SHORT COMMUNICATION

(Agl),Tegs and (Agl),Seqs: New Composite Materials with Cyclic Teg and Seq
Molecules Stabilized in the “Solid Solvent” Agl

Hans-J. Deiseroth,*!2l Michael Wagener,!?l and Elmar Neumann!?!

Dedicated to Prof. Dr. H. Oppermann on the occasion of his 70th birthday

Keywords: Composite materials / Cyclic hexaselenium / Cyclic hexatellurium / Solid solvent silver iodide / Selenium /

Tellurium

The new deeply colored solids (Agl),Tes and (Agl),Ses are
obtained under hydrothermal conditions in hydroiodic acid.
They contain molecules of cyclic hexatellurium and hexa-
selenium (Tes, Seg, respectively, both chair conformations)
stabilized in a matrix of Agl. Whereas Ses molecules are well
known as isolated species in rhombohedral selenium, Teg
molecules are not known to exist in any modification of that

element. They can be stabilized only in an appropriate “solid
solvent” like Agl. To date, the new compound (Agl),Teg is
the second example only of a composite material containing
cyclic Teg molecules [the first example is RegTe;(¢Clg(Teg)].

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2004)

Introduction

The stabilization of unusual molecules of group 15 and
16 elements in composite materials based on a matrix of
solid Cul has been generally known for about 30 years.[!]
In particular, those molecules that do not exist as free mol-
ecules in one of the known element modifications of the
respective group 15 or 16 element have attracted great atten-
tion in the past (for example see ref.”l). Among others, the
scientific interest in the field of those materials is focused
on the chemical bonding nature in “nonexistent”” molecules
of, for example, phosphorusl®! as potential candidates for a
suitable stabilizing matrix. The possibility of isolating the
molecules from the solid composite by either dissolving the
Cul matrix in a suitable liquid or vice versa is another area
of interest. The only known example in which Agl serves
as a “solid solvent” instead of Cul is AglTel! with a Te..
SCrew.

In the course of a sequence of hydrothermal syntheses
under strongly acidic conditions (concentrated hydroiodic
acid) aiming to form new argyrodites (argyrodite: AggsGeSg)
with improved silver ionic conduction by systematic substi-
tution of S with Se/Te and/or halides,[®) we repeatedly ob-
tained deeply colored by-products of initially unknown
chemical character. Analytical scanning electron mi-
croscopy, in combination with X-ray investigations, re-
vealed the unexpected formation of the two new com-
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pounds (Agl),Tes (= AglTe;) and (Agl),Ses (= AglSes)
with cyclic Teg and Seq molecules (chair conformation) that
are embedded in a matrix of Agl. Although we have not
been able to produce the title compounds without any con-
taminants, we decided to publish our preliminary results.
The reason for this is that it was explicitly stated in ref.”)
that (Agl),Chg (Ch: Se, Te) should not exist. Furthermore,
to the best of our knowledge, (Agl),Tes is only the second
literature example of cyclic Teq, which, in contrast to Seg,
is not known to exist in one of the elemental modifications
of tellurium.

Results and Discussion

Both title compounds crystallize isotypically to CuBrSe;[®!
but not to CulSe;,? although the latter was claimed to be
more likely in a former paper.['”) The difference between
CuBrSe; and CulSe; is related to the stacking and coordi-
nation of the cyclic Seq molecules only, but not to the mo-
lecular structure of Seg.

To date, (Agl),Tes and (Agl),Ses can only be obtained as
components of hydrothermal reaction products containing
at least two phases. Because of the characteristic color and
morphology of the crystalline samples, it is possible to sep-
arate them mechanically under the light microscope. Typi-
cally single crystals of the tellurium compound show a sig-
nificantly better quality for structure determinations than
those of the selenium compound. The latter crystals are un-
fortunately characterized by extended intergrowth. On the
other hand, an excellent X-ray powder diagram can only be
obtained for the selenium compound (Figure 1). It is for
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Figure 1. X-ray powder diagram for (Agl),Ses (Cu-K,;, Siemens
D5000) relative to a calculated pattern based on single crystal data
(*: a-Se)

this reason that we restrict the subsequent structure dis-
cussion involving structural details of (Agl),Seq (e.g. bond
lengths) to reasonably rounded values. Table 1 contains a
summary of all relevant X-ray data for (Agl),Tes and
(Agl),Seq, whereas in Table 2 and 3 the atomic coordinates
and relevant interatomic distances are given.

The structure projection of (Agl),Teys (Figure 2), which is
representative for (Agl),Ses also, clearly shows the com-
posite character of this material with respect to the Tey/Seq
units embedded in a matrix of Agl. The silver and iodine
atoms form zigzag chains along [001] that are separated by
Teg units. In addition to the two iodine atoms, each silver
atom is coordinated by two tellurium/selenium atoms from

Table 2. Atomic coordinates, Wyckoff notations and equivalent iso-
tropic displacement parameters U, /10* pm? for AglSe; and Ag-
ITe; (second line); U, is defined as one third of the trace of the
orthogonalized Uy tensor; s.o.f. = 1

Atom  Wyckoff X y z Ugq
Ag 4g 0.75 0.75015(5) 0.25 0.0420(5)
0.75 0.7057(3)  0.25 0.0333(2)
Sel 4h 0.5 0.6023(5)  0.2401(2)  0.0291(5)
Tel 0.5 0.6324(2)  0.21725(6) 0.0218(2)
Se2 8i 0.61862(8) 0.3710(3)  0.3749(3)  0.0275(4)
Te2 0.62483(2) 0.35589(8) 0.36338(5) 0.0176(2)
I 4e 0.66265(8) 1 0.0338(4)
0.67345(3) 1 0 0.0228(2)

Table 3. Selected interatomic distances d [pm] for AgIChs

AglSe; AglTe,

Ag Se/Te2 (2 X) 268.6(2) 279.7(1)
12 X%) 279.9(1) 288.9(1)

Se/Tel Se/Te2 234.6(2) 272.9(1)
Se/Te2 Se/Te2 238.1(2) 276.0(1)

different Teys/Seq units that are stacked along [010], such
that each Ag has a total coordination number of four. Only
four of the six Te/Se atoms of each Tes/Seq unit coordinate

Table 1. Summary of data collection and refinement details for AgICh; (Ch = Se, Te)

Silver tritelluriumiodide

Name Silver triseleniumiodide
Chemical formula AglSes
Molecular mass [g'mol '] 471.65
Temperature [K] 293(2)

Wavelength [pm] Mo-K,, 2 = 71.073
Crystal system, space group

Cell dimensions [pm]

Volume [10° pm?] 565.7(2)
Z, X-ray crystal density [Mg:m 3] 4, 5.538
Absorption coefficient [mm™!] 28.156
F(000) 808
Diffractometer

Scan type

¢
0.26 X 0.06 x 0.03
2.82-30.52

Crystal size [mm]
Measured range (©) [°]
Index ranges

Measured reflections; unique; 1991; 748; 442

significant

Rins Ro 0.1294, 0.0961
Completeness to ® = 30.33° 82.6%

Tnins Timax. 0.1576, 0.8258

Structure solution Direct methods!®!
Structure refinement
Data/restraints/parameter
S(F?)

Absorption correction
R;, wR2 [1 > 20(1)]

R;, wR2 (all data)
Extinction coefficient

Pmin.> Pmax. [10766.pm73]

748 10/ 27
0.901
numericall®
0.0518, 0.1437
0.0879, 0.1581
0.005(2)
—=2.0(5), 1.6(5)

2l=h=17,-6=k=6,-11=/=11

AglTes
617.57

orthorhombic, Pmna (No. 53)
a = 1493.5(3), b = 458.9(1), ¢ = 825.4(2)

a = 1623.03), b = 469.6(1), ¢ = 880.5(2)
671.1(2)

4,6.113

20.248

1024

IPDS (Stoe), oriented graphite monochromator

0.31 X 0.01 X 0.01

2.63—30.33
“28=h=22,-5=k=6-11=/=12
5406; 1048; 853

0.0835, 0.0440
99.3%
0.1576, 0.8258

Full-matrix least-squares on F2]

1048 /0 /27
0.995

0.0285, 0.0694
0.0388, 0.0726
0.0005(2)

—1.8(4), 2.5(4)

[al G. M. Sheldrick, SHELXS-97, Program for the solution of Crystal Structures, Universitit Gottingen, 1997. ! G. M. Sheldrick,
SHELXL-97, Program for Structure Refinement, Universitit Gottingen, Germany, 1997. [ STOE & CIE, X-SHAPE 1.06, — Crystal

Optimisation for Darmstadt, 1999.
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directly to a silver atom. This feature is consistent with the
corresponding coordination for the cyclic Ses units in
(CuBr),Ses and (Cul),Seq, and indicates a bonding interac-
tion between Ag and Te/Se (see below).

Figure 2. Crystal structure of (Agl),Chg (Ch: Se, Te) projected
along [010]; the coordination of Ag (2 X Ch, 2 X I) is emphasized
by a shaded polyhedral representation; the distance between
neighboring Chg molecules along [010] corresponds to the lattice
constant b

In further compounds with cyclic Seq molecules, for ex-
ample (PdCl,)Ses and Rb3AsSes(Seg) (see ref.l'!-121 and pa-
pers cited therein), differences in the coordination of the Seq
units with respect to the matrix are found relative to the
title compounds [e.g. in (PdCl,)Ses only fwo of the six Se
atoms are coordinated to Pd].

However, in the cluster compound RegTe;sClg ['3] [= Reg-
TeoClg(Tes)], the analogous Tes molecules are similar to
those in (Agl),Tes as four of the six Te atoms are coordi-
nated directly to surrounding Reg clusters. The comparison
with (Agl),Teq/Seg has to be restricted to the cyclic Teg mol-
ecules only, because RegTe4Clg is a unique cluster com-
pound with a completely different structural chemistry.

A closer inspection of the bond lengths (Table 3 and Fig-
ure 3) shows that the average Te—Te distance for Teq in
(Agl) Teg (day(te—Te) = 273.9 pm) is slightly shorter than for
the infinite helices in a-Te!'Y (dr._1. = 283.4 pm) and for
Tes in RegTe|oClg(Teg) (dyy = 281 pm). Interestingly, the
day(se—se) value of 237 pm for Seq in (Agl),Ses is closer to,
for example, Seg in (CuBr),Seq (dayse—se) = 237 pm), Seg in
(PACl,)Seg (day(se—se) = 236 pm) and Seg in rhombohedral
selenium!'! (d,, = 235.6 pm]. For a more detailed dis-
cussion of the geometry see ref.[°!

Sel(a _/dh - o
tm‘»&a mmg

“T(@) 1 se2 (b)

Figure 3. Cyclic Chs molecules (chair conformation) in rhombo-
hedral selenium (a), (Agl),Se¢ (b), RegTe (Clg(Tes) (c), and (Ag-
Ds(Tee) (d)

In addition, the bond length da,—; = 288 pm in (Ag-
I),Tes [280 pm in (Agl),Seq] compares well with da,—; =
281.7 pm in B-AgL.l®
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The bond lengths da,—T1e/se are somewhat puzzling be-
cause the values da,—1e = 279.6 pm and dp,_se = 269 pm
are in the range expected for covalent interactions da,—re/se
(sum of atomic radii for Ag® and Te®% Se®: 288/261 pm) in
a variety of compounds (for an overview concerning the
range of experimental da, . see ref.l!”)). This finding does
not seem to be consistent with the conventional formulation
Agl T (Teg)™ and Ag!*1'(See)™®, and suggests a van
der Waals interaction between Ag and Te (Se) rather than
a covalent one, and thus emphasizes the special bonding
character in composite materials such as the title com-
pounds. A similar ambiguity was found and discussed in
the context of those materials that contain copper halides
as a stabilizing matrix instead of silver iodide.!

Calculations of densities of states, crystal orbital Hamil-
ton populations (COHP) and ELF representations (ELF:
electron localization function,!'®! Figure 4) based on the
TB-LMTO-ASA formalism!®!] clearly show significant dif-
ferences between the Te (Se) atoms that are coordinated di-
rectly to Ag (Te2, Se2) and those that are not (Tel, Sel).
From Figure 4 it is evident that, in contrast to Tel (Sel),
one lone pair of each Te2 (Se2) is involved in a bonding
interaction with neighboring Ag atoms, resulting in a
charge transfer from Te2 (Se2) to Ag. Further, it is interest-
ing to note that the COHP values for the electronic states
that are dominated by the cyclic Teg (Seg) indicate that these
electronic states are exclusively bonding below the Fermi
energy (Er) with an unusual steep transition to antibonding
states immediately above Eg This finding might be one of
the keys to a deeper understanding of why Teq is stabilized
in appropriate matrices like Agl only and is not known as
a free molecule in an elemental Te modification. Raman
and IR spectroscopic measurements, together with more de-
tailed calculations of the electronic structure, are currently
under progress.

Figure 4. Projection of the crystal structure of (Agl),Tes with a
superimposed ELF pattern (0.9-localization domain); the polariz-
ing interaction between Ag* and one lone pair at each of the four
Te2 is indicated by a significant reduction in the effective volume
of the interacting lone pair relative to those of the noninteracting
lone pairs

Experimental Section

AglSe; was repeatedly obtained as major component of a hydro-
thermal reaction product. A stoichiometric mixture of the roughly
homogenized elements [silver powder (Degussa), selenium metal
grey (Fluka AG- 99.995%, typical weight sum: 0.5 g)] was placed
in a quartz tube (/ = 8§ cm, 0 = § mm, V = 4 cm?), together with
about 0.5 mL of concentrated HI (Merck- 57%). Subsequently, the
glass tube was sealed and transferred to a steel autoclave (Berghof
BAR 845, internal volume: approximately 240 cm?). The pressure
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balance inside the autoclave was achieved with water as counter
pressure medium. The autoclave was then heated up to 220 °C and
kept at this temperature for 5 days. Finally, the temperature was
lowered at a rate of 2 °C/h down to room temperature. Red trans-
parent hexagonal crystals of (Agl),Ses, characterized by strong in-
tergrowth were separated mechanically from the other products un-
der the light microscope. (Agl),Se¢ is not significantly air sensitive.
Crystals of the grey-metallic-black (Agl),Tes were obtained by a
similar procedure [tellurium powder (Johnson Matthey GmbH,
99.5%)] with traces of GeO, as “mineralizer”. The chemical com-
position of the selected crystals was checked by EDX analyses prior
to X-ray structure determination. Further details of the crystal-
structure investigation of (Agl),Ses and (Agl),Tes may be obtained
from the Fachinformationzentrum Karlsruhe, 76344 Eggenstein-
Leopoldshafen (Germany), on quoting the depository number
CSD-414116 and -414117.
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