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ABSTRACT: The reaction of elemental Mn, Fe, and Zn with Te in liquid
ammonia at 50 °C leads to the polytellurides [Mn(NH;)s]Te, (1), [Fe(NH;)4]-
Te,NH; (2), and [Zn(NH;),],Te;s (3) in quantitative yield for 1 and 3, and in
30—50% vyield for 2. The compounds form black crystals, which are air sensitive
and easily lose ammonia without a protective atmosphere of NH;. Compound 3 is
semiconducting with a thermal activation energy of 1.2 eV. In the crystal
structures of 1 and 2, tetratelluride anions Te,” in gauche conformation with
dihedral angles around 90° are present, which are linked to form infinite spiral
chains. Compound 3 contains an unusual Te,s* polyanion in the form of a bent
chain Te,—Te—Te,. The connection between the Te, groups in 1 and 2 and the
two Te, groups in 3 is achieved via linear Te; entities, which are strongly
asymmetric in 1, almost symmetric in 2, and symmetric in 3 (for 1, Te—Te--Te

174.0°, d; = 2.87, d, = 3.25 A; for 2, Te—Te—Te 178.8°, d, = 3.01, d, = 3.09 A; for

3, Te—Te—Te 180°, d, = d, = 3.06 A). Periodic DFT calculations show that interaction between the Te,* units is negligible in 1
and weak but undoubtedly present in 2. The overlap population amounts to 0.09 in the linear Te; group of 3. The band structure
calculation of 3 gives semiconducting behavior with a band gap of 1.5 eV in fair agreement with experimental data.

B INTRODUCTION

Polytellurides show a larﬁe variability of Te—Te covalent and
noncovalent interactions, which makes the structural chemistry
of these compounds interesting from a theoretical point of
view. Tellurium-rich compounds find application as fast-ion
conductors,” phase-change materials,” and thermoelectrics.*
Therefore, syntheses as well as structural, theoretical, and
physical studies of novel polytellurides are still in the focus of
actual research work. According to the basic Zintl rules, a
chalcogen polyanion is expected to contain single and 2-fold
coordinated atoms in a ratio reflecting directly the overall
charge of the ion. All atoms with coordination number two are
formally neutral, and every singly coordinated chalcogen atom
carries one negative charge. These simple rules are, however,
often broken. For the heavier chalcogens, multicenter bonding
is claimed to be responsible for more complicated structures.
This holds especially for tellurium as a Sth period element.
Higher coordination numbers beyond two are a generally
observed structural feature in the structures of tellurium
polyanions.

Common methods for the synthesis of polychalcogenides are
high-temperature techniques, ammonothermal reactions, sol-
vothermal reactions in CH;OH and chelating amines at around
200 °C, or electrochemical syntheses.” Disadvantages of these
methods are harsh reaction conditions or complicated
experimental techniques.

Here we report a new “soft” synthetic way toward
polytellurides of less-noble metals: low-temperature solvother-
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mal synthesis in liquid ammonia from the elements. Although
syntheses of metal chalcogenides in liquid ammonia at ambient
temperatures have already been performed,® only the formation
of binary phases with already known compositions was
reported. In contrast, the new method allows for the synthesis
of definite crystalline polytellurides with more complicated
structures at temperatures slightly above room temperature.
Thick walled glass ampules can withstand the internal vapor
pressure of liquid NHj, allowing researchers to perform the
ammonothermal reactions with normal laboratory equipment.

B EXPERIMENTAL SECTION

Caution: Glass ampules filled with liquid ammonia contain a high
internal pressure, especially when heated. Heating may be performed only
with precautions against injuries in case of explosion.

Materials and Instruments. EDX measurements were performed
with a scanning electron microscope/energy dispersive X-ray analyzer
DSM 940 (Zeiss)/Genesis 2000 (Ametek). Conductivity measure-
ments were performed by the two probe technique on compressed
pellets. TG-DTA analyses were performed using a thermoanalyzer
STA429 (Netzsch), and ICP analyses were performed after dissolution
of the samples in nitric acid using an IRIS Avantage OES (Thermo
Jarrel Ash).

General Synthetic Procedures and Materials. All chemicals
(powdered zinc, manganese, iron, and tellurium, MnCl,, FeCl,-4H,0,
ZnCl,, ammonia) were commercially available and used without
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additional pretreatment. For the syntheses, thick walled glass ampules
(inner diameter S mm, wall thickness 3.5 mm, length 6—8 cm)
carrying a glass joint were used. The ampules were loaded with the
respective metal powder, Te powder, and metal dichloride. With the
use of a gas torch the glass tube in the upper part of the ampule was
heated and on softening of the glass drawn to a thin capillary. The as-
prepared ampule was then connected to a combined vacuum/NH;
line. After evacuation, gaseous NH; was allowed to enter. External
cooling of the ampule with liquid nitrogen caused the ammonia to
freeze inside the ampule. After a sufficient amount of NH; had
condensed, the ampule was closed by melting at the tapering position
using a gas torch. This technique ensures the pressure resistance of the
ampules since a sufficient wall thickness at the closing tip is assured.
Heating was performed in an oven with the ampule in horizontal
position. To isolate the product after the reactions, the content of the
ampules was frozen with liquid nitrogen, and after scoring by a glass-
cutter, the ampules were broken manually and the crystals poured into
perfluorinated oil.

[Mn(NHs)4]Te, (1). Mn (7 mg, 0.125 mmol), Te (64 mg, 0.5 mmol),
and MnCl, (21 mg, 0.17 mmol) were heated in liquid ammonia (0.3—
0.5 mL) at S0 °C for 4 weeks. Compound 1 precipitates as black
crystals with metallic luster in virtually quantitative yield.

[Fe(NH3)s]Te,NH; (2). Fe (7 mg, 0.125 mmol), Te (64 mg, 0.5
mmol), and FeCl,-4H,0 (33 mg, 0.17 mmol) were heated in liquid
ammonia (0.3—0.5 mL) at SO °C for 4 weeks. Compound 2 forms
black crystals, which were obtained in 30—50% yield.

[Zn(NH3),J;Te;s (3). Zn (22 mg, 0.33 mmol), Te (320 mg, 2.5
mmol), and ZnCl, (23 mg, 0,17 mmol) were heated in liquid
ammonia (0.3—0.5 mL) at 50 °C for 2 weeks. Black crystals of 3 in
millimeter size are formed in virtually quantitative yield.

Crystal Structure Determinations. Crystals of 1, 2, and 3 are
sensitive toward the loss of ammonia and sufficiently stable at room
temperature for a short time but only when protected from air.
Therefore single crystals were selected while covered with
perfluorinated oil at ambient temperature and then transferred into
the cold nitrogen stream of the crystal cooling device of a Bruker-
Nonius Kappa-CCD diffractometer equipped with graphite mono-
chromatized Mo Ka radiation. Data collections were performed at
—150(2) °C (123(2) K). Crystal systems, lattice types, and the space
groups were derived from simulated precession photographs. The
crystal structures were solved by direct methods’ and refined on the
basis of full-matrix least-squares on F* with the SHELX-97 program
suite.® An analytical absorption correction was applied for 1 and 2
while multiscan absorption correction was performed for 3. All non-
hydrogen atoms were refined with anisotropic displacement
coeflicients. The hydrogen atoms of the NH; groups were placed in
geometrically calculated positions and refined using constraints. X-ray
crystallographic data and refinement details for all compounds are
summarized in Table 1. Further details of the crystal structure
investigations may be obtained from Fachinformationszentrum
Karlsruhe, Germany (crysdata@fiz-karlsruhe.de), on quoting the
CSD numbers CSD-425410 for 1, CSD-425409 for 2, and CSD-
425411 for 3.

B RESULTS AND DISCUSSION

Synthesis and Properties. At temperatures slightly above
room temperature, liquid ammonia turned out to be a suitable
solvent for the synthesis of metal polytellurides. Metals with
low oxidation potentials are oxidized by elemental tellurium
under mild conditions and form the respective ammine
complexes. So far, the reactions succeeded with Zn, Mn, and
Fe, leading to the cationic complexes [Zn(NH;),]**, [Mn-
(NH;)s]**, and [Fe(NH,)s]** with elemental tellurium
converted into different kinds of polytelluride anions. [Mn-
(NH;3)]Te, (1), [Fe(NH;)s]TeyNH; (2), and [Zn-
(NH,),],Te;s (3) are selectively formed at SO °C as pure
phases and precipitate out of the solutions in almost
quantitative yield for 1 and 3 and in 30—50% yield for 2.
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Table 1. Crystallograhic Data and Details of Structure
Determination for [Mn(NH;)s]Te, (1), [Fe(NH;)¢]Te, NH,
(2), and [Zn(NH,),],Teys (3)

1 2 3
formula H;sMnN,Te,  H,FeN,Te,  H,,NgTe;sZn,
M,/g mol™ 667.54 685.49 2181.02
space group P2,/n P2,/c P2,/c
a/A 8.8101(1) 7.4165(1) 9.6837(6)
b/A 18.0435(2) 14.9666(1) 12.7783(11)
/A 9.6930(1) 15.6257(1)  13.1960(8)
B/deg 97.968(1) 112.8500(4)  96.053(4)

v /A3 1525.97(3) 159834 (3)  1623.8(2)

V4 4 4 2

reflns (I > 26(I)) 5403 3376 6014

refined params 107 125 120
0.034/0.065 0.022/0.052 0.027/0.048

R(F)/wR(F*) (F, >
40(F,))

o.

The reaction rates mirror the different activities of the metals.
With Zn, a complete conversion to the polytelluride is achieved
within two weeks. Mn needs four weeks for a complete
conversion, and for Fe even after this prolonged reaction time
conversion is incomplete. The addition of the respective metal
chlorides to the reaction mixture of metal and Te was found to
be advantageous, as the reaction rates and the quality of crystals
were enhanced. However, compounds 1—3 can also be
obtained in absence of these salts. The reactions are not
sensitive to maintaining the exact metal: tellurium ratio. Only
by using a very large excess of one component, e.g., a 10-fold
excess of Zn metal for 3 or by largely prolonged reaction times
for 2 and 3, are the black crystals of the initially formed
polytellurides converted to unidentified gray powders. It was
found that 1, 2, and 3 may also be synthesized using the
respective metal monotelluride and elemental tellurium as
starting compounds.

All three compounds are black and show different stabilities.
Due to the incorporated ammonia, 2 is the most sensitive
compound and decomposes immediately on exposure to air.
Crystals of [Fe(NH,)¢]Te,; NH; (2) can only be kept for a few
hours outside the reaction ampule under in polyfluorinated oil
due to easy loss of NH; and oxidation. EDX analysis of the
residue left after decomposition shows Fe:Te = 1:3 atomic
ratio, which is in agreement with the formula of 2 in the range
of experimental error. Crystals of [Mn(NH;)4]Te, (1) can be
kept for some weeks under a protective layer of perfluorinated
oil, preserving them from decomposition. EDX analysis of the
residue after decomposition in air gave a Mn:Te = 1:4 atomic
ratio. The crystals of [Zn(NH,),],Te s (3) are the most stable
of the series and can be kept in air at room temperature for a
few days, but they also slowly lose ammonia. Covered with
polyfluorinated oil, the crystals of 3 are stable for some weeks.
They are insoluble in and inert to water and can be washed
with an aqueous solution of NH; (25%), ethanol, and acetone.
On slight heating to 50 °C the crystals keep their shape, but the
faces turn dull. EDX analysis of this residue gave a Zn:Te
atomic ratio of 1:5.5. ICP analysis of undecomposed material
gave Zn 5.2%, Te 90.7%; calcd Zn 6.0%, Te 87.8% (mass).
Both results are in agreement with the formula of 3 in the range
of experimental error.

Our experiments indicate that polytellurides of other 3d
metals cannot be obtained by the proposed method. This may
be explained either by the low stability of ammonia complexes
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with metal in low oxidation state, or, on the other hand, by the
high oxidation potential of some metals (Co, Ni, Cu), which
make the reduction of Te impossible under the experimental
conditions. The metal successfully used in this type of reactions
must form sufficiently stable ammine complexes and have an
oxidation potential low enough to react with the relatively weak
oxidant elemental tellurium. So far, only Zn, Mn, and Fe match
these criteria.

Crystal Structures. In the structure of [Mn(NH;)]Te,
(1), all atoms are located in general crystallographic positions
(Figure 1). The space group was chosen in the non-standard

Te3

Figure 1. Unit cell of [Mn(NH,)]Te, in a perspective view along the
a axis (top) and a section of the (Te,>), spiral chains (bottom).
[Mn(NH,)s]** ions are depicted as transparent octahedra, and
hydrogen atoms are omitted. The broken lines indicate secondary
Te—Te interactions between (Te,”), strands. The Te—Te bond
lengths are given in A. Thermal ellipsoids are scaled to include a
probability of 90%. Symmetry operators refer to I = —1 +x,y,z; I =1
+ %9, 2

setting P2, /n for the reason of a convenient monoclinic angle .
The structure of 1 is built of separated Te,” anions with Te—
Te distances within the chain in the range 2.7473(3)—
2.8659(4) A, indicating single covalent bonding. The Te,
chain is in gauche conformation with a Tel—Te2—Te3—Te4
dihedral angle of 99.9°. Applying the basic valence rules, the
charge “—1” is located on both terminal one-fold coordinated
atoms Tel and Te4. However, while Tel—Te2 and Te2—Te3
bond lengths are almost identical, Te3—Te4 is 11 pm longer,
which may be caused by secondary Te:-Te interactions in the
structure. There is a relatively short noncovalent interaction
Tel—Te4 with a distance of 3.2460(4) A between neighboring
Te,” anions, which is comparable to those found in
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[Mn(en);]Te,’ interpreted as forming infinite polyanionic
chains. Longer Te--Te secondary interactions between the
chains are observed in the structure of 1 with the distances
3.6069(3) and 3.6149(3) A (Te3—Te3’ and Te2—Te2/,
respectively). Taking into account all Te--Te covalent and
noncovalent interactions shorter than the sum of van der Waals
radii for two Te atoms (approximately 4.1 A), compound 1
represents a 2D polymeric anion structure.

The cationic complex [Mn(NH;)s]** shows a slightly
distorted octahedral coordination of the central atom with
Mn—N distances in the range 2.243(3)—2.319(4) A. The so far
structurally characterized [Mn(NH;)q]** ions show Mn—N
bonds in the same region between 2.25 and 2.31 A The
orientation of the NH; ligands implies some H-bonding
interaction between cations and anions (shortest distance:
d(TeH) = 2.8439(2) A with N—H--Te 160.2(2)°, d(N—Te)
= 3.694(3) A).

In the structure of [Fe(NH,)¢]Te, NH; (2) all atoms are
located in general crystallographic positions. The unit cell
contains analogous building units as the structure of 1, ie,
octahedral [Fe(NH;)¢]** complexes and polytelluride anions.
Additionally, discrete NH; solvate molecules are embedded in
the unit cell (Figure 2). Like in the structure of 1, the Te, chain
takes a gauche conformation with a dihedral angle of 94.8°.
Compound 2 is formally a tetratelluride, but the uniqueness of
this compound is that it does not contain discrete,
discriminable Te,” anions. Instead, the individual Te, groups

Figure 2. Unit cell of [Fe(NH;)4]Te, NH; in a view along the [101]
direction (top) and a section of the (Te,*), spiral chain (bottom).
[Fe(NH,)4]** ions are depicted as transparent octahedra. The broken
lines indicate secondary Te---Te interactions between (Te,>), strands
(3.606 A). The Te—Te bond lengths are given in A. Thermal ellipsoids
are scaled to include a probability of 90%. Symmetry operators refer to
I=1+%05—-9»05+z1I=-1+x0S5-y —0S+z
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come in close contact and form 1D polymeric chains (Te,>),.
Te—Te single bond lengths are observed for Tel—Te2 and
Te2—Te3 (2.7501(3) and 2.7695(3) A, respectively). The
atoms Te4 are linearly coordinated with two almost equal
bonds, Te3—Te4 with 3.0914(3) A and Tel—Te4’' with
3.0063(3) A. The bond lengths suggest three-center—four-
electron bonds with a Te—Te bond order of 0.5 and the charge
“—0.5" on Te3 and Tel atoms and “—1” on Te4, respectively.
The average Te—Te distance inside the polyanionic chain is
291 A and is definitely longer than in elemental Te (average
2.83 A), also indicating that the Te—Te bond order is in
average less than 1. The shortest and only present secondary
noncovalent interaction between the chains is Tel--Te3 with a
distance of 3.6058(4) A connecting the chains to a 2D layered
motif.

The cation [Fe(NH,;)¢]** shows a slightly distorted
octahedral coordination of the central atom with Fe—N
distances in the range 2.183(3)—2.240(2) A with weak H-
bonding interactions between cations and anions (shortest
d(Te-~-H) = 2.8752(2) A, angle N—H--Te 165.9(2)°,
d(N--Te) = 3.745(3) A). The [Fe(NH;)¢]>" complex has
only been rarely characterized."" The so far observed Fe—N
bonds between 2.21 and 2.23 A are in accordance with the Fe—
N bond lengths found in the structure of 2.

The comparison of the two closely related crystal structures
of 1 and 2 shows as the predominant common feature the
specific interaction between the tetratelluride chains. The Te,>
ions in both structures, in gauche conformation with dihedral
angles close to 90°, are arranged to form infinite spiral chains.
Formally, the Te atoms at the end of a polytelluride chain carry
the negative charges. The bonding interaction outweighs the
electrostatic repulsion. In both structures, an almost linear Te,
fragment is present at the junction, which may be interpreted as
multicenter bonding. In the structure of 1, the Te; group is
strongly asymmetric, while in the structure of 2 this group is
almost symmetric, since the two Te—Te bonds differ by less
than 0.1 A. One-dimensional polymeric chains are a known
feature in polytelluride chemistry and are found in the
structures of other polytellurides such as In,Tes,'* T1,Te,,"
LiTe;,'* Cs,Te;,"> and Rb,Te.'® Secondary Te--Te inter-
actions connect the polytelluride chains to 2D polyanionic
layers, which was previously observed for tetratellurides only in
the structure of [TMDH]Te,."” This linking gives 1 and 2
similarities to other polytellurides like ZrTe;'® or M'Ln""Te,."?
It is worth noting that the homoleptic hexammine complexes
[Mn(NH;)¢]** and [Fe(NH,)s]** as present in 1 and 2 are
rarely found and apparently formed only in liquid ammonia.*’

The structure of [Zn(NH,),],Te;s (3) is dominated by a
complicated and unprecedented polytellurium anion Te;s*
(Figure 3). Related polytellurides with similar structural
features are NaTe,>" which contains a Tes* anion, [MTe,]"
anions,”> and Ba,SnTe;>® However, the structure of 3
completely differs from the known polytellurides with Zn—
amine complexes as cations.

The interpretation of the structure of the polytelluride anion
in 3 depends mainly on the limits up to which Te—Te bonding
is considered. Several distances in the single bond region
between 2.7567(4) and 2.8615(4) A are present between the
atoms Tel and Te7. Te8 plays a special role. In contrast to the
other Te atoms, it is located in an inversion center and linearly
coordinated. The two respective bond lengths Te7—Te8 are
equal and amount to 3.0606(3) A. If Te—Te bonds up to 3.1 A
are considered, the overall structure of the Te,s* anion is a long
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Tel Te5' Te6' Te?

Te?'

513.390
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Figure 3. Unit cell of [Zn(NH;),],Tes in a view along the b axis
(top), the Te;s* anion (middle), and the connection of the Te;s"
anions by secondary Te—Te interactions (broken lines, bottom).
[Zn(NH;),]** ions are depicted as transparent tetrahedra. The Te—Te
bond lengths are given in angstroms. Thermal ellipsoids are scaled to
include a probability of 90%. Symmetry operators refer to I = —x, 1 - y,
-z ll==1+xyzIl=1-x1-y,—2zIV=2-—x1-y,1—=z

bent chain of 15 Te atoms. As in the structure of 2, a three-
center bond may be assumed with bond orders Te7—Te8/
Te7'—Te8 of 0.5 and the charges “—1” on Te8, “—0.5” on both
Te7 atoms, and “—1” located on both terminal atoms Tel and
Tel’, giving the overall charge of —4 for the chain in
accordance with the valence rules. The average Te—Te distance
within the Te;s* anion is 2.84 A, which is slightly longer than in
elemental Te, indicating that not all Te—Te bonds within the
chain are single bonds.

There is a wide spectrum of additional secondary non-
covalent Te--Te interactions in 3, which are shorter than the
sum of van der Waals radii for Te, and all Te atoms are
involved in secondary bonding. The most interesting is the
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Te8:--Te4 interaction with a distance of 3.3121(3) A. Te8 gains
a distorted square planar coordination (Te8(Te7),(Te4),).
The distance between Tel and Te5 is 3.4626(4) A, which leads
to the formation of a five-membered Te; ring within the entire
Te,s chain. Taking into account all secondary interactions with
Te—Te distances up to 3.56 A finally leads to a 3D polyanionic
structure of connected Te atoms with large holes, in which the
[Zn(NH;),]** cations are embedded.

The cationic complex [Zn(NH;),]** is of almost undistorted
tetrahedral shape with Zn—N bond lengths in the range
2.010(3)—2.023(4) A. [Zn(NH;),]** is a widely known
complex.”® The tetrahedral symmetry is generally barely
distorted. Zn—N bonds are found between 1.99 and 2.05 A,
which is in line with the bonds found here. Weak hydrogen
bonding between cations and anions is indicated by the Te---H
distances (shortest d(Te--H) = 2.8101(3) A, angle N—H--Te
173.2(2)°, d(Te--N) = 3.695(4) A).

Physical Properties of [Zn(NH;),],Te;s. As 3 is relatively
stable at normal conditions, its thermal behavior and electrical
conducting properties could be examined. TG-DTA (24—300
°C, 5 °C/min) analysis of 3 shows two steps of endothermic
mass loss, 1.39% at 62.7 °C and 4.42% at 136.2 °C, adding up
to a total mass loss of 5.81%. This can be straightforwardly
interpreted as loss of ammonia in two steps of one molecule
and three molecules of NH;, respectively. The calculated mass
of ammonia in 3 amounts to 6.24%. The only crystalline
product after thermal decomposition is Te, as identified by X-
ray powder diffraction. Measurement of electrical resistance
against temperature for 3 in the interval 223—255 K shows
exponentially decreasing resistivity (R) with the rise of
temperature (T) (Figure S4a). The Arrhenius plot In(R) =
AT™") is linear, which is typical for semiconducting behavior
(Figure S4b). From the slope of this function the activation
energy for the thermal electron transport was obtained as 1.2
eV.

Electronic Structure Calculations. In order to analyze the
bonding situation in the polytellurides the three systems were
investigated theoretically at density functional theory (DFT)
level. The hybrid functional PW1PW,** which has been
successfully employed for the study of electronic properties
of thianthrene hexafluorophosphate, was used.”” All calculations
were performed with the crystalline orbital program package
CRYSTAL09.*® The atomic basis sets were optimized in
preliminary calculations for the monoammines of the metals
with respect to the binding energies and geometries obtained
from CCSD(T)/TZVP calculations by George et al” An
effective core potential combined with a 28 valence-electron
basis set of VDZ® quality was chosen for tellurium. For
compound 1 the basis sets for H (3-1p1G), N (6-21G*) were
taken from the CRYSTAL website,>" and for Mn the recently
developed pob-TZVP basis was used.>> For compound 2 the
iron basis set is pob-TZVP32 and for H 3>-lplG,31 N 6-
31d1G.*' For 3 the zinc basis is 86-411d41G, the H basis is S-
11G*, and the N basis is 6-21G*.*" The Monkhorst—Pack grid
was set to 4 X 4 X 4; the integral tolerance parameters were set
to 777714

The magnetic structure was investigated with unrestricted
Kohn—Sham (UKS) calculations with all functionals mentioned
above. Geometry relaxation in the case of the Mn compound
and single point calculations of the Fe compound in both the
high- and low-spin state have shown that the high-spin state is
energetically preferred. This is in accordance with ligand field
theory as ammonia is a weak ligand.
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A Mulliken Population Analysis (MPA) was used to
investigate the electronic structure of the compounds in
terms of atomic charges and bond orders calculated as overlap
population (OP). In the case of manganese(II) polytelluride 1
the MPA is not fully in accordance with the basic valence rules,
but indeed the negative charge is much more localized on Tel
(—0.58) and Te4 (—0.59) compared to Te2 (—0.18) and Te3
(—0.33). Taking into account that the OP between Te4 and
Tel is only 0.01, whereas the OP between, e.g.,, Tel and Te2 is
about 0.26, the assumption can be made that the Te,* units are
rather isolated and do not interact by a chemical bond between
Te4 and Tel, as anticipated.

In the case of iron(II) tetratelluride 2 the localization of the
negative charge is less pronounced. Again, the terminal Tel and
Te4 atoms carry the highest charge (Tel —0.39, Te4 —0.61),
but the difference to the other tellurium atoms (Te2 —0.27,
Te3 —0.43) is smaller than in the case of the manganese(II)
compound. In addition the OP between Te3 and Te4 and
between Te4 and Tel is similar (Te3—Te4 0.05, Te4—Tel
0.07). We conclude that the tetratelluride units are connected
via an at least partly covalent Te4—Tel interaction that also
weakens the Te3—Te4 bond.

In zinc(II) polytelluride 3 the negative charge is to a large
extent localized on Tel (—0.4S), Te7 (—0.32), and Te8
(—0.40). Te4 is almost neutral, whereas the charge on Te2,
Te3, TeS, and Teb6 varies from —0.12 to —0.22. This indicates
the presence of two Te; anionic chains connected by Te8. The
number of possible interactions between the tellurium atoms is
much larger than in the other compounds. From all the
possibilities discussed in the Experimental Section, only one
interaction could be identified using the OP. Only the Te7—
Te8 (and Te7'—Te8) pairs showed a non-negligible OP of
0.09. The other OPs (Te4—Te8 0.03, Te2—Te2’ 0.00) are too
small to be interpretable as covalent interactions. This is in
accordance with the above finding based on the MPA.

Band structure calculations were performed in order to reveal
the conducting or insulating nature of the compounds. In all
three cases an insulating behavior was found with an indirect
fundamental band gap. While the band gap for the manganese-
() compound 1 was at about 1.9 eV, the iron(1I) telluride 2
had a band gap of only 1.6 eV. The slightly smaller electronic
band gap indicates a tendency to charge delocalization which is
in agreement with the observation based on the MPA that
[Mn(NH,)¢]Te, has rather distinct telluride units while the
Te,” chains in the iron(Il) tetratelluride are interacting via
(weak) bonds. Also, the zinc(II) telluride 3 turned out to be an
insulator with an indirect fundamental band gap of 1.4 eV and a
direct band gap of 1.54 eV at I point. That this band gap is
smaller than in the cases of the Te,” compounds is easily
explained, as the electrons are delocalized over 7, or, taking the
possible connection into account, 15 tellurium atoms. The
absolute value is in reasonable agreement with the measured
activation energy of 1.2 eV (vide supra). The calculated band
structure for the zinc(Il) compound is shown in Figure 4.

In order to further analyze the chemical bonding in the
compounds, we calculated the total electronic density. For
better visualization, the electronic density was projected on
planes containing Te—Te or Te—H bonds.

In the manganese(1I) telluride 1 the electron density is larger
between Te3 and Te4 than between Te4 and Tel as can be
seen from Figure Sa. The density ranges from 0.1 to 0.0001 e/
au’ in a linear scale. In the density map a bonding interaction
between Te3 and Te4 can also be seen, as the density increases
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Figure 4. Calculated band structure (PW1PW) of [Zn(NH,),]Te s in
the HOCO—LUCO region.

Figure 5. Electron density maps (calculated with PW1PW) of (a)
[Mn(NH;)s]NH;, (b) [Fe(NH;)s]Te,NHs, and (c) [Zn(NH,),]-
Te,s; the numbering of the Te atoms corresponds that of to Figures
1-3. Regions of high density are shown in red (0.1 e/au®), blue
indicates a small density (0.0001 e/au®), and white corresponds to a
value of 0.05 e/au’.

between the two nuclei. Since the electron density of Te4 does
not show significant polarization in the direction of H11, the
N—H:--Te hydrogen bonding effects in the structure are small.

In the case of the iron(II) telluride 2 the difference in the
electron density between Te3—Te4 and Te4—Tel is much
smaller than in the manganese(II) case. This similarity of the
binding is in accordance with the previous analyses based on
MPA and band structure. Similar to compound 1, the
polarization of Te4 toward HIl is not very pronounced
indicating only weak hydrogen bonding.
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The electron density maps for the zinc(II) telluride 3 show
only interactions between Te7 and Te8. All other interactions
between Te4—Te8, Te2—Te2', and the possible hydrogen
bonds are not significant. Due to the fact that Te8 is positioned
in an inversion center, the interactions to Te7 and Te7’ are
identical.

However, the electron density is smaller than between other
neighboring tellurium atoms in the Te, chains.

B CONCLUSIONS

Low temperature solvothermal synthesis in liquid ammonia
turned out to be a very promising way toward novel
polyanionic compounds. As a key advantage, the method
allows for gentle experimental conditions with heating only up
to S0 °C. Large structural blocks of the tellurium element
structure are preserved from thermal desintegration during the
synthesis. Additionally, the method is experimentally simple.
Definite, crystalline, and pure phases of novel 3d metal
polytellurides [Mn(NH;)¢]Te, (1), [Fe(NH;)q]Te, NH; (2),
and [Zn(NH;),],Te,s (3) were obtained and crystallo-
graphically investigated. According to our knowledge, 3
represents the first example of a Te ;" anion and is found to
behave as a small-gap semiconductor. All three compounds
show the large variability of Te—Te covalent and noncovalent
bonding interactions, which is typical for tellurium-rich
tellurides. Besides the normal Te—Te bonds (Te—Te < 3.0
A), Te—Te distances up to 3.8 A correspond to weak bonding
interactions. Large variability of these secondary interactions in
1, 2, and 3 causes high dimensionality of the polyanionic
networks. A theoretical bonding analysis based on the Mulliken
Population Analysis of the wave function obtained from
periodic hybrid density functional calculations reveals the
presence of isolated Te,” chains in 1, weakly interconnected
Te,> chains in 2, and anionic Te, chains connected via Te8 in
3. Hydrogen bonds are expected to play only a minor role in all
three compounds.

B ASSOCIATED CONTENT
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Thermal ellipsoid plots of all cationic ammine complexes, TG-
DTA curves for 3, and plots of electrical resistivity vs
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the Internet at http://pubs.acs.org.
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