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A Semiconductor or A One-Dimensional Metal and Superconductor

through Tellurium 5 Stacking**
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Metallic behavior is a well-recognized feature of charge-
transfer compounds that contain oxidized or reduced stacks of
planar m-conjugated molecules. Electronic conduction takes
place in the partially occupied mt bands formed by intermo-
lecular orbital overlap. Some of these materials even exhibit
superconductivity.!! Tetrathiofulvalene—tetracyanoquinome-
thane (TTF-TCNQ) was the first compound with enhanced
conductivity (¢(300 K)=10° Q'm™") owing to the charge
transfer between separate stacks of the TTF cations (charge
donors) and TCNQ anions (charge acceptors). These impres-
sive transport characteristics persist down to about 54 K, at
which temperature the compound undergoes a metal-insu-
lator transition owing to a Peierls distortion.”) In the first
organic superconductor, (TMTSF),PF, (TMTSF =tetra-
methyl-tetraselenafulvalene),” the low-temperature metal—
insulator transition could be suppressed by hydrostatic
pressure. A series of charge-transfer salts, named after
Bechgaard and composed of segregated stacks of planar
TMTSF donors and monovalent anion acceptors with the
general formula (TMTSF),X (X =PF;~, AsF,~, TaF¢~, SbF,~,
NbF,~, ClO,~, or ReO,), has been produced. Transition
temperatures (7,) of 1-2K have been reported for the
Bechgaard salts, with only the X =ClO,” compound showing
superconductivity at ambient pressure.

To date, examples of purely inorganic m systems demon-
strating electronic conduction are quite rare; the intermetallic
compounds BaE; (E =Sn,* Gel**!) show superconductivity
below about 4 K, which is attributed to the interactions in
! [E5)* stacks.
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Herein we present two new main-group salts, Te,[Biy s,Cl,]
(1) and Te,[Bi,74ClL] (2), both exhibiting columnar structures
of square tellurium polycations Te,* >+ alternating with
stacks of chloridobismuthate(IIT) polyhedra (Figure 1). The
electron-precise compound 1 (6 =0) shows the conductivity
characteristics of a semiconductor (estimated band gap

@Bi
@Te
oCl

Figure 1. Sections of the incommensurately modulated structure of 2.
Left: Projection along the ¢ axis. Right: Sequence of chloridobismu-
thate anions and stacks of tellurium polycations.

0.16 eV; 0(300 K) =50 Q~'m™'; Supporting Information, Fig-
ure S1) in a temperature range of 250-330 K, while the
slightly Bi-richer 2 (6 =0.22) is an exceptionally good one-
dimensional metallic conductor at room temperature (o-
(300 K) =0.43x10° Q'm™', depending on the pressure used
to form the polycrystalline pellet). Moreover, 2 undergoes no
Peierls distortion upon cooling but a sharp transition to a
superconducting state at 7.15 K, which is an unprecedentedly
high 7. for a wm-stack conductor at ambient pressure
(Figure 2). The very small difference between field cooling
and zero-field cooling susceptibilities hints at a type I super-
conductor. The bulk character of the superconducting phase
was confirmed by specific heat and further magnetization
measurements.”) Above T,, Pauli paramagnetism superim-
posed by strong diamagnetism is observed. The linear
temperature dependence of the susceptibility even to low
temperature indicates a very low defect concentration
(Supporting Information, Figure S2).

The two compounds were synthesized by different routes.
Compound 1 was obtained by chemical vapor transport
(CVT) at a deposition temperature of 400 K, whereas 2 was
isolated from an ionic liquid (IL) [BMIM]CVAICL
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Figure 2. Temperature dependence of the electrical resistivity of a cold-
pressed bar of 2. Upper inset: magnification of the main curve at low
temperatures. Lower inset: magnetic volume susceptibility of 2 (as
prepared) in an external field ygH=2 mT.

([BMIM]" = 1-n-butyl-3-methylimidazolium) at room tem-
perature. The reactions can be interpreted as the synpropor-
tionation of elemental tellurium and tellurium(IV) to a low-
valent intermediate facilitated by the Lewis acid BiCl;, which
accepts chloride ions from TeCl,. The CVT technique is
nowadays considered to be a conventional method, whereas
the IL-based synthesis is an emerging but extremely fruitful
approach.’”! Further synthetic routes, using various media,
towards semiconducting compounds that contain polycationic
species of tellurium in isolated or polymeric forms have also
been established.”? We have observed by X-ray single-crystal
diffraction and EDX analysis that a specific synthetic setup
results in the reproducible formation of a single-phase
product with a certain Bi content.

The minimal structural differences between 1 and 2
manifest themselves in two types of superstructural ordering.
In both cases, low-intensity satellite reflections indicate
incommensurately modulated structures (Supporting Infor-
mation, Figure S3,S4). The subtle but essential discrepancy
lies in the centering of the superstructure and, of course, in the
significantly different bismuth content. As the crystal quality
of 2 is clearly superior to that of 1, we focus on the room-
temperature structure of 2 in the following: Bi and Cl atoms
form a complex sequence of anions with average composition
[Biy74C1,]""®", while the Te atoms constitute slightly distorted
square polycations, which are stacked ecliptically parallel to
the c axis. In the projection along the c direction, a checker-
board pattern of both structural motives results (Figure 1). In
the course of the occupancy modulation of the Bi atoms, the
positions of the Cl atoms vary markedly, which leads to a
strong modulation of the Bi—Cl distances (Supporting Infor-
mation, Table S5, Figure S5-S8). Along [001], isolated
[BiCl¢]*~ and [Bi,Cl,,]*~ groups form an aperiodic sequence.
The Cl atoms at the edges of neighboring groups define empty
tetrahedra. Similar sequences have been observed in [Bi;Ni],-
[Bi, sBry »s|Br and [PdBig][(Bi,Sn), ,Br, ,]Br.*l From this
perspective, 1 and 2 can be classified “misfit stack com-
pounds”.
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The described modulations provide a degree of freedom
for the Bi content and thereby a variable electron count: the
tellurium stack of 2 is slightly more reduced. Disregarding
electrostatic repulsion, the tellurium polycations are stacked
ecliptically in both compounds; this structural peculiarity can
only be rationalized by assuming attractive forces between
rings that exceed m-stacking interactions known from mainly
uncharged aromatic systems. The competition of intra- and
inter-ring bonding seems to account for decisive changes in
electron conduction.

Square-planar Te,”" polycations are well-known, and
typical bond lengths from 265 to 270 pm have been
reported.”) The chemical bonding in the isolated Te,”*
polycation has been described by bonding MOs composed
of 5p, and 5p, atomic orbitals and an aromatic m-binding
system created by the 5p, orbitals (Figure 3).'"”) In total, a
bond order of 1.25 per Te—Te interaction results. The
calculated electron count in this bonding region (electron
localizability indicator (ELI-D) formalism)!'! yields 1.44
electrons.

Te2* Te;

5p,(+5p,) EA

B
: 5p,{+5p,) B SOMO

HOMO

L) €J -- _y_ -
©) [T
d=273.6 pm d, =264.3 pm
d, =292.3 pm

Figure 3. Semiquantitative energy schemes of the highest occupied
states in the square Te,”" polycation and the equilibrium structure of a
hypothetical Te,*. For complete MO diagrams, see the Supporting
Information, Figure S9.

Because of the modulation, each Te, ring in 1 and 2
deviates individually from D,, symmetry. In 1, the Te—Te
interatomic distances are found in a wide range from 248(3) to
299(3) pm, with an average of 275 pm. In contrast, the bond
lengths in 2 vary only in the narrow range from 274.8(3) to
275.9(3) pm, with an average of 275.3(4) pm (Supporting
Information, Table S5, Figure S7). Thus, apart from the
irregular distortion, an overall lengthening of interatomic
distances can also be stated. The distances between adjacent
rings in the stack range from 328 to 410 pm in 1 and from 351
to 357 pm (average 352.4(1) pm) in 2, which is clearly less
than the sum of the van der Waals radii of 412 pm for Te.'”

In the case of 1, the ionic formula Te,”"[BiyClL]* =
(Te,)s[Bi,Cly,] represents the electron-precise system and
corresponds with the observed semiconducting properties. In
2, the Te,*" polycations are partially reduced (average charge
+1.78). The optimized geometry of a hypothetical isolated
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Te,” has D,, symmetry and represents a rectangle with a
shortened bond along x (264 pm) and an elongated bond
along y (292 pm). The distortion of the molecule comes along
with the splitting of the antibonding 19E;, MO of the Te,*"
into two MOs. One of them (19B,,) is lowered in energy and
becomes the SOMO of the Te," unit (Figure 3). In accordance
with lifted degeneracy of the formerly nonbonding 19E,, MO,
the 7 bonding along the edge x of Te," is enhanced (bonding
ELI-D basin contains 1.57 electrons), whereas bonding along
y is weakened (ELI-D basin population: 0.26 electrons). Such
a dramatic rectangular distortion has been observed in [Et—
Te—Te—Et],>*(CF,S0;"),;"® however, it does not occur in the
room-temperature structure of 2.

The reason is the competition of the intramolecular in-
plane bonding with intermolecular bonding perpendicular to
the molecular plane, which employs the same MOs composed
of 5p, AOs to form the conduction band (Supporting
Information, Figure S10). The band dispersion along the c*
direction (I'-Z) increases when the inter-ring distance
becomes shorter. Below a critical distance, band states
evolving from the LUMO of the undistorted Te,*" ring are
lower in energy than the SOMO of the distorted Te," ring. As
a consequence, additional electrons fill the band states instead
of the in-plane localized states, and the distortion of the
reduced tellurium rings vanishes. In fact, the calculated band
structure (DFT, TB-LMTO-ASA) of 2, that is, the compound
with equidistant and almost square Te, rings, shows bands
formed by TeSp orbitals that cross the Fermi level in the
direction of the eclipsed stacking (Supporting Information,
Figure S10). The entire band structure is the fingerprint of a
one-dimensional metal. Furthermore, co-existence of flat
bands along the '-X-M-T directions (the ab plane) with the
steep bands in the I'-Z direction (along the stacks) is in
accordance with the scenario defined as a prerequisite for
superconductivity by Simon et al.!¥

On the other hand, the calculations suggest (Supporting
Information, Figure S11) that the metallic conductivity along
the ¢ axis can be effectively hindered upon the Te, ring
distortion. Further investigations on the structures and the
physical properties are in progress to verify this preliminary
interpretation. It will be worth doing so in view of the
exceptionally efficient 1D conductivity at room temperature
and the superconductivity with yet unknown mechanism and
much higher 7, than in Bechgaard salts.

Experimental Section

Synthesis by CVT: Te,[Bi,Cl,] (1) was obtained in ca. 10 % yield by
reacting a mixture in the molar ratio of Te, TeCl,, and BiCl; of 5:2:1 in
a fused evacuated glass ampoule (/=120 mm, d=12 mm). The
ampoule was heated in a temperature gradient from 468 K to
403 K. Within a week, air-sensitive golden lustrous needles deposited
at the colder side of the ampoule (Supporting Information, Fig-
ure S12). After prolonged annealing, the crystals of 1 disappear and
the neighboring phases Te,[BisCly], Tes[BiyCly,], and (Te,)(Te)-
[Bi,Cl;s]" are formed. Although the EDX analysis was hampered by
high air- and moisture sensitivity, the compounds 1 and 2 were
distinguishable. Calculated composition of 1 [atom % ]: 46.15 (Te),
7.69 (Bi), 46.16 (Cl); experimental composition (EDX, DSM 940,
Zeiss): 44.91 (Te), 7.70 (Bi), 47.39 (Cl).
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Synthesis in IL: The starting materials were handled in an argon-
filled glove box (M. Braun; p(O,)/p" <1 ppm, p(H,0)/p’ <1 ppm).
Golden lustrous needles of Te,[Bi,74,Cl,] (2) were obtained in high
yield by reacting a stoichiometric mixture of Te (99.999 %, Fluka),
TeCly (99.9%, Strem, twice-sublimated), and BiCl; (Alfa Aesar,
anhydrous, 99.999 %, sublimated three times) in an IL composed of
[BMIM]CI (Merck, 98%) and AICl; (Fluka, anhydrous, 98%,
sublimated three times; molar ratio=1:1.5) in a standard Schlenk
tube (25 mL). The reaction mixture was left to stir overnight at room
temperature and then filtered to remove the unreacted material.
After two days, air-sensitive crystals formed. The excess IL was
decanted in an argon-filled glove box, and single crystals were
separated by washing in dry dichloromethane to remove any traces of
IL. The yield of Te,[Bi,-,Cl,] (2) was 63 %, and the compound was
always exclusively obtained from ionic liquids. Calculated composi-
tion of 2 [atom % ]: 45.77 (Te), 8.46 (Bi), 45.77 (Cl); experimental
composition (EDX, DSM 940, Zeiss): 45.46 (Te), 8.63 (Bi), 45.91 (Cl).

X-ray diffraction of 1: Tetragonal, superspace group X4(00y)q0!®!
with y=0.555; a=1702.35(12), ¢="702.85(5) pm; V=2036.9(2) x
10°pm?®; Z=2; peue=5.24 gem™; imaging-plate diffraction system
IPDS-II (Stoe), graphite-monochromated Moy, radiation (1=
71.073 pm); numerical absorption correction"®  y(Moy,) =
24.5 mm™'; 203613 measured, 21010 unique reflections, R, =0.21,
R,=0.15; structure solution with charge flipping algorithm;!'!! six
harmonic modulation waves for the positional modulation of the Te
atoms four harmonic waves for the positional modulations of the Cl
atoms, composite model with Bi in second composite part W2 = {1000
0100 002-1 001-1} and six harmonic modulation waves for the
positional modulation of the Bi atom and four harmonic waves for
the occupational modulation of the Bi atom; 298 parameters
(Supporting Information, Tables S1 and S2). For all reflections: R,
[4718 F,>30(F,)] =0.103, R(all F,) =0.318, wR,(all F,?) =0.225; for
main reflections: R, [1885 F,>30(F,)]=0.052, R\(all F,)=0.117,
wR,(all F,?) =0.130; for first-order satellites: R, [1309 F, > 30(F,)] =
0.089, R,(all F,)=0.345 wR,(all F.*)=0.212; for second-order
satellites: R, [747 F,>30(F,)]=0.281, R,(all F,)=0.532, wR,(all
F.*)=0.554; GooF = 1.69; residual electron density: approx. —3 to
+4 ex10°pm™ (Supporting Information, Figure S5). Site occu-
pancy factor of Bi: 0.92(1); overall composition: Te,[Bi gs(3)Cls]-

X-ray diffraction of 2: Tetragonal, superspace group
P4in('/, y)go! with y=0.272(1); a=1206.6(2), c=352.4(1) pm;
V=513.02) x 10° pm®; Z=2; pec=5.24 gcm™>; imaging-plate dif-
fraction system IPDS-II (Stoe), graphite-monochromated Mo,
radiation (4=71.073 pm); numerical absorption correction’:¥l
u(Moy,) =248 mm™'; 16420 measured, 1698 unique reflections,
R,=0.112, R,=0.026; structure solution with charge flipping
algorithm;"*! two harmonic modulation waves for the positional
modulation of the Te and Cl atoms, crenel function for occupancy
modulation of the Bi atom; 84 parameters (Supporting Information,
Tables S3 and S4). For all reflections: R, [759 F,>30(F,)]=0.031,
R(all F,)=0.094, wR,(all F,?)=0.070; for main reflections: R, [241
F,>30(F,)] =0.020, R,(all F,)=0.031, wR,(all F,?)=0.048; for first-
order satellites: R; [394 F,>30(F,)]=0.035, Ri(all F,)=0.072,
wRy(all F,?)=0.065; for second-order satellites: R, [124 F,>
30(F,)] =0.073, R,(all F,)=0.308, wR,(all F,?) =0.135; GooF =1.30;
residual electron density: —2.03 to +1.79 e x 10~° pm~>. Site occu-
pancy factor of Bi: 0.370(1); overall composition: Te,[Biy7491)CLy]-

Further details on the crystal structure investigations may be
obtained from the Fachinformationszentrum Karlsruhe, 76344 Eggen-
stein-Leopoldshafen, Germany (fax: (+49)7247-808-666; e-mail:
crysdata@fiz-karlsruhe.de), on quoting the depository numbers
CSD-424162 (1) and CSD-424133 (2).
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For the quantum chemical calculations, see the Supporting
Information.
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