of the crown Teg; and o o o
possible conducting properties
of this Cs,Te,, phase. We ad-
dress these questions below.

Scheme 1. Pattern of the CsTeg sheet
looking down the ¢ axis (open circles
are Cs, filled circles Te).
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Results and Discussion

Linear Te in the CsTe, Sheet: There are two kinds of Te atoms
in the CsTe, sheet. One is linear, bound to two other Te atoms.
We will call this Te2. The other, which we call Te 3, is T-shaped
and bound to three Te atoms (Scheme 2). It is important to note
here that the Te2 and Te 3 notation does
not refer to a crystallographic numbering;

. it is our way of reminding ourselves of the
Te3 o coordination environment of each Te. We
¢ Te2 start our analysis of the planar net by sep-
° arately analyzing these building elements

of the net, using molecular models.

For two-coordinate main-group EX,
molecules both bent (H,O, H,Se, H,Te,
and Te?”) and linear configurations
(XeF, and I ) are possible. Why is Te2 linear in the sheet?

We begin by looking at a simplified model, H,Te"™ using the
extended Hiickel (EH) method.l'® The H-Te distance is set at
1.69 A 171 Following the total energy while varying the H-Te-H
bond angle, we find, not surprisingly, that the preferred geomet-
rical configuration of H,Te depends strongly on its electron
count (or the total charge). The molecule prefers a bent geome-
try when it is neutral, as expected, and is linear for H,Te?™,
analogous to a hypervalent H,Xe or F,Xe.

A more realistic model for the atomic environment of Te2 in
the solid might be Te”, ™. The Te—Te distance (3.077 A) for which
we carried out the calculations is taken from the Cs,Te,, X-ray
data. Again the computed structure depends strongly on the
electron count. The linear configuration is favored for 3 —,
4 — ,and 5 — charges.

Let us look at the Te3; ™ model more closely. The Walsh dia-
gram!'8! for the opening of the Te-Te-Te angle is depicted in
Figure 2. On the left side (90°), both the highest occupied molec-

Scheme 2.
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Fig. 2. Walsh diagram for the variation in bond angle in Te$ ™.

ular orbital (HOMO) 45, and the lowest unoccupied molecular
orbital (LUMO) 5a, are slightly antibonding. As the angle in-
creases from 90 to 180° the 5a, becomes less antibonding, losing
the p contribution from the central tellurium atom, and is stabi-
lized significantly. On the other hand 45, is destabilized as the
(antibonding) p—p o overlap between the tellurium orbitals in-
creases. The 4b, and the 5a, cross at approximately 110°. The
rapid stabilization of the 5a, (now the HOMO) as 180° is ap-
proached determines the preferred linear configuration for a
Te; ™ electron count.
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© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

A connection needs to be made here to the classical and well-
characterized linear triiodide I;. This species is, of course,
isoelectronic to Te$ ™, as is the related XeF,. The bonding in 15
or XeF, is very well understood!!”-1%2%)—we have in these
molecules an electron-rich three-center bond. If one omits the s
orbital on the central atom from the bonding, one expects the
level pattern shown on the left in Scheme 3, while if the s orbital
is included, we get the pattern shown on the right. Note in either
case that one and only one I-I-I antibonding orbital remains
unfilled, 46, in Figure 2. The 5a, and 4b, orbitals of our Te%~
match, of course, the top two orbitals in Scheme 3 (right); coun-
terparts of the other orbitals are also there in Figure 2, but are
not specifically identified.

S O O — S O O —
S S Sl S O S H
© SO O H S SO O H

S S S

Scheme 3.

But what Te%~ charge makes for a good model for Te2 in the
fourfold sheet of interest to us? As we shall see later, the approx-
imate charge on Te2 in Cs,Te,, is near to —1. Taking this
computed charge seriously, and transferring it to the model at
hand, this corresponds formally to [H,Te] ™ and Te3 . For these
electron counts linear structures are energetically favored in the
model compounds. What at first sight seems like a “normal”
two-coordinate tellurium is actually a hypervalent atom, its ge-
ometry determined by the electron count. Indeed it does not
make sense to think of a linear Te as being involved in normal
bonding, for the preferred angle at the heavier Group VI ele-
ments in normal XEX compounds is close to 90°.

T-Shaped Te in the CsTe, Sheet: T-shaped subunits have been
found in a number of tellurium compounds.!**! In this section,
we will investigate the electronic reason for their appearance in
the CsTe, sheet.

We use two discrete molecular units, Te,H}™ and Te,Te}~
(Scheme 4), as our models, based on the structural motif found
in the sheet. The geometry of the
small Te, square is taken from X
Cs;Te,,, with a Te—Te bond length of }

3.003 A. Again X-Te distances of
1.69 A for X = H and 3.077 A for X
= Te are used. ABKj

Varying the X-Te-Te angle (f in X Te —Te
Scheme 4) while maintaining fourfold
symmetry, we calculate that the f
= 90° configuration (C,,) is more
stable than the § =135° (D,,) con-
former if the molecule possesses a to-
tal charge of —1to —5(X =H)or =5to —9(X = Te). In all
the cases studied, the total energy actually minimizes at §<90°.
This might explain why the experimentally determined Te2-
Te 3-Te 3 angle in the sheet is found to be 88.5 instead of 90°.121]

Let’s consider [Te,Te,]"” in some detail, and specify an
8 — total charge for the molecule, for reasons that will become
clear below. A number of frontier orbitals (see the Walsh dia-

Te—Te — X

X
Scheme 4. X = H, Te.
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gram, retaining a C, axis in Fig. 3) are involved in determining
the structure of this molecule. Upon changing j§ from 90 to 135°,
6a, is stabilized and turns into the LUMO (for that § — total
charge), since the antibonding interaction between Te2 and Te 3
in that orbital disappears. The doubly degenerate 6e, does not
change much. The 5b, orbital (HOMO at 90°) is much stabi-
lized, mainly owing to the decrease in overlap between orbitals
on Te2 and Te 3. The 5e, orbital (doubly degenerate) goes up in
energy only very little. The 5a, orbital, which is slightly anti-
bonding between Te2 and Te 3, is greatly destabilized and ends
up asa HOMO at 135°. As a result, the calculated HOMO -LU-
MO gap of about 6 eV at f = 90° decreases to about 2 eV at
=135°, and the § =135° configuration turns out to be consider-
ably less stable. It is interesting to note that the stable configura-
tion is not determined by the HOMO, but by levels below it, not
all of which are shown in the energy window of Figure 3.

-6
T 6ag
— 6ey
LUMO -8

105 120 135
Te-Te-Te angle P (degrees)

Fig. 3. Walsh diagram for the variation in the Te-Te-Te angle §§ of [Te,Te,]®~ (see
Scheme 4).

Can we see a reasonable electron count in some related mole-
cule, the way we correlated Te3 ™ with I or XeF,? There aren’t
that many square or fourfold symmetric molecules around. E2*
species (E = S, Se, Te) are known, " as is BiZ ~,!??! and they are
isoelectronic with the electronically happy C,H2~. To our
knowledge there are no square hypervalent molecular groupings
with halogens, noble gases, or metals. If we take EZ* and te-
traprotonate the lone pairs pointing radially out of the E, ring,
we get E,HS*, for which one would expect a classical D, struc-
ture (f =135°). Clearly our Te, unit is much reduced relative to
this hypothetical classical species. So hypervalent bonding, and
the attendant T shape at Te is no surprise.
The T shape reminds one of the BrF; molecule, whose bond-
ing is described qualitatively in Scheme 5 (left). Note the formal
F~ nature of the “axial” fluorines. We see two lone pairs on the
Br, a “‘normal” equatorial

—14  Br-—F bond, and electron-
rich three-center F-Br-F
axial bonding. BrF, is
clearly related to SF, and
XeF,. A tellurium ana-
logue (Scheme 5, right)
would be Te; ™.
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Scheme 5.
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Can we set up an analogous bonding pattern in the tellurium
square? It is not obvious how one should do this, for a given
Te3-Te3 bond which is “axial” with respect to one Te3 and
“equatorial” with respect to the other. But if we simply make all
the bonds initially covalent and add two lone pairs at each Te,
we get [Te,H,]*~ or[Te, Te,]®~ (Scheme 6). This is one extreme,
and it is from this model that we derived the electron count used
earlier.

[Tel

e | ©

OTe—Te — Tel

| |

H—Te Te IE——Te—Te
| |
H | Tef
Scheme 6.

Now let’s try an alternative approach to electron counting,
beginning with the known solid-state structure. Formally, the
sheet is [CsTec]?~ or, assuming a Zintl viewpoint, Te2 ™. We
want to carve out, on paper, a Te, or Te, Te, unit out of the solid.
Assuming a covalent Te2—Te 3 bond, breaking that bond ho-
molytically, and keeping all the charges on the ring, we end up
with the tetraradical Te}~. Saturation of such radicals by H
atoms leads to [Te,H,]* ™. Replacing those H atoms by isovalent
Te™ anions, we arrive at a [Te,Te,]”~ model.

A third approach to electron counting is simply to look at the
charge distribution per Te, square calculated for the Te2™ or
[CsTegl?>~ net. This calculation, discussed in the next section,
leads to an approximate (Te3), charge of —1. If we break {on
paper) the Te 2—Te 3 bonds homolytically, and then “passivate”
the dangling bonds by H or Te™, we get to [Te,H,]” and
[Te, Te,]*".

Returning now to our models, for all of these electron counts
the B = 90° configuration (or T-shaped Te3) is favored over
large values of . As in the case of the linear Te2 structure, the
geometry of the T-shaped Te3 is also determined by electron
count.

Let’s look at the structure at hand in still another way. Each
Te2 (linear) is hypervalent, and (if it were maximally hyperva-
fent) could be assigned an elec-
tronic structure such as that -z -
shown in Scheme 7 (left) and a | |

formal charge of —2. Each Te3 ®ﬁe _1{6
can be assigned a locally hyper-
valent structure (Scheme 7, Scheme 7.

right) and a —1 formal charge.

With these charges throughout the net, we would have a charge
per formula unit, (Te3),(Te2),, of —8. However, the actual
charge is only —3! In other words, our Te? ™ net is hypervalent
(as the T-shaped Te3 and linear Te2 indicate), but it is not
“maximally hypervalent”, that is, it does not contain as many
electrons as these hypervalent geometries would allow. It is this
intermediate reduction stage that makes the electronic structure
of Tel~ truly nonclassical and requires a delocalized bonding
description.

The reader might think these electron counting arguments
tortuous. Indeed they are, but they are attempts to relate known
molecular electron structures to this strange yet simple net. To
give up trying is to give up understanding.
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The CsTe, Sheet: We have analyzed the bonding in the struc-
tural subunits of the planar [CsTey]>~ sheet and now consider
the whole net. A calculation on the full [CsTes]*~ net gives a
+0.78 charge on Cs. Obviously a Zintl viewpoint, with nearly
full electron transfer from Cs to the Te net, is reasonable. We
thus turn our attention to a Te] ™ net, whose band structure is
shown in Figure 4.123! Every point in our argument below was
checked by calculations on [CsTeg]* ™ as well; the analysis car-
ries over, essentially unchanged.

-6 N |
Bh— /
-107 #20 #19
-12 4 ¥
— —
-14
Energy (eV)
16— S ——
-18
/
-20 1
-22
-24
" X M Y

Fig. 4. Band structure of the Te? ~ sheet. The dotted line indicates the Fermi level.

Most bands of the Te] ™ net are quite flat, indicating weak
interactions among Te atoms. This is a result of the relatively
large Te—Te distances of 3.003 and 3.077 A, as compared to
2.84 A in elemental helical Te,.!'”! The band around the Fermi
energy'?*! is only half filled, since there is an odd number of
valence electrons per Te? ™ unit. Above that band we find a gap
of about 2 eV.

Where are the electrons in this structure? We may partially
answer the question and trace the nature of some bands by
examining the contributions of individual atomic orbitals to the
density of states (DOS).[2]

Most of the bonding in the valence region is accomplished by
Te Sp orbitals. The in-plane locally n-type 5p orbitals
(Scheme 8a) of Te2 form a narrow band between —16 and

—14¢€eV; these orbitals are
98 % below the Fermi energy.

We do not show their contri-

(j) bution to the DOS. The con-

Sre2 ) Te2 tributions of the 5p,’s of the
| § Te atoms (the z axis is normal

to the plane formed by the

a b sheet) to the DOS are dis-
played in Figure 5. For both

‘ (l) Te2 and Te3, the p, bands are

Sired — Ted relatively narrow; the m-type
) interactions between these or-
bitals are small. All contribu-
¢ d tions from these orbitals occur
Scheme 8. Te2 and Te3 5p orbitals. below the Fermi ]evel; this in-
dicates that these p,’s are filled

with two electrons.

Figure 6 shows the contributions of the remaining 5p orbitals
of Te2 and Te3 (Scheme 8b—d) to the DOS. The projected
DOS’s of the orbitals of Scheme 8b (on Te2) and 8d (on Te3)
are surprisingly quite different. The former is less dispersed
(probably a consequence of the slightly longer bond length),

Te2 5p, Te3 5p,

e

Energy (eV)

-20

-22

-24

Fig. 5. Contributions (shaded areas) to the density of states (DOS) of the 5p,
orbitals on Te2 (left) and on Te3 (right). The solid curve is the total DOS for the
Tel ™ sheet. The Fermi energy is indicated by the dotted line.

Energy (eV)

Fig. 6. Contributions (shaded areas) to the DOS of the various 5p orbitals shown
in Scheme 8: b (left), ¢ (middle), and d (right).

and is concentrated around — 18 eV as well as the Fermi energy.
The orbitals of the type shown in Scheme 8 d contribute a lot to
the states between —9 and —6 eV, but very few such levels are
found around the Fermi energy. The orbital in Scheme 8c (on
Te 3), however, has significant contributions around the Fermi
level.

To understand this, we go back to the Te,Te, molecular mod-
el. In Figure3 (left), both orbitals of the type shown in
Scheme 8b (in the model the “Te2” is actually a terminal telluri-
um) and 8¢ (on Te3) appear in the 55, (HOMO), 5e,. and 5a,
orbitals (and thus contribute to the DOS around the Fermi
energy). The corresponding molecular orbitals in the sheet are
bands no. 19 and 20 (numbered from the lowest energy band up,
Fig. 4). Band no. 20 crosses the Fermi level around X. The
crystal orbitals at ' and M in these two bands are sketched in
Scheme 9. Note the degeneracy of these bands at I'. We see no

T M

Band #20

Band #19

Scheme 9.
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contributions from the orbitals of the type shown in Scheme 8d.
Small mixing of 5s” into 5p’s can be seen; this is responsible for
the increase in energy of band no. 20 at M. Note furthermore
that interactions between Te2-Te3 and Te3-Te3 are slightly
antibonding or nonbonding in 54, and in bands no. 19 and 20.

The occupation of some Te—Te antibonding orbitals in the
Te2~ sheet can be easily discerned from a crystal orbital overlap
population (COOP)!23) analysis. At lower energies the states of
the net are both Te2-Te 3 and Te3—Te 3 bonding (Fig. 7), while
the states near the Fermi level are antibonding. Note that there
are more antibonding orbitals filled for Te2—-Te3; this should
lead to a smaller average overlap population (OP).12¢! Indeed
the calculated average OP’s are 0.17 for Te2—Te 3 and 0.30 for
Te3-Te3.

) Te2-Te3 Te3-Te3

A Y =
A AT =
1 /]

14 = i

Energy (eV) e ?E g

-18 ] = .
204

22 ¥
24 =

Fig. 7. Crystal orbital overlap population (COOP) for Te2-Te3 (left) and Te3-
Te3 (right) bonding in the Te?~ sheet. Both COOP’s are on the same scale. The
Fermi energy is indicated by the dotted line.

To put these overlap populations into perspective, we com-
pare them with OP’s of four reference systems in Figure 8.
Analogous to oxygen (Q,), Te, possesses a formal double bond
between the two Te atoms. The models TeZ~ and Te3™ are
formally only singly bonded, and the three-center electron-rich
Te3 ™ possesses a formal half bond. The Te2—-Te 3 and Te3-Te3
bonds in Te2 ™ (the same values are computed in [CsTe(]* ) are
weak, with a bond order between 1/2 and 1.

Filling antibonding orbitals should also result in a lengthen-
ing of a bond, as observed for the Te—Te distances in the sheet.
This can also be seen in the OP curves of Figure 8.

The Mulliken atomic charges!?®! for the Tel~ sheet are
—0.217 on Te3 and —1.065 on Te2. Since the Te2 ™ net contains
four Te3 and two Te2 atoms per unit cell, we are led to

0.40-| [Te-Te-Te "™

P . [Te-Te-Te]*

Overlap population

o o
[ B\
2 2

»

! g

020 —— x ; ——
24 26 28 30 32 34 3.
Te-Te distance (&)

6

Fig. 8. Overlap population (OP) vs. distance for four reference systems. OP’s are
shown for Te2—Te3 () and Te3—Te3 (o), as calculated in the Te ™ net.
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[(Te3),]7%% and [(Te2),]™**>

This gives us another way to guess
at the electron counts in the model . Te3
we calculated earlier, the triatomic 5 - ¢ Te2

model for Te2 and the Te,Te,
square for Te3.

What are the consequences of an
electron density of ~6.25 on Te3?
Consider Scheme 10. If we were to
assume three covalent bonds and a
p, lone pair at Te3, we have 1.25
electrons on average to put into the Te 3 lobe (part of orbital in
Scheme 8¢} that points toward the Cs atom. One could think of
one such lobe filled with two electrons and three with one elec-
tron; then one would think of four such resonance structures
permuting the two-electron atoms around the 12-membered
ring. If instead of adopting such a simple model, we look at the
actual orbital populations in the net, we find that the orbital
shown in Scheme 8¢ is occupied on the average by 1.40 elec-
trons. There are also lone pairs on Te2 pointing toward the Cs;
these are not shown here. Clearly there is radical character in the
Teq plane. In the solid state, the bandwidths arising from inter-
actions between partially occupied orbitals may result in a low-
spin state (or a half-filled band). But the possibility of a magnet-
ic state should not be dismissed, based in part on this perceived
radical character.

The negatively charged Te2 ™ net is stabilized by Cs™ cations,
both within the [CsTey]?~ sheet and in the other layers of the
Cs,Te,, phase. Our simple MO treatment yields an energy dif-
ference of 0.67 eV between Te2 ™ and [CsTeg)*~, with the latter
being more stable. Calculations including explicitly Madelung
energy terms should give even more stabilization to [CsTeg}*~.

In summary, the electronic and geometrical structure of the
CsTe, sheet is highly unusual. The bonds among Te atoms are
weak and all tellurium atoms in the net are hypervalent.

e,

Scheme 10.

Some Variations on the 2,3-Connected Net: The 2,3-connected
Te, net (sheet) can be approximately derived from the 4-con-
nected perfect square Te net (Scheme 11) by removing two-fifths
of the Te squares (the open circles in Scheme 11). This neglects
the 0.074 A bond length
difference and the 1.5°
deviation of one Te-Te-Te
angle from 90°. Alterna-
tively, one arrives at the
pure tellurium square net
by substituting the Cs
atom in CsTe, by a Te,
unit.

Would such a square
tellurium net be stable?
Let’s compare it with a
Te2~ model. To make the
comparison meaningful,
we assign the same num-
ber of electrons to every
Te atom; that is, each tel-
lurium bears a formal charge of —0.5, as in the Te2 ™ net. This
is not the charge distribution computed, but here just an expedi-
ent formalism. Furthermore the Te; ™ net described in the previ-
ous sections is idealized, with all bond lengths set to 3.003 A and
angles taken as 90 and 180°.

The band structure for the square net is very simple, com-
posed of only four bands.!?3! The calculated energy per teliuri-
um atom (actually Te~°-%) in the square Te net is found to be

Scheme 11. 2,3-Connected Te, net derived
from the 4-connected perfect square Te net.
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1.70 eV higher than that for tellurium atoms in the Te ™ net.1?”!
Thus, the square net is indeed much less stable than the experi-
mentally observed “defect structure”, in which some atoms are
missing from a perfect square net. The reasons for the specific
geometry assumed by the defect structure have been analyzed in
the framework of a general study of such structures by Lee and
Foran.[?8

It should be mentioned that perfect square nets of Te have
been reported to exist as sublattices in lanthanide tellurides of
the type LnTe, (2<n<3).1*2°! In these compounds the square
Te net carries a formal charge from —0.5to —1. The Te---Te
distance in the more highly reduced material is expanded;
Bottcher!® reasoned that this would be consistent with the anti-
bonding nature of the additional occupied orbitals. Indeed we
find this region of COOP for the square net Te—Te antibonding.
However, the semiconductivity reported for these phases has
raised serious doubt about the structural assignment.3%! Ag
found recently, these compounds do in fact possess an as yet
unknown superstructure.!3!!

The 2,3-connected Te, net can also be viewed as a distortion
from the more symmetrical net shown in Scheme 12. This net
belongs to the plane group P4mm (no. 11; we will call it a D,
net since its unit cell is of
this symmetry). By rotat-
ing the small Te, squares in
this structure, the experi-
mentally observed Teq
sheet can be generated.
Yet, the experimental
structure constitutes again
the more stable configura-
tion, according to our cal-
culations. The energy in-
creases monotonically
upon rotating the small
squares in the experimen-
tally observed Te; ™ net to
generate the D,, net. The
difference in energy between the two structures is computed to
be 3.30 eV per Teq unit for [CsTeg]*” and 2.688 eV for Te?™.
These are similar results to what we obtained for the Te,Te,
model in previous sections.

The band structure of this hypothetical D,, Te2™ sheet is
shown in Figure 9 (experimental Te—Te bond lengths used). It
resembles slightly the band structure calculated for the experi-
mentally observed sheet (Fig. 4). However, the band gap which
occurred around — 10 eV in Figure 4 has disappeared here. One

Scheme 12. Symmetrical net that can be
related to the 2,3-connected Te, net.
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Fig. 9. Band structure for the hypothetical D, Te, sheet (8 =135°). The dotted line
marks the Fermi level for the D,, Tei ™ net. Note the gaps that occur at two other
marked electron counts.

Chem. Eur. J. 1996, 2, No. 4

© VCH Verlagsgesellschaft mbH, D-69451 Weinheim, 1996

more band which was higher in energy in the experimental struc-
ture is lowered and moved into the window at about —7 eV. The
two bands immediately below the Fermi energy at I" in Figure 4
are raised by more than 1 eV, as is the Fermi energy. This is
equivalent to a destabilization of Se, and 5a, in the case of the
molecular models (Fig. 3), and explains why the hypothetical
sheet is less stable. One may also say that the D,, structure is
destabilized due to the fact that several bands in this structure
have moved towards the Fermi energy instead of away from it.
Or to put it another way, a two-dimensional Peierls-like distor-
tion stabilizes the less symmetrical structure.

The instability of the D,, structure does not persist for all
electron counts. In Figure 9 one sees that the D, net has small
gaps at two places, for Te; and Te2™* electron counts. Indeed
calculations for both these electron counts predict that the D,
net is more stable than the Te; ™ net by x~0.5eV.

Returning to the observed structure, a referee has suggested
that it might be worthwhile to consider distortions of the net to
“isolate” certain Te} ™ substructures, perhaps in a way that one
sees in polyiodide chains. Here are some of the more symmetri-
cal partitionings that come to mind (see Scheme 13); each is

1. .t
arct e g8
RIS S <3

A :

illustrated as a substructure and can be thought of as propagat-
ing through the whole two-dimensional net. We do not trust the
extended Hiickel method to calculate the energetics of these
distortions, especially in the absence of the caesiums. However,
it is interesting to consider the electron counting possibilities of
each. In Scheme 13 a the partitioning generates four angular Te,
units. The charge that each would have classically is Te; ~ or —4
per Te, unit, which is in excess of the electrons available. In
Scheme 13 b one would have large Te,, rings. Each “angular”
Te would be formally neutral; each linear Te would have a —2
charge. This would then lead to Te!$~ or Tel ™, again too re-
duced. In Scheme 13 ¢ one gets Te, rings and isolated Te? ™ ions.
The Te, ring could be neutral (or +2, if one wants a Hickel ©
system in the ring). This then leads to a —4 charge per Te, (if the
ring is neutral) or —2 (if the ring is charged +2). Scheme 13a
and c are closer than Scheme 13b to the observed electronic
content of the net.

ST

Scheme 13.

The Crown-Shaped Te; Unit and the Cs,Te,, Phase: The exper-
imentally observed crown-shaped Te, unit is only of C, symme-
try, instead of the ideal D,,. But the deviation is very small. Two
factors are possibly responsible: the fact that the crystal only has
a fourfold axis and the different environments of the two faces
of the Teg crown.

Figure 10 (left) shows the energy-level diagram for a molecu-
lar crown Teg unit (geometry taken from Cs,Te,,). Not surpris-
ingly, a HOMO-LUMO gap of about 6 eV is found; this indi-
cates that the Te; configuration is rather stable. The addition of
a Cs™ cation to the Teg, unit (to formally give a [Cs(n*-1,3,5,7-cy-
clo-Teg)] " cation) lowers the total energy by 1.43 eV. Thus, the
Te, rings in Cs;Te,, are stabilized significantly by the Cs*
cation.
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The crown Te, molecule should exist as a discrete molecule
and in complexes containing the M(n*-1,3,5,7-cyclo-Te,) group,
where M could be a Cs™ cation or some other transition metal
ML, fragment.

The projected DOS for Teq in the complete Cs,Te,, structure
is also shown in Figure 10 (right). The bands are dispersed a
little as a result of small interactions with the Tey sheet; still the

. Tegring T8 in Cs,Te,,
-8 -

-10

-12
14 =l

Energy (V) ——

-16 —_

-18 -

20 -

22 -

-24 T '/////)/////A/'/g””,,m,...

Fig. 10. Energy-level diagram (left) for the crown-shaped Teg molecule and contri-
butions to the DOS of the Tey units (right) in Cs;Te,,. All the levels below the
HOMO (filling by electrons indicated) are occupied. The solid curve (right) indi-
cates the total DOS for Cs;Te,,.

energy level pattern for the Teg unit (shaded area, right panel) is
readily recognizable. The interaction that is observed between
Te subunits is probably caused by two relatively close contacts
at 3.424 and 3.444 A between tellurium atoms of the Teg ring
and the Te, sheet. The most interesting consequence of this
interaction is a small contribution of the Te, units to the DOS
around the Fermi energy.

The changes in the DOS of the Tey sheet upon going to the
three-dimensional structure are more pronounced. The large
peaks around —15eV (Fig. 5), which originated mainly from
the 5p.’s of Te2 and Te3, have disappeared (Fig. 11, shaded
areas; z is normal to the sheet plane and parallel to the ¢ axis).
It is those 5p,’s that interact mostly with the crown Teg ring and
become more dispersed (Fig. 11, right). The gap at —10 eV, the
DOS right above and below the Fermi energy, and the location
of the Fermi energy itself are nevertheless mainly determined by
the Te, sheet.

Sp, of Te, sheets

Te sheets

Energy (eV)

-18
204

20

24

Fig. 11. Contributions (shaded areas) to the DOS of the Te, sheets in Cs;Te,, (left)
and of alt the 5p, orbitals of the tellurinms in the sheets (right).
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Each Te, sheet is one electron short of filling the band below
the gap. Since there are two Te, unit in the unit cell, two more
electrons are needed to fully occupy the bands below the gap in
Cs,Te,,. Owing to this half-filled band the Cs,Te,, phase
should be metallic.

However, there is another possibility. We mentioned before
that the Te3’s in the CsTe, sheet have radical lobes pointing
toward the Cs atom. A group of four such lobes occupied by five
electrons around a Cs is fairly isolated from other groups
(though each interacting with a neighboring Te2 Sp lone pair),
and interaction among lobes within any such group is probably
not very strong, either. This situation, shown schematically in
Scheme 14 (left) for one Te2—Te3 group of four pointing to-
ward a Cs, is reminiscent of a classical stable radical system,
the nitroxyls (Scheme 14,
right).  This  feature
should persist on going
from the sheet to the
whole Cs;Te,, phase.
Thus the Cs,Te,, phase
might show some inter-
esting magnetic proper-
ties.

We calculate Mulliken charges of —0.82 on Te2, —0.16 on
Te3, +0.77 on Cs (in the sheet), +0.72 on Cs (in Teq layers),
and almost zero on the Te atoms which form the Te, rings. These
charges are quite similar to those computed for [CsTey)* ™ and
[CsTeg]™, and justify the application of the Zintl concept to this
Cs;Te,, phase. The OP’s of 0.17 for Te2-Te3 and 0.30 for
Te3—Te3 are the same as those calculated for [CsTe,)*~. The
average OP’s between Cs and Te atoms are almost zero, a sign
of the mainly ionic bonding between them.

Scheme 14.

Summary

The crown-shaped Teg unit in the Cs,Te,, phase is found to be
a stable molecular entity which is further stabilized by the Cs*
cations. There is some interaction between the Teg ring and the
Te, sheet, but a reasonable approximation is to regard them as
nearly separate entities. The electronic structure of the phase is
mainly determined by the Te;~ sheet. The Cs;Te,, phase is
predicted to be conducting or magnetic.

Considering the nature of the layered structure of the Cs,Te,,
phase and the character of the bonding in the solid prompts us
to suggest two other possible phases: [CsTeg] [CsTeg]™, or
CsTe, and [CsTeg]® " [CsTegl3*, or Cs,Te,s. Both should have
structures similar to that of Cs;Te,,, but composed of layers of
CsTe, sheets and CsTeg unitsin 1:1 and 1:3 ratios, respectively.
The CsTe, phase should again be metallic. Cs,Te, s should be a
semiconductor, however. Alternatively, a Cs;Te,, structure,
should there be room for two Cs atoms in the structure, should
be semiconducting.

Appendix

Table 1 shows the extended Hiickel parameters used in our calculations. For H, Cs,
and Te, values are taken from earlier work [16,32,33]. Calculations were done using
Greg Landrum’s wonderful YAeHMOP (V 1.0) program, available on the WWW
at: http://overlap.chem.cornell.edu:8080/ yachmop.html. The CACAO program
[34] was used to visualize some of the orbitals. In computing average properties, the
same 36 k-point set was used for the experimental Te? ™ net, the D, structure, and
the perfect square net. An 8 k-point set was chosen for the Cs; Te,, calculation [35].
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Table 1. Parameters used in extended Hickel calculations.

Atom Orbital H; (eV) [
H 1s —13.60 1.30
Cs 6s —3.88 1.06
6p —249 1.06
Te Ss —20.80 2.51
Sp —14.80 2.16
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