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Abstract

A novel electrochemical synthetic technique has been developed recently for the generation of heteropolyatomic Zintl anion
clusters via the cathodic dissolution of telluride electrodes. Whereas previous synthetic techniques for the generation of these
compounds have relied on high temperature fusion of the elements and/or extraction methods, this technique simply relies on
the constantly increasing concentration of anions as they are discharged from a cathode, is performed at room temperature and
in many cases yields X-ray quality single crystals in as little as 3-5 days. In the process of our study of this technique, it has also
been shown that it allows for the preparation of Zintl anions which have not been and may not be accessible by these standard
high temperature and extraction techniques. The versatility of this synthetic technique has been demonstrated by the isolation
of small six- to seven-atom anions, larger 15-atom cluster anions and one-dimensional chain materials from the
Au, Ga, In, Sn, As and Sb telluride systems. Ongoing research suggests that the synthesis of additional materials should be

possible.

Keywords: Electrochemical synthesis; Telluride; Zintl anions

1. Introduction

The primary route to the preparation of intermetal-
lic alkali and alkaline earth compounds with metals,
semimetals and heavy main group non-metals has
been through the use of the high temperature fusion of
stoichiometric mixtures of these elements [1]. This
technique, first developed in the late 1960s and used
extensively in Germany by Schifer, von Schnering,
Nesper and Eisenmann, involves the direct combina-
tion of the elements in a classic solid state high
temperature fusion reaction. The reactions take place
under inert atmospheres in sealed metal or quartz
ampoules at relatively high temperatures. In fact, these
reactions typically take place with such explosive
violence caused by local overheating that temperatures
of between 1200 and 1300 K can easily be produced in
the reaction zone [1c]. Oxide layers may also build up
on the metals prior to the syntheses, thus requiring the
use of unsuitably high temperatures for starting off the
reaction in the first place. This technique also requires
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carefully conducted cooling and annealing experiments
aimed at producing single-crystal products which can
be isolated from the melt. When attempting these
types of synthesis, one must also consider the possible
products that can be formed, for even the phase
diagrams of the simple binary systems typically consist
of multiple phases. This presents problems for the
production of single-phase products and interferes
with the characterization process which relies heavily
on powder X-ray diffraction studies. When an un-
known system is examined for the first time, par-
ticularly one where ternary products are sought, the
method usually yields mixtures of compounds. If one
is lucky enough to obtain single-crystal products,
which can be obtained through tedious variations in
the stoichiometries of the reactants, then structural
characterization of these products can lead to a better
understanding of the system and experiments aimed at
obtaining a homogeneous product. In most cases
where this technique is used, however, it is only these
crystalline products that are identified, and the majori-
ty of these reactions are, subsequently, incompletely
characterized.
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Another technique for the isolation of stable crys-
talline derivatives of Zintl anions, which was first used
in the early 1970s by Kummer and Diehl for the
successful isolation of a stable derivative of Snj, has
been used more recently in the USA by Corbett, Ibers
and Haushalter and involves the solvent extraction of
alloy phases [2]. Zintl, and others even before him,
had demonstrated that alloys of the alkali and alkaline
earth metals with the heavier main group and post-
transition metals were soluble in basic polar media.
Their dissolution into these media led to intensely
colored solutions which were only incompletely char-
acterized by potentiometric and conductometric titra-
tion studies, as crystalline products were never iso-
lated. Since these Zintl anions can be considered
extremely good reducing agents (typically 3- to 5-), the
reversion of the salt phase (present in solution) to a
metallic-looking phase (present on evaporation of the
solvent) can be viewed as the result of a delocalization
of electrons from the anions back onto the cations.
Hence, the key to isolating single-crystal samples lay
in finding a way to prevent (or at least to slow down)
this process, and this way was found by Corbett
through the use of the macrobicyclic aminopoly-
ether 4, 7, 13, 16, 21, 24-hexaoxa-1, 10-diazobicyclo-
[8.8.8]hexacosane (referred to hereafter as 2,2,2-crypt)
[3]. This octadentate ligand demonstrates an extremely
strong complexing ability to the alkali cations of
sodium, potassium and rubidium (the formation con-
stants vary from 10* to 10'°) and has been found to
enhance greatly the solubility of these metals in liquid
ammonia, amines and ethers [4].

The first use of 2,2,2-crypt as a stabilizing agent for
Zintl anions was attempted by Corbett et al. [2X] in
which the polyantimonide anion Sb;~ was isolated as
the crystalline cryptated salt [Na-(2,2,2-crypt)],Sb,.
The reaction was done by dissolving a powdered alloy
of nominal composition NaSb in an ethylenediamine
solution containing one third of an equivalent of crypt.
The resulting dark-red—brown solution was then de-
canted from the unreacted alloy (not all was soluble)
and slowly evaporated under vacuum over a period of
about 12h. Dark-red-brown needle-shaped (and
reasonably stable) crystals were obtained from the
reaction and characterized by single-crystal X-ray
diffraction. Alloys of compositions ranging from
Na,Sb to NaSb, gave only the single-phase product
[Na(2,2,2-crypt)];Sb,, which was hailed as the first
stable compound containing a homopolyatomic anion
of a metal to be characterized by means of a complete
crystal structure.

Using complexed cations as counterions, it soon
became possible to crystallize the anions Ge. ™, Ge; ™,
Ge;™, Sn;”, Sn2~, Sn; Sni~ and Pb:~ from similar
extractions of group 14 alloy phases [2]. Through an
intensive study of alkali metal alloys of arsenic, an-

timony, bismuth, selenium and tellurium (as well as
many mixed-metal systems) in anhydrous liquid am-
monia and ethylenediamine, Corbett et al. were able
to isolate brightly colored crystalline salts on solvent
removal, rather than the amorphous intermetallic
materials that Zintl obtained.

Since the initial work of Corbett et al., other
tetraalkylammonium cations have been used success-
fully in the isolation of stable solid derivatives of Zintl
anions [2]. Sufficient structures had been done to
realize that the larger cations such as crypt, while they
worked well for the isolation of crystalline products,
tended to dominate the crystal packing, leading to a
greater tendency of the anions in the structure to be
disordered. The use of smaller cations (such as the
family of tetraalkylammoniums) was believed not only
to reduce the possibility of anion disorder but also to
aid in the formation of more extended or even three-
dimensional materials rather than the highly charged
isolated anionic moieties which are invariably isolated
using 2,2.2-crypt. To date, however, no one working in
this field has been able to produce these extended
structures through the solvent extraction of alloy
phases.

Both the high temperature fusion reactions and the
extraction technique have been extremely successful as
routes to the isolation of stable, solid derivatives of the
homopolyatomic and heteropolyatomic anions of the
heavier main group and post-transition metals. They
have led to the isolation of literally hundreds of these
Zintl compounds and have given us a greater under-
standing of the structures and bonding schemes pres-
ent in them.

Several other solid state techniques including reac-
tions in molten salts [5], arc melting [6], chemical
transport reactions [7], molecular beam methods [8]
and reactions done under extremely high pressures [9]
have all been used for the synthesis of intermetallic
Zintl compounds. These rather specialized techniques
are usually limited in their applications to a particular
system and do not enjoy the extremely high success
rate of that of the high temperature elemental fusion
process. Nevertheless, as new synthetic reagents be-
come available, our knowledge of the reaction steps
and mechanisms involved becomes more complete,
and crystallography and other forms of spectroscopy
become easier to do, the development of these and
other new methods should lead to the isolation of
many more of these Zintl compounds and expand this
intriguing area of solid state chemistry. One such
method that has been developed in our laboratory is
the electrochemical synthesis of Zintl anion clusters
through the electrochemically controlled cathodic dis-
solution of alloy electrodes [10]. This technique has
enjoyed a great deal of success, yielding not only
molecular species, but also one-dimensional inorganic
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polymers and even pseudo-two-dimensional materials.
Variations on the experimental technique show that it
is versatile, having been shown to produce single-
crystal samples for the majority of main group binary
tellurides.

2. Characterization of Zintl compounds

The characterization of Zintl compounds has pri-
marily relied on crystallographic methods using a
combination of both single-crystal X-ray analysis and
X-ray powder diffraction. Indeed, the use of single-
crystal X-ray diffraction is invaluable for the identifica-
tion of solids for it usually gives conclusive evidence of
the structure of a compound provided that single-
crystal samples can be made. In the event that they
cannot, a number of other techniques have been used
for the indirect characterization of Zintl compounds
and deserve mention.

Zintl himself used a combination of potentiometric
titrations and conductance measurements to identify
the anionic species present in his liquid ammonia
solutions. More recently, a combination of electro-
chemical methods and nuclear magnetic resonance
(NMR) studies have been used both to generate and
to study these unusual species in liquid ammonia and
ethylenediamine solutions. For example, Rudolph and
coworkers [11] have electrochemically generated Zint!
anions of the form Sn, Pb!™ (x=0-9) from the
cathodic dissolution of 1:1 Sn:Pb alloy electrodes.
Although single-crystal samples were not obtained
from the electrolyses, subsequent NMR studies (using
""“Sn and **’Pb nuclei) suggested that all the possible
anions in this series were present in the catholyte
solution. NMR measurements were used not only to
confirm their presence but also to demonstrate that
the least entropic species (Snj and Pb) ) were
predominant (as evidenced by the relative intensities
of their signals compared with the heteropolyatomic
moieties). Although this technique appeared promis-
ing in the tin-lead system, it was unfortunately not
pursued with any other systems.

More recently, Schrobilgen and coworkers [12] have
used multinuclear NMR spectroscopy as a com-
plementary tool to X-ray crystallography in order to
study an entire series of the homopolychalcogenide
and heteropolychalcogenide anions of selenium and
tellurium, as well as the mixed-metal Zintl anions
Sn,X; , Pb,X:, TLX: , HgX} , CdX; , TIX] ,
T1,X;™ (X =Se and/or Te). The use of this technique
is particularly well suited to the study of the solution
chemistry of these Zintl anions since every post-transi-
tion metal element forming one of these Zintl phases
possesses at least one natural abundance isotope that

is NMR active. The NMR studies of Schrobilgen and
coworkers, for example, were done using a combina-
tion of the spin 1 nuclei Se, '"71Sn, *>Te, P,
"“Hg,'"*Cd and *"***T1. Many of the compounds that
Schrobilgen and coworkers characterized in solution
were also obtained in crystalline form, allowing for the
direct correlation of NMR signals to confirmed struc-
tures. Since all the NMR nuclei that Schrobilgen and
coworkers used were spin |, they were capable of
providing additional valuable structural information
for those compounds that were not characterized by
single-crystal analysis, by virtue of their heteronuclear
and homonuclear spin—-spin couplings.

Although used in a limited sense for the identifica-
tion of a particular isolated fragment that might be
present in a given Zintl compound, IR spectroscopy
studies are generally not very informative in the
overall structural characterization of Zintl compounds.
This especially true for those compounds containing
organic cations where the mid-IR region is invariably
dominated by absorption from the hydrocarbon
skeletons of the tetraalkylammonium cations. Metal-
metal bond absorptions are expected to fall in the
far-IR region of 200-400cm ™' but, owing to the
paucity of studies done, caution must be taken in
assigning these stretches to a particular mode in the
absence of any systematic studies using isotope label-
ing.

The techniques of UV and visible spectroscopy are
also generally of little use in identifying Zintl com-
pounds. Here the problem is twofold. The first and
most obvious problem is that, while the structures of
the Zintl anions may have been exactly determined by
X-ray crystallography studies, these studies have been
conducted with the sample in crystalline form. There is
no reason to believe that these compounds will have
the same structures when dissolved in a given solvent
and, in fact, it has been shown that many of these
compounds do not retain their identity in solution
[13a,b]. The second problem is that even if the com-
pounds remain intact in the solvent, they typically
show featureless UV-visible spectra that yield no
information about the coordination environment of
the metal ions [13c, d]. Some UV-visible experiments,
particularly those of the transition metal tellurides,
display a UV-visible range that is entirely silent.

3. Why tellurides?

Given the enormous range of potential electrode
materials, an obvious question is why choose the metal
tellurides? In answer to this question, one must con-
sider that these metal telluride compounds have con-
siderable industrial usage, especially in low band gap
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semiconductors, photovoltaics and IR detection de-
vices [14]. There is therefore a general impetus to find
a synthetic route to their preparation. However, one of
the main reasons that the chemistry of the metal
tellurides has not been fully investigated until recently
is the lack of such a suitable technique, which is also
convenient and avoids the hazards and dangers associ-
ated with these toxic substances. Traditionally, the
approaches to the syntheses of metal sulfides,
selenides and tellurides have typically concentrated on
the use of the dihydrogen gases, such as H,S and
H,Se. These gases were bubbled into reaction vessels
to undergo chemical reactions. The obvious problem
with these reactions, however, is that both H,S and
H,Se are extremely toxic, malodorous and expensive,
and the reactions done using them often lead to
impure mixtures of products [15]. Even more of a
problem is hydrogen telluride (H,Te), which not only
suffers from all the above disadvantages but also is
unstable at room temperature, decomposing into hy-
drogen gas and tellurium metal. While the solution
chemistry of telluride compounds (using telluride Zintl
phases in anhydrous solvents) has been explored as an
alternative to the use of hydrogen telluride gas [16], a
serious limitation to this technique is the generation of
neutral organic species such as (CH,;),Te or
(C,H;),Te which are also extremely toxic and
malodorous. Because of the nature of the electro-
chemical experiments discussed herein, which are
done in tetraalkylammonium salts such as (CH,), N~
and (C,H.),N", these species will invariably be gener-
ated; so appropriate cautions must be considered when
attempting the cathodic dissolution reactions.

From a practical viewpoint, the use of congruently
melting telluride phases (as opposed to selenide or
sulfide phases) in the electrochemical synthesis of
Zintl anions was chosen for three main reasons. The
first is that, in order for a cathode to work, it must be
able to conduct electricity. Since tellurium lies on the
metalloid border, the binary heavier main group and
post-transition metal alloys that contain it should be
conductoring (or at least semiconductors). The second
reason is that, when compared with the Zintl anions
containing sulfur and selenium, there are far fewer
telluride Zintl anions reported in the literature; so the
success rate of the technique would be further in-
creased by producing new anions, and not just re-
producing known anions. The third reason to use
tellurium in the electrochemical synthesis is that com-
pounds made with this element have been shown to be
less sensitive to impurities in the solvent. This is
because tellurium is more electronegative than the
other heavier main group elements (such as tin and
lead) and is therefore not as strong a reducing agent.
Tellurides can also disproportionate in solution (two
Te: ™ anions can each lose an electron and combine to

form the Te, species) whereas the tin and lead
clusters do not have that capability. For these reasons,
telluride Zintl anions should not be as easily oxidized
by the impurities that can be present in the ethyl-
enediamine or supporting electrolytes, allowing single-
crystal materials to grow without decomposition.

4. Description of the experimental technique
4.1. Background and significance

Apart from the early electrolyses of Zintl and the
more recent rather limited electrosynthetic and NMR
studies by Rudolph and coworkers, utilization of the
electrochemically controlled cathodic dissolution of
alloys to prepare structurally characterized solids ap-
pears uninvestigated. Zintl and coworkers [17] used
only pure element electrodes in their electrolyses
(Tl, Ge, Sn and Pb), which did not, in general, work
well and in no case yield single-crystal products. The
studies of Rudolph and coworkers [11] led to the
electrochemical generation of Sn—-Pb clusters which
were characterized by NMR studies, but they too
either were not able to or did not try to isolate
crystalline derivatives.

The use of the highly reactive alkali metal alloys of
the heavier main group elements and post-transition
metals, whether they be made by the high temperature
fusion technique and crystallized on cooling, or used in
combination with organic cations as extracts in ethyl-
enediamine, continues to be the most popular and
widely used technique for the synthesis of Zintl anion
clusters. However, rather than using these extremely
reactive alkali metal alloy phases which are both
difficult to synthesize and troublesome to work with,
the objective in the electrochemical experiments pre-
sented herein was to replace them with the non-
reactive, congruently melting binary telluride phases
which do not contain alkali metals. These binary
telluride alloys are easily prepared from the fusion of
stoichiometric amounts of the pure elements or can be
purchased directly as the compounds from a suitable
chemical distributor. Unlike their corresponding alkali
metal derivatives, these binary telluride phases are
stable in the atmosphere and to not suffer from any of
the back-electron transfer problems associated with
the alkali metal derivatives. Once obtained, these
alloys can then be used as cathodes in an electro-
chemical cell where a current will be applied to
generate anions. Hence, one can imagine that, instead
of using the highly reactive alkali metal alloy of, say,
composition K,Sb,Te, to generate antimony telluride
anions on its dissolution into ethylenediamine, an
electrode of composition Sb,Te, to which a cathodic
current will be applied can generate these antimony
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telluride anions electrochemically. Thus, instead of
dissolving the highly reactive alkali metal alloys and
producing Zintl anions by a chemical method, applica-
tion of current to the non-reactive binary telluride
alloy will generate Zintl anions by an electrochemical
method. Once generated, these Zintl anions can then
be crystallized with the cations that will conveniently
be present in the supporting electrolyte.

The electrochemical synthetic technique presented
herein has proven useful for the generation of a wide
variety of Zintl anion clusters and has several advan-
tages over the existing high temperature fusion and
extraction techniques. For one, the electrochemical
reactions will not suffer from the extreme dangers
associated with making the alkali metal alloys. Also,
these reactions will be run at room temperature, and
can be done right on the benchtop. However, most
importantly, this electrochemical technique will gener-
ate new Zintl anions (as will be shown in the following
sections) which have not been, or may never be,
synthesized by the high temperature fusion method or
through the extraction of alloy phases.

4.2. The electrochemical cell

The electrochemical cells used were fashioned from
glass screw-thread tubes and fine porosity Pyrex frits.
They have essentially the same characteristic form of a
standard H-type electrochemical cell, with some minor
modifications. The cell consists of two internally
threaded glass barrels approximately 12.5 cm long of
1.5 cm internal diameter which are fused to a middle
glass chamber of the same approximate dimensions.
Addition of two fine-porosity sintered Pyrex frits gives
rise to three independent chambers, the two end
chambers of which will contain electrodes. The inner
chamber serves as a liquid junction which helps to
prevent the cross-contamination of products from the
cathode and anode chambers. Unlike a standard H-
type electrochemicat cell, this middle chamber is
placed near the bottom of the two electrode-con-
taining chambers in order to help to minimize the
amount of solvent needed. In some cases, all three
chambers of the electrochemical cell are joined near
the top using additional glass tubing. This allows for
the equilibration of pressure among the chambers
which sometimes builds up during the electrolyses. On
the top of each chamber sits a Teflon® bushing which
is held in place by a polymeric O-ring. These Teflon®
bushings can be screwed tightly down to form a seal
between the screw-thread tubing, the rubber O-ring
and the electrode assembly. They serve to contain the
inert atmosphere needed to preserve the anions that
will be generated when the cell is in use and are
needed to keep out atmospheric oxygen which would
interfere with the process. Holes (of approximately

1.45 cm internal diameter) are present in the cathode
and anode bushings to allow the individual electrode
assemblies to fit cleanly through but are constricted
enough to form a seal against the electrode assembly
when tightened to the O-rings. The middle chamber is
simply capped with a solid Teflon® plug (and rubber
O-ring). All three chambers of the electrochemical cell
are each filled with approximately 10 ml of concen-
trated ethylenediamine solutions of tetraalkylam-
monium salts. These salts serve as the supporting
electrolyte (to carry charge) and are further present to
be used as cations for the crystallization process. All
the electrochemical cells are dried in an oven at 200 °C
overnight before use in order to remove any moisture
that would also interfere with the cathodic dissolution
process.

4.3. Fabrication of the electrodes

The cathode electrodes are fabricated from the pure
elements using the congruently melting binary tel-
luride phase of a heavier main group element or
post-transition metal. To make these electrodes, stoi-
chiometric amounts of the pure elements (5-20g of
each) were heated to melt in a quartz container under
a nitrogen atmosphere. Most melted easily, forming a
shiny silver alloy-like plug in the bottom of the
reaction vessel. The resulting regulus was stable under
atmospheric conditions and could be cracked out of
the reaction vessel and crushed to a fine powder on
the benchtop using a mortar and pestie. The resulting
powders were then checked by energy-dispersive spec-
troscopy (EDS) and X-ray powder diffraction for
phase purity and recast into cylindrical electrodes of
approximate 1cm’ surface area using pre-formed
quartz electrode molds. The respective electrodes
were broken out of their electrode molds and soldered
to copper wires with standard Pb-Sn solder. They
were then resealed into the remains of the original
electrode mold (which now served as the electrode
assembly) with epoxy to make them air tight. The
electrode assemblies were then fitted into the Teflon®
bushings of the appropriate electrode chamber and
tightened into place for the electrolysis.

The anode electrodes were simply pieces of nickel
foil (surface area, about 3—4 cm”) which were similarly
sealed into glass jackets with epoxy and fitted into the
Teflon® bushings so as to be air tight. The preference
for the use of nickel (over platinum) as a sacrificial
electrode and its importance in the electrochemical
process will be discussed later.

4.4. Purification of the solvent

The solvent of choice in these electrochemical
experiments was in all cases ethylenediamine. This
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solvent has been shown to be especially useful in the
extraction studies of the alkali metal alloys of the
heavier main group and post-transition elements which
have resulted in the isolation of many Zintl com-
pounds. The ethylenediamine was distilled under a
nitrogen atmosphere first from CaH, and then from a
red—brown solution of K,Sn,. Multiple distillations
over K,Sn, were typically required to obtain the
purity of ethylenediamine needed in these experi-
ments. The process for testing the purity of the solvent
consisted of sampling the freshly distilled ethyl-
enediamine by transferring an aliquot of it (5-10 ml)
to a clean dry sample vial containing a few milligrams
of K,Sn,, and then taking one drop of this solution
and adding it to a second sample vial containing
10-20ml of the same solvent. The purity of the
ethylenediamine was determined by the length of time
that this second sample stayed light red-brown in
color, an extremely pure sample retaining its color for
several days. This particular purity was determined to
be suitable for the isolation of single-crystal telluride
compounds, none of which showed any signs of de-
composition in the solvent.

4.5. The choice of supporting electrolytes

The supporting electrolytes used in the electrochem-
ical syntheses were tetraphenylphosphonium or tetra-
alkylammonium-based bromides or iodides obtained
from Aldrich (97-99% purity) and were typically used
without further purification. For those salts that were
stable to temperatures of 150-200 °C, drying overnight
in an oven at 150 °C was done to remove any possible
moisture. The solubilities of these species in the
ethylenediamine was very important as this directly
affected the amount of current that could be passed
through the cell. For the species used in the following
syntheses, the general solubility trend was
(C,H,),N" = (CH,),P" >(C,H,),N">(C,H,),N"
>(CH,),N". As will be shown later, the choice of
supporting electrolyte greatly affected the products
isolated, and simply changing it, sometimes only by
one carbon atom, made the difference between isolat-
ing an isolated anion, a large anionic cluster, a one-
dimensional chain material, or no crystals at all.

4.6 The cathode reaction

The cathodic dissolution reaction that produces
Zintl anion clusters is shown in Fig. 1. In this figure,
current, which is supplied by an external power supply
(LakeShore Model 120CS variable-current supply, not
shown), is applied to the cathode electrode causing
alloy AB to dissolve into a stream of intensely colored
anionic species. The stream originates from the
cathode electrode and, as it is heavier than the

Cathode

Fig. 1. The cathodic dissolution reaction that produces Zintl anion
clusters. In the figure, the cathode alloy AB obtains electrons from
an external power supply and dissolves to form anions A B} .
These anions then crystallize in a concentrated supporting elec-
trolyte of cations (C") to form single crystals of C,(A B,) over
time.

clectrolyte material, immediately sinks to the bottom
of the cathode chamber. On occasion, this stream has
been observed to bend toward the direction of the
anode chamber — an effect, no doubt, of the intense
ion current present in all three chambers of the
electrochemical cell. The color of these anion streams
varies with both the electrode material and the sup-
porting electrolyte and ranges in color from bright
orange to deep purple depending on the reaction
conditions. As the concentration of anions generated
in these streams increases in a concentrated supporting
electrolyte of cations, crystals form and deposit
throughout the cathode chamber. These crystals have
been observed growing on the bottom of the cathode
chamber, in and around the glass frits, on pieces of the
epoxy that invariably come off of the electrode assem-
bly, on the glass shaft of the cathode assembly, and on
the cathode electrode itself. The growth of crystals on
the cathode electrode presents a problem in most
cases as this results in the build-up of an insulating
layer which prevents further dissolution of the elec-
trode material. Such a build-up causes an inevitable
reduction in the applicable current and ultimately
terminates the reactions.

4.7. The anode reaction

As mentioned earlier, nickel is used as the sacrificial
anode electrode in the electrochemical process. The
use of nickel has been found to be clearly advantage-
ous over platinum as it generates an insoluble purple
precipitate in the anode chamber whereas platinum
does not. Along with the use of the liquid junction, the
generation of this solid in the anode chamber helps to
prevent cross-contamination with the cathodic prod-
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Fig. 2. The anode reaction. In this figure, the nickel plate dissolves
into Ni°' cations which can combine with the supporting elec-
trolyte’s counteranions (1) to form purple crystals of nominal
composition ““Nil,".

ucts and subsequently allows the reactions to run for
longer periods of time.

The anode reaction is shown in Fig. 2. In this
reaction, the nickel plate loses electrons to the exter-
nal power supply and generates Ni’" cations in the
anode chamber. These Ni’" cations can then react
with the counteranion of the tetraalkylammonium salt
of the supporting electrolyte (Br  or I ). These
reactions result in either the formation of a purple
powder (when Br is the counteranion) or a purple
crystalline material (when I is the counteranion).
These purple crystals have in all cases been generated
as extremely twinned samples that immediately lose
solvent molecules when exposed to the atmosphere of
the dry-box (as evidenced by their turning lighter
shades of purple with time, eventually becoming
cloudy looking, and then turning completely opaque
after several hours). They have therefore only been
incompletely characterized by EDS analysis. The EDS
analysis of both the purple powder and the purple
crystalline materials shows an Ni:Br (or I) ratio of
exactly 1:2, giving rise to the formulations of NiBr, -
x(en) or Nil,-x(en). Both materials have also been
observed to be air sensitive.

4.8. Other experimental conditions

All the electrochemical reactions were run at room
temperature on the benchtop under the contained
inert He atmospheres (less than 1ppm O,) present
within the chambers of the cells. All cells were loaded
in the dry-box, tightly sealed and then brought out to
be electrolyzed on the benchtop. Each electrochemical
cell was hooked up to its own individual constant-
current power supply which was connected to the
leads of the cathode and anode electrodes and set to
run at the maximum current allowed. This current
range was determined by the solubility of the tetra-
alkylammonium salts in the ethylenediamine, and was

typically 100 pA to 1 mA (with the maximum com-
pliance voltage of the power supplies being equal to
11 V). The majority of these reactions were run for
2-5 days, although in some cases crystals large enough
for single-crystal X-ray analysis were seen after only
24 h, while in others they were not large enough for
some 10 days or more. Allowing the reactions to run
for longer periods of time did, in general, increase the
chemical yields but was limited by the build-up of
insulating layers on the cathode electrode, the physical
loss of this electrode (which on occasion fell off owing
to its reduction in size, inadequate soldering to the
copper wire or the erosion of the epoxy holding it in
the electrode assembly), and the ever-present poten-
tial for cross-contamination from products generated
in the anode chamber. Allowing the reactions to run
for long periods of time did not, however, in general
increase the electrochemical yields, especially when
these insulating layers formed. This result, rather
obviously, is due to the continuation of the passage of
current without any further dissolution of the elec-
trode material. This current could go into reducing the
solvent, the electrolyte or other unrelated items.

5. Electrochemical synthesis of molecular species
5.1. Gold tellurides

Compounds containing gold and tellurium have
been of interest recently as possible erasable laser
recording media [18] and as indicators of the geo-
chemical formation conditions of minerals {19]. How-
ever, the majority of publications in this field are
concerned with the leaching of gold from AuTe,
rather than compounds formed from it [20]. In the
Au-Te phase diagram, the AuTe, phase is the only
congruently melting gold telluride. Gold tellurides
occur naturally in this AuTe, form as the minerals
calaverite [21] and krennerite [22], as well as in an
Au,Te, form, the thermally metastable mineral
montbrayite [23]. Gold-tellurium materials which con-
tain halogens, such as AuTel [24] and AuTe,X(X =
Cl, Br or I) [25], are also known. Several potassium
gold telluride compounds also
exist. These polyanions include [KAu,Te,]"
2h]. [K,Au,Te,en),]* [2h] [K,Au,Te (DMF),
(CH,OH),]’” (DMF = dimethyl formamide) (which
were formed from the extraction of alloy phases), as
well as the solid state material KAuTe [26]. There are,
however, apparently only three known examples of
isolated Au-Te polyanions, which were found
in the compounds [{(C.H;),P},N],Au,Te, [2i],
[((C,H;),N];AuTe; [27a] and [(C,H;),N],Au,Te,,
[27b].
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5.2. Synthesis and structure of [C,H,),N],Au;Te,

Single crystals of the gold telluride compound
[C,H,),N],Au,Te, (1) were prepared by cathodically
dissolving an AuTe, alloy electrode in a 0.40M
solution of tetrabutylammonium iodide in ethyl-
enediamine in the two-compartment liquid-junction
air-tight electrochemical cell described above [28].
Application of a constant current of 300 pA immedi-
ately gave rise to a deep-brown stream of polyanions
which surrounded the AuTe, cathode and then slowly
sank to the bottom of the cathode chamber. After 2
days, dark-brown, rectangularly shaped crystals were
isolated from the cathode chamber in greater than
60% yield (electrochemical yield, 26% ). These crystals
were found growing on the AuTe, cathode and
throughout the cathode chamber. EDS analysis of
several of these crystals showed an Au:Te ratio of
between 1:1.29 and 1:1.43. A control experiment of
powdered AuTe, and (C,H,),NI in ethylenediamine
did not give rise to any color (no polyanions), and
varying the current from 100 pA to 1mA had no
effect on the product, yielding the dark-brown rectan-
gular crystals in all cases.

The X-ray structural analysis of a single dark-brown,
rectangularly shaped crystal of [C,H,),N],Au;Te, (1)
revealed the novel Au,Te] anion which is shown in
Fig. 3. There are two slightly puckered, crystal-
lographically independent Au,Te,  anions in the unit
cell, each possessing crystallographic two-fold symme-
try in the solid state. The central Au atom in a given
Au,Te]” anion resides on the Wyckoff 4e special
position in space group C2/c, lying on a c glide plane.
Each Au,Te] anion contains three Au(I) atoms
joined together by Au-Au bonds of 3.049(3) A or
3.015(3) A making an Au—-Au-Au angle of 78.4(1)° or
81.1(1)° respectively. These Au-Au distances are
somewhat longer than the 2.88 A Au-Au distances
observed in gold metal [24]. The transannular non-
bonded Au-Au distance is either 3.854(4) or

2.757

Fig. 3. The structure of one of the two crystallographically in-
dependent Au,Te]  Zintl anions produced by the cathodic dissolu-
tion of an AuTe, alloy electrode in a tetrabutylammonium iodide
supporting electrolyte.

3.922(4) A. Although it cannot easily be seen in Fig. 3,
the Au,Te; anion is not planar, with the linear
Te(1)-Au(2)-Te(2) and equivalent Te(1*)-Au(2*)-
Te(2*) units rotated approximately 9° out of the
molecular Au(2)-Au(1)-Au(2*) best planes.

The oxidation state of Au(l) is firmly established in
this compound by two independent observations: (1)
the linear arrangement about the Au center, a com-
mon coordination environment for Au(l) but a rare
one for Au(Il) and an unknown one for Au(IIl); (2)
the Au—Au distances which are comparable with those
in the other structurally characterized Au(l) com-
pounds. As expected for Au(I), the Te-Au-Te angles
in the [C,H,),N];Au;Te, (1) compound are all close
to 180° varying from 172.5(2)° to 178.9(1)°. Au-Te
bonds range from 2.549(4) to 2.589(3) A, and the
Te—Te distances of 2.757(8) and 2.760(7) A are similar
to the Te-Te distances observed in other structurally
characterized tellurides.

The charge of 3— on the Au3Teff anion is firmly
established by the presence of two of these crys-
tallographically independent anions in the unit cell,
each of which lies on a twofold axis. Because of this
arrangement, only half of each of the two Au,Te]"
anions is present in the asymmetric unit (1.5— X2 =
3— total charge). There are also four crystallographi-
cally independent tetrabutylammonium cations pres-
ent in the asymmetric unit (two of which are located at
general positions in the lattice, and two of which sit on
sites of crystallographic twofold symmetry).

The full unit cell of [C,H,),N];Au,Te, contains 24
[C,Hy),N]" cations, three for each of the eight
[Au,Te,]’ anions also present there (Z =8). These
[C,H,),N]" cations completely surround the Au,Te;"
anions in the solid state. Not surprisingly, this geome-
try results in the observed fact that the dark-brown
crystals of this compound are extremely soft and can
be easily smeared out on a piece of filter paper. Also,
given this arrangement, [C,H,),N],Au,Te, (1) is
expected to be an insulator.

5.3. Antimony tellurides

In sharp contrast with the numerous examples of
antimony sulfides (see for example [29]) and selenides
(see for example [30]) there are very few examples of
antimony telluride compounds in the literature. Apart
from the known binary (and congruently melting)
phase Sb,Te, [31], there appears to be only four
known antimony telluride polyanion structures:
BaSbTe, [32], LiSbTe, [33a], K,SbTe, [33b] and
AgSbTe, [34]. All these compounds have been pre-
pared by the high temperature fusion of the elements
and are extremely air sensitive. There also exist
several mixed antimony germanium telluride com-
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pounds such as GeSb,Te, [35], GeSb,Te, [35] and
Ge,Sb,Te. [35] which are stable under atmospheric
conditions and have been studied for their potential
semiconducting properties. These three compounds
have also been prepared by the high temperature
fusion of the elements.

The electrochemically controlled cathodic dissolu-
tion of Sb,Te, electrodes in ethylenediamine solutions
of tetraalkylammonium supporting eclectrolytes has
resulted in the production of five new compounds
(containing four new anions) which have not been
previously prepared by any other high temperature
fusion of extraction method. When considering thc
synthesis of these materials, one must note that an-
timony and tellurium are adjacent to one another in
the periodic table and, as a result, X-ray crystal-
lography cannot be used to identify the products
completely. This may be one of the reasons that those
who work with the high temperature fusion and
extraction techniques have, in general, avoided this
system. Characterization of the compounds formed
from this system has relied on a combination of X-ray
crystallography, EDS analysis, comparison with other
known antimony and tellurium bond lengths and
angles, and on the chemically reasonable connec-
tivities expected for antimony and tellurium.

5.4. Synthesis and structures of [(CH;),N]Sh,Te;
and [(C.H;)N],Sb,Te

Single crystals of the antimony telluride compounds
[(CH;),N],Sb,Te; (2) and [(C,H,),N],Sb,Te; (3)
were prepared using the electrochemical synthetic
method described above by cathodically dissolving
Sb,Te, alloy electrodes which were made by melting
stoichiometric amounts of the elements to produce this
congruently melting phase [36]. The electrochemical
cell (described above) was filled with either a solution
of 0.15M tetramethylammonium iodide in ethyl-
enediamine for the synthesis of [(CH,),Nj,Sb,Te,
(2), or a 030M solution of tetraecthylammonium
iodide in ethylenediamine for the synthesis of
[(C,H;),N],Sb,Te; (3). For the synthesis of
[(CH,),N],Sb,Te, (2), application of a current of
100 pA to the Sb,Te, cathode resulted in the pro-
duction of a faint light-brown stream of anions which
completely surrounded it and then sank to the bottom
of the cathode chamber. The low solubility of tetra-
methylammonium iodide in ethylenediamine limited
the initial current to a maximum of 100 pA which
decreased over time as an insulating brown crystalline
layer (the elemental microprobe analysis of which
showed an Sb:Te ratio of 1:2.48) formed on the
Sb,Te, cathode. Although single crystals were seen in
the cathode chamber after only 5 days, they did not
seem large enough for single-crystal X-ray analysis,

and the reaction was allowed to continue for 5 more
days. After a total of 10 days, a current of less than
1 pA was able to pass through the cell, and the
reaction was terminated. Upon isolation, dark-brown
hexagonal plate crystals (having an EDS ratio of
Sb:Te=1:245 to 1:2.62) of the antimony telluride
Zintl compound [(CH,),N],Sb,Te, (2) were found
growing on the Sb.Te, cathode and throughout the
cathode chamber. These crystals, however, werc iso-
lated with a low yield (6% ), presumably because of
the formation of this insulating layer which prevented
further dissolution of the Sb,Te; cathode.

When the supporting electrolyte was changed to a
0.30M ethylenediamine solution of tetraethylam-
monium iodide, an initial current of 300 pA could be
applied. This resulted in the generation of a deep-red-
brown stream of anions which completely surrounded
the Sb,Te, cathode and then slowly sank to the
bottom of the cathode chamber. After approximately
5 days. the dissolution reaction resulted in the forma-
tion of dark-brown diamond-shaped crystals of
[(C,H),N],Sb,Te, (3) which were found growing on
the Sb,Te, cathode and throughout the cathode
chamber. Although these crystals also grow on the
electrode surface, they have been observed to be
considerably larger than those formed from the reac-
tion in tetramethylammonium iodide and tend to fall
off of the cathode surface, allowing sections of it to
remain exposced and continue to dissolve. No reduc-
tions in current occurred over the 5 day period. The
chemical and electrochemical yields for these crystals
were 17% and 33%. The EDS Sb:Te ratio in these
crystals was  essentially the same as for
[(CH,),N],Sb,Te, (2), varying from 1:2.42 to 1:2.65.

Single-crystal X-ray analysis of the brown hexagonal
plate crystals formed from the cathodic dissolution of
Sb,Te, in tetramethylammonium iodide revealed the
compound [(CH,),N]|,Sb,Te, (2) which crystallizes in
the space group P2,/c with four independent Sb,Te?
anions in the unit cell. The structure of the Sb,Te!
anion formed from this reaction is shown in Fig. 4(A).
The anion consists of two distorted SbTe, trigonal
pyramids that share a cornmer Te atom making an
Sb-Te-Sb angle of 87.4(2)°C. Although it appears
highly symmetric, the anion displays only approximate
2mm point group symmetry in the solid state. The
geometry of the Sb in the Sb,Te! anion is similar to
that observed in the Zintl phase compound K,SbTe,
[33b], which consists of discrete SbTe] trigonal
pyramids. This latter compound has three equivalent
Te-Sb-Te bond angles of 101.86(2)° and Sb-Te bond
distances of 2.7831(7) A. In 2, terminal Sb-Te bond
distances range from 2.695(7) to 2.758(6) A with
internal Sb-Te bond distances of 2.779(6) and
2.816(7) A. Angles within the SbTe, pyramids are
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Fig. 4. (A) The structure of the Sb,Te!” Zintl anion produced by
the cathodic dissolution reaction of an Sb,Te, alloy electrode in a
tetramethylammonium iodide supporting electrolyte. (B) The struc-
ture of the Sb,Te!” Zintl anion produced by the cathodic dissolu-
tion reaction of an Sb,Te, alloy electrode in a tetracthylammonium
iodide supporting electrolyte.

more obtuse than those in K,SbTe,, ranging from
102.0(2) to 107.8(2)".

The charge of 4 — on the Sb,Te!  anion is firmly
established by the presence of four crystallographically
independent tetramethylammonium cations in the
asymmetric unit. Each of the carbon and nitrogen
atoms in these tetramethylammonium cations is lo-
cated at general position in the lattice. Since Z =4,
there are four complete Sb,Te:  anions and 16 tetra-
methylammonium cations in the full unit cell.

Assignment of Sb and Te atoms in this anion was
based on their chemically reasonable connectivities
and multiple EDS ratios whose average was 1:2.53.
This assignment is reasonable, and accounts for both
the observed bond distances and angles and also the
observed charge of 4— on the anion. The complete
structure of [(CH,),N],Sb,Te, (2) contains isolated
Sb,Te! anions which are completely surrounded by
tetramethylammonium cations in the solid state. The
nearest distances between adjacent Sb,Te!” anions
ranges between 6.253 and 7.390 A. These distances
preclude the possibility of any possible interactions
between the anions and suggest that
[(CH,),N],Sb,Te; (2) is an insulator.

The structure of the Sb,Te!™ anion produced from
the cathodic dissolution of an Sb,Te, alloy electrode
in a (C,H,),N" supporting electrolyte is shown in Fig.
4(B). The structure of this anion is essentially the
same as that produced from the electrolysis in
(CH,),N", with some slight variations in bond lengths
and angles. For instance, the internal Sb-Te bond
distances in 2 are inequivalent (2.816(7) and
2.779(6) A) whereas those in 3 are exactly the same
(2.844(3) A). There are also two shorter (2.696(7) and

2.695(7) A) and two longer (2.758(6) and 2.739(7) A)
terminal Sb—-Te bonds in 2, whereas both terminal
Sb-Te bonds in 3 are almost exactly the same
(2.719(4) and 2.714(4) A). The Sb-Te-Sb angle of
87.4(2)° in 2 is also more acute than in 3 where it is
observed to be 92.3(1)°.

In the structure of the (C,H,),N" salt (3), the
central Te atom of the Sb,Te!  anion, Te(1), lies on
the Wyckoff 4a special position and has m symmetry.
In the asymmetric unit, only half of the Sb,Te?  anion
is present, together with one complete tetraethylam-
monium cation and two cations that lie on 2-fold
special positions. Thus the charge on the Sb,Tei~
anion is also confirmed to be 4— in this salt. As in 2,
the complete structure of [(C,H,),N],Sb,Tes (3)
consists of Sb,Tel” anions which are completely
surrounded by tetraethylammonium cations.

5.5. Synthesis and structure of {(C,H;),N]SbsTe,-
(0.5en)

Single crystals of the compound
[(C,H,),N],Sb Te, - (0.5en) (4) were prepared con-
currently with [(C,H;),N],Sb,Te; (3) from the
cathodic dissolution of an Sb,Te; alloy cathode in a
tetracthylammonium supporting electrolyte [36]. After
a total of 5 days, the electrolysis resulted in the
formation of these two solid products which were
separated by eye, based on their different mor-
phologies. They were isolated in an approximate 90:10
ratio (favoring (C,H;),N],Sb,Te, (3)). It is unknown
which compound forms first, or whether they both
form at the same time, but independent experiments
suggest that one is not interconverted into the other
on standing in the electrolyte solution. These two
compounds appear to be the only solid products
obtained from the cathodic dissolution process in the
tetracthylammonium supporting electrolyte and are
not obtained from a control experiment of pow-
dered Sb,Te, and (C,H,),NI in ethylenediamine.
The chemical and electrochemical yields for
[(C,H{),N],Sb.Te, - (0.5en) (4) were rather modest,
3% and 2% respectively.

Single-crystal X-ray analysis of the dark-brown
prismatic crystals of [(C,H;),N],Sb,Te,-(0.5en) (4)
revealed the novel antimony telluride anion Sb,Tej~
(which can be seen in Fig. 5). The compound crys-
tallizes in the space group P2,/n with one crystal-
lographically independent Sb,Te;” anion, four com-
plete tetraethylammonium cations and half an ethyl-
enediamine molecule in the asymmetric unit. Some of
the bond distances and angles present in the Sb,Tej"
anion are shown in Fig. 5. This anion, like the two
szTegf antimony telluride anions, displays approxi-
mate, but not crystallographically imposed, 2mm point
group symmetry in the solid state.
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e 3.133-3.229

Fig. 5. The structure of the Sb,Te}” Zintl anion produced by the
cathodic dissolution of an Sb,Te, alloy electrode in a tetraethylam-
monium iodide supporting electrolyte. The Sb-Te interactions
involving Te(5) are as follows: Sb(2)-Te5, 3.179(5) A; Sb(3)-Te(5),
3.188(5) A; Sb(4)-Te(5). 3.229(5) A; Sb(5)-Te(5) = 3.133(5) A.
The Sb-Sb bond distances are 2.814(5) A for Sb(2)-Sb(3), and
2.841(5) A for Sb(4)-Sb(5).

The assignment of Sb and Te atoms in the Sb,Te;"
anion was based on their chemically reasonable con-
nectivities and multiple elemental microprobe analyses
on different crystals which yielded Sb:Te ratios of
1:1.45 to 1:1.52. The overall charge of 4— on the
anion was established by the presence of four crys-
tallographically independent tetraecthylammonium cat-
ions per anion in the asymmetric unit. The distribution
of charge in this unusual 15-membered antimony
telluride Zintl anion can be rationalized in the follow-
ing manner: Terminal tellurium atoms Te(1) and
Te(9), each having only one bond, have an expected
charge of 1—. The capped Te(5) atom, which is weakly
coordinated to antimony atoms Sb(2)-Sb(5), exists as
a dianion (2— charge). All the other Te atoms in the
anion are two-coordinate and, together with all the
antimony atoms in the anion which are three-coordi-
nate, have no charge. Another equally valid way of
looking at the bonding in the Sb,Tej  anion would be
to adopt an ionic model which would assume that the
two Sb dimers (each containing a homonuclear Sb—Sb
bond) in the anion each have a charge of 4+, and that
the two isolated Sb atoms, Sb(1) and Sb(6), are
present as 3+. All the Te atoms must then have a
formal 2— charge, including the capped Te(5) atom.

The unusual capped four-coordination environment
of tellurium found in the Sb,Te; anion (Te(5)) has
been seen in the solid state chalcogenide compound
K,Cu,Te,, [37] but is unprecedented in antimony
tellurides. This geometry results in unusually long Sb—
Te interactions of between 3.133(5) and 3.229(5) A,
which are longer than any previously reported Sb-Te
bond (and as such, are drawn as dotted lines in Fig. 5).
It is very unlikely that four two-electron bonds actual-
ly exist in the Sb,Te; anion and is more likely that
the Te(5) atom is simply shared equally among the
four Sb atoms in the ring, being held in place by weak
bonding contributions from all four Sb atoms. The
other Sb-Te bond distances of 2.702(5) and
2.717(5) A for the two terminal Sb—Te bonds, and

2.765(6)-2.984(5) A for internal Sb-Te bonds, as well
as the Sb-Sb bond distances of 2.841(5) and
2.841(5)A in this anion are all within the values
expected for these interactions.

5.6 Synthesis and structures of [(C;H,),N],Sb Te,
and [(C;H,),N[:Sb,Te,

Using the same Sb,Te, alloy electrodes mentioned
above, but this time changing the supporting eclec-
trolyte to a 0.56 M solution of tetrapropylammonium
bromide in ethylenediamine, single crystals of the
antimony tellurides [(C,H,),N],Sb,Te, (5) and
[(C,H,;),N],Sb,Te, (6) were obtained [38]. The
cathodic dissolution reaction of the Sb,Te, alloy
electrode in the 0.56 M tetrapropylammonium bro-
mide solution of ethylenediamine running at a current
density of about 300 pA cm ™ °, immediately gave rise
to a deep-brown stream of anions which surrounded
the cathode and then slowly sank to the bottom of the
cathode chamber. After only 1 day, a red-brown
crystalline solid, which was later identified as
[(C,H,),N],Sb,Te, (5) was observed growing on the
Sb,Te, cathode. After approximately 2 days, the deep-
brown catholyte solution also yielded brown spear-
shaped crystals of [(C,H,),N],Sb,Te, (6) which were
found growing mainly on the bottom of the chamber.
The reaction was isolated after 5 days yielding
[(C;H;),N],Sb,Te, (5) and [(C;H,),N];Sb,Te, (6)
in an approximate 80:20 ratio. Chemical and electro-
chemical yields, as calculated on the basis of moles of
Sb, were 29% and 17% for 5 and 12% and 2% for 6.
These two compounds appeared to be the only solid
products of the electrochemical dissolution reaction
and were not obtained from control experiments of
powdered Sb,Te, and (C;H,),NBr in ethyl-
enediamine. Independent experiments have also
shown that [(C,H,),N],Sb,Te, (5) is not converted
into [(C,;H,),N];Sb,Te, (6) on standing in the elec-
trolyte solution which suggests that the two anions are
formed independently by the dissolution process.

The  antimony telluride  Zintl compound
[(C,H,),N],Sb,Te, (5) crystallizes in space group
Pbcn (No. 60) with eight Sb,Te;  anions and 32
tetrapropylammonium cations in the unit cell (Z = 8).
The structure of the Sb,Te; anion is shown in Fig. 6.
The anion consists of a folded Sb, ring to which four
terminal Te atoms are attached in the equatorial
positions. The anion displays approximate but not
crystallographically imposed 2mm point group symme-
try in the sold state. This geometry is quite different
from the bare Sb, anion which exists as a square
planar moiety [39] but more closely resembles that of
the compound (terr C,H,),Sb, which has tert-butyl
groups bonded to a folded Sb, ring in equatorial
positions [40]. The Sb—Sb distances in the Sb,Te)
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Fig. 6. The structure of the Sb,Te}” Zintl anion produced by the
cathodic dissolution of an Sb,Te, alloy electrode in a tetrapropylam-
monium bromide supporting electrolyte. The anion forms a puc-
kered Sb, square with Sb-Sb distances as follows: Sb(1)-Sb(2),
2.883(4) A; Sb(2)-Sb(3), 2.849(4) A: Sb(3)-Sh(4), 2.836(4) A;
Sb(4)-Sb(1), 2.864(4) A. The transannular non-bonded Sb-Sb
distances are 3.911(3) A for Sb(1)-Sh(3) and 3.921(4) A for Sb(2)-
Sb(4).

anion are in the range 2.836(4)-2.883(4) A and can be
compared with those in the teri-C,H,),Sb, compound
which fall in the range 2.814(2)-2.821(2) A. The
average transannular non-bonded Sb-Sb distance in
the Sb,Te;  anion is 3.913 A. For comparlson the
average Sb—Sb distance in the Sb; anion is 2. 750 A,
and it has an average transannular non-bonded Sb-Sb
distance of 3.889A. The Sb-Te bond distances in the
Sb,Te;  anion are in the range 2.722(4)-2.761(4) A.
Paucity of structurally characterized Sb-Te com-
pounds makes extensive comparisons with these
Sb-Te bond distances difficult, but they are consistent
with the other Sb-Te Zintl anions reported in this
article. For other comparisons, the ternary Zintl phase
compound K,SbTe; (mentioned earlier) consists of
discrete trigonal pyramidal anionic units having three
equivalent terminal Sb-Te bond distances of
2.7831(7) A [33b]. The Sb-Te bond distance in the
solid state phase Sb,Te, is 2.974 A, and Sb- Te dis-
tances in BaSbTe, are in the range 2.832-3.090 A [32].
The unit cell of 5 contains eight Sb,Te,  anions and
32 tetrapropylammonium cations in the solid state. As
in all the structures mentioned thus far, these tetra-
propylammonium cations completely surround the
Sb,Te;  anions giving rise to what is most probably
another insulating material that is not expected to
have any interesting conductive properties.

The antimony telluride [(C,H,),N},Sb,Te, (6)
crystallizes in monoclinic space group P2,/c with four
Sb,Te.” anions in the unit cell. The structure of the
Sb,Te.” anion is shown in Fig. 7. The assignment of
Sb and Te atoms in this anion was based on their
chemically reasonable connectivities and an elemental
microprobe analysis which yielded an Sb:Te ratio of
1.5:1. In describing the structure of the Sb,Te,
anion, one can think of it as the fusion of two well-
known structure types (Scheme 1): an Sb Te, cage (a)

Fig. 7. The structure of the Sb,Te}” Zintl anion produced by the
cathodic dissolution of an Sb,Te, alloy electrode in a tetrapropylam-
monium bromide supporting electrolyte. The dotted line represents
a long Sb—Te contact of 3.205(6) A. Some other Sb-Sb and Sb-Te
bond distances and angles are noted.

that resembles those found in X,N, (X = As, S or Se),
[41-43], X,S,(X=P or Te) [44,45] and As,Se, [46]
and a bicyclic Sb,Te, moiety (b) with an Sb-Sb
transannular closure and a geometry closely resem-
bling that of Se;" [47].

An interesting feature of the structure of Sb,Te; i
the pseudo-four-coordinated Sb(9) atom which is
bonded to Sb(4) and Sb(7) atoms at 2.756(5) A and
2.803(5) A, but displays an abnormally long Sb(9)-
Te(6) contact of 2.994(5) A. The other two Sb-termi-
nal Te contacts in the anion are much shorter with
Sb(5)-Te(5) at 2.683(6) A and Sb(1)-Te(4) at
2.664(5) A. The lengthening of the terminal Sb(9)-
Te(6) contact is most probably due to the weak
coordination of Sb(9) to Te(5) at 3.205(6) A, making
Sb(9) pseudo four-coordinate. It is interesting to note
that all three of the terminal Sb-Te bonds are “‘endo”
relative to the cluster. It is not clear whether this is
simply due to packing forces in the crystal or whether
the effect is driven by weak Sb—Te interactions such as
those involving Te(4) and Sb(2) or Sb(8) at 3.712(5)
and 3.665(5) A or Te(6) and Sb(4) at 3.317(6) A. The
Sb-Sb distances in Sb ,Te.” are in the range 2.756(5)—
2.871(5) A and internal Sb-Te distances vary from
2.722(7) to 2.878(5) A, all of which are comparable
with those in the other tetrapropylammonium salt
(containing the Sb,Te; anion) and in the other
structurally characterized antimony tellurides. Al-
though this structure is just another example of a

Scheme 1.
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highly charged Zintl anion which is completely iso-
lated (and should therefore not have any interesting
conductive properties), it does illustrate the unusual
structural compositions that can be made from the
antimony telluride system. Two 15-membered clusters
have been isolated from this system, both impossible
to predict from the simple Sb,Te, starting electrode
material.

5.7. Zintl anions from the arsenic and tin telluride
systems

The binary compounds formed between the chal-
cogenides and the pnictides range from molecules to
three-dimensional solids. The properties of the lighter
members of this class, such as the minerals orpiment
(As,S;) [48] and realgar (As,S,) [49], resemble those
of molecular materials, while the heavier solids, such
as the mineral tellurobismuthite (Bi,Te,), have inter-
esting optical and electronic properties {50]. Many of
these M,X, solids adopt the rhombohedral R3m
tetradymite structure type. It is also possible to
solubilize binary anionic clusters from neutral solids
containing the group 15 and 16 elements as exem-
plified by the formation of As-S polyanions by the
treatment of arsenic sulfides with organic amines [51]
and the work of Sheldrick and coworkers [52] involv-
ing solventothermal reactions of arsenic sulfides and
selenides with carbonates in methanol. Other arsenic
selenide compounds have been isolated by Kolis and
coworkers [53]. In the As-Te Zintl polyanion system,
the clusters As  Te: [54], As, Te’  [55], As,Te;
[56] and As,Te; [57] are known. All these anions
have been synthesized through the ethylenediamine
extraction of alkali metal arsenic telluride alloys.

Moving over to the tin telluride system, very little
work seems to have been done. In fact, when com-
pared with the binary and ternary main group oxides
(such as SiO,), the heavier main group chalcogenides
of group 13 have received little attention. As expected
by analogy to silicate chemistry, the structures of the
known compounds in this system are based on tetra-
hedral building blocks. Examples such as Ge,S}, [58],
Ge,Sl,, [59], GeSe, [60], Ge,Se; [6], SnS;  [62],
Sn,S;” [63] and Sn,Se!” [64] have been isolated.
Several group 13 telluride Zintl anions are also known.
They include Si,Te!, [65], GeTe, [66]. GeTe: [67],
Ge,Te!, [68a], Ge,Te', [68b], SnTe;, [69], SnTe:
[70], Sn,Te; [71] and Sn,Te$™ [72]. The majority of
these compounds have been prepared through the
high temperature fusion and/or extraction techniques,
although some have been made by Krebs et al. by the
treatment of the binary main group sulfides or
selenides with HX ™ or X~ (X =S or Se) in aqueous
solution.

The Zintl anions As,Te; , As,Te; , As, Te; ,
Ge,Tel,, Sn,Te:  and Sn,Te. have all been pro-
duced by the electrochemical synthetic method de-
scribed above, through a combination of varying the
composition of the cathode electrode and through the
choice of tetraalkylammonium halide supporting elec-
trolytes [10]. As the structures of these anions are not
new, they will not be discussed here. However, the
mere synthesis of these molecular species illustrates
the versatility of the synthetic technique, which has
now been used successfully for many congruently
melting main group telluride electrodes.

6. Electrochemical synthesis of one-dimensional
chain materials

One-dimensional inorganic polymers are not rare.
In fact, there are a reasonably large number of
examples of these solids in the literature, especially in
the main group oxides. Some examples of these one-
dimensional main group oxide materials include
Se0,,Sb,0, and HgO, as well as the chain silicate
materials such as those of the pyroxene group [73].
There are far fewer examples of low dimensional
materials in the corresponding heavier chalogenides.
Some examples for sulfur include the infinite one-
dimensional chain compounds SiS, [74] and KFeS,
[75], which are made up of infinite chains of tetrahedra
(containing either Si(IV) or Fe(III)) that share oppo-
site edges. For selenium, the low dimensional com-
pounds TISe [76], NaAlSe, [77] and T1AlSe, [78] are
known. In the tellurium system, compounds of the
form AMTe,, where A =Na or K and M = Al, Ga or
In, have been prepared and structurally characterized
[79]. The new mixed-metal one-dimensional mercury
tin telluride polymer HgSnTeif has also just recently
been isolated [80]. This compound has been made
both by the high temperature fusion of the elements
and via the solventothermal reaction of K,SnTe, with
HgCl, in ethylenediamine at 100 °C.

Low dimensional inorganic materials are of interest
because of the variety of anisotropic electrical, optical
and magnetic properties that they may possess [81].
The class of polychalcogenide compounds, especially
those containing multiple chalcogen—chalcogen bonds,
are noteworthy here, as many have been used in
commercially viable industrial processes. For example,
polysulfide ligands have been of extensive use in the
hydrosulfurization of oil and are thought to be present
at the surface of metal sulfide catalysts [82]. Poly-
chalcogenide glasses are also an important class of
materials and have been shown to be useful as non-
linear optical materials, in photoconductive devices, as
optical switches, and as media for optical information
storage [83].
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It has been shown that polychalcogenide ligands are
more likely to be incorporated into solid state low
dimensional lattices if low temperatures (below
500 °C) are used [84]. This is because of the thermal
instability of the polychalcogenide fragments, which
increases with increasing length, leading to the isola-
tion of smaller and smaller fragments. The electro-
chemical synthetic technique presented herein is done
at room temperature and thus should be amenable to
producing low dimensional materials. This section will
show how this is accomplished.

6.1. Synthesis and structure of [(C;H;),P]GaTe,(en),

There are very few examples of compounds of
gallium and the heavier group 16 elements in the
literature. While the binary compounds GaTe, Ga,Te,
and Ga,Te, have been known for a long time, most of
the recent interest in this area has been directed
toward the organometallic compounds of gallium with
group 15 elements. Compounds such as R;Ga-XR]
(X=N,P or As) [85] and (R,Ga-XR}), (X=P or
As) [86] for example, are of current interest as pos-
sible precursors to thin films of III-V materials [87].
The first example of a compound containing a Ga-Te
bond was reported by Coates [88] in the adduct
formed from the reaction of Ga(CH,),; with
Te(CH,),. Since then, the compounds {[(CH,),-
CCH,],GaTe(CH,)},, which was prepared from the
reaction of GajCH,C(CH;),],Cl with LiTe(C,H;) in
(C,H;),O [89] and {(tert-C,H,),Ga[p-Te(tert-
C,H,)]},, which was prepared by the ambient tem-
perature reaction of Ga(tert-C,H,), with metallic
tellurium [90] appear to be the only examples of
Ga-Te compounds with organic ligands. Isolated Ga—
Te anions are even rarer with K,Ga,Te, prepared by
the high temperature fusion of the elements [91]
apparently being the only known example. Related
work in the semiconductor industries has produced the
compounds XGaTe, (X=Cu,Ag,In or Tl) [92]
XGa,Te, (X=Cd or Hg) [93a,b] and Ag,Ga,Te,,
[94] which have been studied for their optical, thermal
and electrophysical properties.

The electrochemically controlled cathodic dissolu-
tion of telluride electrodes, which worked so well in
the synthesis of Zintl anion clusters (Section 5), is
used here in the gallium telluride system for the
synthesis of [(C,H,),P]GaTe,(en), (7)—a new pseu-
do-one-dimensional gallium telluride [95]. This com-
pound cannot be formally considered a Zintl com-
pound as it contains ethylenediamine molecules which
are directly bonded to the central gallium atom. It is
also not exactly a one-dimensional material, as no
direct bonds exist connecting it into such a structure
(hydrogen bonding is responsible for the pseudo-one-
dimensional nature of the material). Nevertheless,

[(C¢H;),P]GaTe,(en), (7) represents a new addition
to the field of gallium tellurides and helps to demon-
strate the versatility of the cathodic dissolution tech-
nique.

The cathodic dissolution reaction that produces the
compound [(C(H;),P]GaTe,(en), (7) required the
use of a Ga,Te; cathode which was made by melting
stoichiometric amounts of the elements under nitrogen
in a quartz tube. Unlike the previous syntheses of
these telluride alloys which melt easily with no obvious
difficulties or dangers, the fusion reaction of Ga and
Te is extremely violent, erupting in bright orange
flames and leaving a shiny black solid as a final
product. Precautions such as the reaction being done
in a fume hood equipped with a fire extinguishing
device, and the use of a safety shield and/or safety
face shield should be initiated before attempting this
synthesis. Once formed, the black solid is easily
crushed into a fine powder and recast into cylindrical
electrodes of approximately 1cm’ surface area. The
recasting process is not accompanied with any violent
reactions.

The synthesis of single crystals of
[(CcH,),P]GaTe,(en), (7) was accomplished from the
cathodic dissolution reaction of a Ga,Te, electrode in
a 0.5M tetraphenylphosphonium bromide solution in
ethylenediamine. The electrolysis took place in a two-
compartment liquid-junction air-tight electrochemical
cell equipped with a nickel plate counterelectrode.
Each compartment of the electrochemical cell was
filled with 10 ml of the electrolyte solution and, under
the inert atmosphere contained within the electrode
chambers, electrolyzed at a maximum constant current
of 300 wA for 6 days. The cathodic dissolution reaction
resulted in the formation of a bright orange powder
that formed mainly on and below the Ga,Te, cathode,
and a small number of orange needle-shaped crystals
which grew both on the Ga,Te, electrode and on the
walls of the cathode chamber.

Reactions in this system have typically yielded less
than 0.01 g of crystals (an average yield of 8% based
on moles of Ga). The reactions are stopped when the
insulating orange powder layer prevents further pas-
sage of current through the cell, and much of the
Ga,Te, electrode is left intact at the end of the
experiment. The electrochemical yield (moles of crys-
talline product per moles of e- passed) is typically less
than 1%, but as much as 12-15% if the powder is
included. This powder, which may also be
[(C¢H,),P]GaTe,(en), (7), has not yet been com-
pletely characterized except for qualitative microprobe
analyses which have yielded Ga:Te ratios of between
1:1.85 and 1:2.06.

X-ray structural analysis of the bright orange crys-
tals of [(C,H;),P]GaTe,(en), (7) revealed the novel
GaTe,(en),  anion which is shown in Fig. 8. The
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Fig. 8. The one-dimensional doubly hydrogen bonded chains in the
structure of [(C H,),P]GaTe,(en), (7). Some relevant bond dis-
tances and angles are as follows: Te-Ga, 2.509(1);\; Ga-N,
2.081(7) A; Te-Ga-Te, 125.7(1) A; Te-Ga-N, 110.0(2) A; Te-Ga-
N, 109.2(2)1&; N-Ga-N’, 85.2(4) A. The Te-N non-bonded dis-
tances (represented by dotted lines) range from 3.750(7) to
3.793(7) A, and the nearest N - - - N non-bonded distances arc either
3.13(1) or 3.46(1) A.

anion consists of Ga(Ill) in a distorted tetrahedral
coordination environment. The gallium atom lies on
the Wyckoff 4e special position in space group C2/c
on a twofold axis and is bonded to two crystallographi-
cally equivalent terminal tellurium atoms. The Ga-Te
bond distance is 2.509(1) A, which is 0.11 A shorter
than the sum of the Ga and Te covalent radii, 2.62 A
[96]. Owing to the paucity of structurally characterized
Ga-Te compounds, it is difficult to make extensive
comparisons with this Ga—Te bond distance. The four-
membered Ga,Te, ring in the compound
{[(CH,),CCH,],GaTe(C,H.)}, has Ga-Te bond dis-
tances in the range 2.7435(8)-2.7623(8) A [89], and
K,Ga,Te, is composed of two edge-sharing GaTe,
tetrahedra with Ga-Te bond distances of 2.591 A

(terminal) and 2.680 A (bridging) [91]. In the solid
state phases, the average Ga-Te bond distances in
GaTe (monoclinic) [97a,b], GaTe (hexagonal) [98],
Ga,Te, [99] and Ga,Te, [97] are 2.665, 2.61, 2.56, and
2.641 A respectively. Therefore, it would appear that
the GaTe,(en), anion has the shortest Ga—Te bond
distance thus far recorded. This short Ga-Te bond
distance can be rationalized if one considers the
following resonance structures:

Te™ Te
Ga/ — Ga/
\\Te NTe”

Such a description would lead one to believe that the
Ga-Te bond distance of 2.509(1) A is actually inter-
mediate between a single and double bond and would
help to explain this short distance relative to the other
known Ga-Te bonds. However, it is impossible to
confirm this speculation since no structures with a true
Ga-Te double bond have yet been isolated.

The Te-Ga-Te bond angle of 125.7(1)° is greatly
distorted from the ideal tetrahedral angle of 109.5°C
by the repulsion of the large Te atoms which are
4.465 A apart. The N-Ga-N angle is 85.2(4)°, bringing
the inner ethylenediamine N atoms to within 2.816 A
of each other. The Te-Ga-N angles are 110.0(2)° and
109.2(2)°.

Unlike the corresponding sulfides and selenides,
there are few examples of hydrogen bonding to
telluride anions. Hydrogen bonding of an ethyl-
enediamine molecule to Te; has been observed [100]
with an N-Te distance of 3.46(6) A, and CH,OH has
also been observed to hydrogen bond to the ends of a
Te, anion [101] with the O-Te distance being
3.585(7) A. The criteria for determining the evidence
of a hydrogen bond in a crystalline solid was suggested
by Hamilton and Ibers [102] as the observation of a
distance between two non-hydrogen atoms, one of
which is capable of donating eclectrons (tellurium in
this case) and one of which is electronegative and
bonded to hydrogen, which is less than the sum of the
van der Waals radii. According to Pauling [96] this
sum is 3.70 A for Te-N, which is just 0.050 A shorter
than the closest Te—N contact of 3.750(7) A and only
0.093 A shorter than the longer N-Te contact of
3.793(7) A. In [(C.H;),P]GaTe,(en), (7), however,
we are dealing with two hydrogen bonds per tellurium
atom and a formal Te’ anionic radius instead of a Te
atomic radius; both these reasons may contribute to
the longer observed hydrogen bonding distances.

The individual chains of GaTe,(en), run parallel to
the crystallographic b axis in sheets which are effec-
tively isolated from one another by tetraphenylphos-
phonium cations. Individual chains within these rows
have terminal ethylenediamine N-N contacts of
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3461 A and are clearly not related by hydrogen
bonding interactions. The Te-Te distance between
rows of GaTe,(en), chains is 9.789 A.

6.2. Synthesis and structure of [(C,H,),N],In,Te,

There are many compounds in the literature con-
taining indium and the heavier chalcognides. Exam-
ples of one-dimensional materials are rarer but do
indeed exist. The compound Rb,In,S,, for instance,
consists of edge-sharing InS, tetrahedra that form
polymeric In,S:” chains by corner sharing [103]. The
compound Rb,In,Se; is isostructural to Rb,In,S, with
the same one-dimensional chains [104]. In the com-
pound KlInSe,, InSe, tetrahedra form adamantane-
like In,Se,, groups that are linked two-dimensionally
via corners to form a layered material [104]. Polymeric
one-dimensional indium tellurides include the com-
pounds XInTe, (X=Na or K) [105], Y,In,Te, (Y=
Ca or Ba) [106], Na.In,Te, [107] and GalnTe, [108].
Other solid state compounds in the indium telluride
system include LilnTe, [109], InTeCl [110] and
K;InTe, [111].

There are many congruently melting telluride
phases on the In-Te phase diagram [31]. These in-
clude In,Te, InTe, In,Te, and In,Te;. The In,Te;
phase was chosen for use as an electrode material
since this phase is the most tellurium rich and should
therefore be the most conductive.

Single crystals of [(C,H,),N],In,Te, (8) were pre-
pared by the cathodic dissolution of an In,Te, alloy
electrode which was made as previously described
[112]. The electrochemical cell was filled with a solu-
tion of 0.40M tetrabutylammonium iodide in ethyl-
enediamine which served as both a source of cations
for the crystallization process and the supporting
electrolyte. The cathodic dissolution reaction, which
ran at a constant current of 1 mA immediately gave
rise to a deep-red stream of anions which surrounded
the cathode and then sank to the bottom of the
cathode chamber. After 1 day the solution in the
cathode chamber was dark red in color and transpar-
ent yellow plate-like crystals had been deposited on
the In,Te; electrode and throughout the cathode
chamber. The deposition of this yellow crystalline
layer (the elemental microprobe analysis of which
showed an In:Te ratio of 1:1.97) on the In,Te,
electrode reduced the current flow to 300 wA where it
was held for another 4 days. The dark-red catholyte
solution was then filtered under a He atmosphere
leaving transparent yellow plate-like crystals which
were isolated with an approximate 35% yield (electro-
chemical yield, 12% ). Exactly how the cathodic disso-
lution of an In,Te, electrode in a concentrated solu-
tion of tetrabutylammonium iodide yields the one-
dimensional chain compound [(C,H,),N],In,Te, (8)

is unclear at this time but may occur according to the
following equation:

In,Te +2(C,H,),NI— [(C,H,),N],In, Te, + Te>~
(1)

where Te’™ may be present as excess polytellurides in
the catholyte solution, left as unreacted tellurium
metal in the cathode, or perhaps some combination of
both.

The bright yellow crystals of [(C,H,),N],In,Te, (8)
were the only solid products obtained from the disso-
lution reaction and were not obtained from a control
experiment of powdered In,Te; and tetrabutylam-
monium iodide in ethylenediamine. The crystals are
unstable with respect to oxygen and moisture, de-
composing immediately into a gray-black solid on
exposure to the atmosphere.

The structure of [(C,H,),N],In,Te, (8) consists of
InTe, tetrahedra which are linked together by sharing
opposite edges to form one-dimensional In,Te]
chains. The In,Te}, structural repeat unit is shown in
Fig. 9. The unit cell contains four separate In,Te},
chain fragments per unit cell translation along a. The
In-Te bond distances in the In,Te, four-membered
rings within these units are in the range 2.786(2)-
2.814(2) A. The transannular In—In distances in these
rings are in the range 3.697(5)-3.732(5) A, and those
of the Te-Te are 4.140(1)-4.188(2) A. A unit-cell
view showing a more complete picture of these chains
is given in Fig. 10. The In,Te; chains run parallel to
the crystallographic a axis and are effectively isolated
from one another by tetrabutylammonium -cations.
These chains are isotypic with those found in the SiS,
and KFeS, type compounds [74,75] and are closely
related to those found in the solid state compounds
XInTe, (X =Na or K) [105] and YIn,Te, (Y=Ca or
Ba) [106], but it would seem as though the compound
[C,H,),N],In,Te, (8) represents the first example of
a telluride compound with this structure type con-
taining organic cations and completely isolated metal
chains.

Comparison of the one-dimensional indium telluride

Fig. 9. The structure of the In,Te] chains in the one-dimensional
indium telluride compound [(C,H,),N],In,Te, (8) formed from the
cathodic dissolution of an In,Te; alloy electrode in a tetrapropylam-
monium iodide supporting electrolyte. The transannular non-
bonded In-In and Te-Te distances range from 3.697(5) to
3.755(5) A and 4.140(1) to 4.188(2) A respectively.
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Fig. 10. Unit-cell view of the structure of [(C,H,),N],In,Te, (8) down the crystallographic a axis showing the one-dimensional In,Te; chains
which are completely isolated from each other in the solid state by tetrapropylammonium cations.

compound [(C,H,),N],In,Te, (8) with other structur-
ally characterized indium tellurides shows numerous
structural similarities (based on the InTe, tetrahedral
unit), and a general agreement in In-Te bond distance
values. The structure of Na;InTe,, for example, con-
sists of isolated InTe, tetrahedra with an average
In-Te bond length of 2788 A [107]. A similar struc-
ture, Na;In,Te,, also consists of InTe, tetrahedra, this
time connected through common vertices to form
“Zweiereinfach” chains which are further joined into
ribbons through intermittent neighboring Te-Te
bridges [107]. The average In-Te bond length in
Na In,Te, is 2.799 A. Other compounds include the
solid state materials LilnTe, [109], InTeCl [110] and

K.InTe, [111], the first of which crystallizes in the
chalcopyrite structure type with In-Te bond distances
of 2.768 A. The compound InTeCl contains complex
layers of strongly distorted InTe,Cl tetrahedra with
In-Te bond distances varying from 2.752 to 2.883 A.
The structure of K InTe, has not been determined,
the compound to date being characterized by X-ray
powder diffraction and elemental analysis studies. All
these compounds have been prepared by the high
temperature fusion of stoichiometric amounts of the
elements.

Structural  similarities  also  exist  between
[(C,H,),N],In,Te, (8) compound and indium sulfides
and selenides. The compounds Rb.In,S, and
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Rb,In,S,, for instance, consist of edge-sharing InS,
tetrahedra that form isolated In,S}” anions in the
former and polymeric InZS‘;* chains by corner sharing
in the latter [103]. One-dimensional chains (of
In,Se: ) are also found in the isostructural Rb,In,Se,
compound which was prepared by the high tempera-
ture fusion of stoichiometric mixtures of the elements
[104]. Finally, in the compound KInSe,, InSe, tetra-
hedra form adamantane-like In,Se,, groups that are
linked two-dimensionally via corners to form a layered
material [104]. Other examples of compounds with
very common InX, (X =S8, Se, or Te) tetrahedral unit
are likely to exist or will almost certainly be syn-
thesized in the future. It should be noted here,
however, that the cathodic dissolution method pre-
sented herein represents the first time that such a
material was generated by an electrochemical process.

6.3. Synthesis and structure of [(C,H,;),N],As,Te;

Prior to the synthesis of [(C,H;),N],As,Te; (9), all
the other structurally characterized arsenic telluride
compounds were either anions (such as As4T32‘ or
As,,Te2") or two- and three-dimensional solid state
structures (such as As,Te;). The compound
[(C,H,),N],As,Te, (9) therefore represents the first
example of a structurally characterized one-dimension-
al inorganic arsenic telluride polymer.

The electrochemical dissolution reaction that
produces single crystals of (C,H,),N],As,Te; (9)
required the use of an As,Te, alloy electrode which
was prepared by the fusion of stoichiometric mixtures
of the elements in a quartz container as previously
described [113]. The easily melted silver—gray product
was ground to a fine powder and recast into cylindrical
electrodes which were incorporated into the electro-
chemical cell as previously described. All three cham-
bers of the electrochemical cell were filled with ap-
proximately 10 ml of the electrolyte solution which
consisted of 0.30M tetraethylammonium iodide in
ethylenediamine. The assembled electrochemical cell
was attached to a constant-current power supply and
electrolyzed at 300 pA for 5 days. The electrolyses
resulted in the immediate formation of a dark-red
stream of anions which completely surrounded the
As,Te, cathode and then slowly sank to the bottom of
the cathode chamber. As more current was passed, the
electrode dissolved and the catholyte became very
dark as the polyanions increased in concentration.
After 5 days, two crystalline products were isolated
from the cathode chamber: thin red needles having an
As:Te ratio of between 1:1.2 and 1:1.5 (based on
multiple EDS analyses), and black spear-shaped crys-
tals which appeared red in thin section having an
As:Te ratio of 1:2.25-1:2.58. These crystals appear to
be the only solid products obtained from the cathodic

dissolution process, are isolated in an approximate
50:50 ratio and are not produced from a control
experiment of powdered As,Te, and tetraethylam-
monium iodide in ethylenediamine. The thin red
needles have to date been unsuitable for single-crystal
X-ray analysis and have only been incompletely char-
acterized by EDS analysis. They are extremely air
sensitive and very thin, making all attempts at their
analysis extremely difficult. Variations in the elec-
trolysis current (10-300 pA) and time of the elec-
trolysis (1-5 days), as well as changes in the con-
centration of the supporting electrolyte (0.10-0.30 M)
have been attempted to grow better samples of these
crystals. All attempts, however, have resulted in the
formation of the same extremely tiny needle-shaped
and unsuitable crystals. Single-crystal X-ray analysis
was, however, possible on the black spear-shaped
crystals. This analysis revealed the new arsenic tel-
luride one-dimensional polymer [(C,H;),N],As,Te;
(9). As in all previous experiments using nickel as the
counterelectrode, a purple crystalline material, which
had a Ni:I ratio of approximately 1:2, was deposited
on and near the anode.

The arsenic  and  tellurium atoms  in
[(C,H,),N],As,Te; (9) are present as novel one-
dimensional As,Te: infinite chains which are sepa-
rated in the solid state by (C,H,),N" cations. The
structure of the As,Te; repeat unit is shown in Fig.
11. These chains run parallel to the crystallographic ¢
axis and have the structure shown in the unit-cell
diagram in Fig. 12. The polyanions that make up these
chains can be considered in a formal sense to be built
up from As—As-bonded As;” dimers and planar Te!~
squares. The As—As bond length of the As;" dimer,
which lies astride the 1 site at 0,0, 1, is 2.451(8) A and
can be compared with As—As distances of 2.517 A in
the « form of elemental arsenic [114] or the contacts
in the range 2.357-2.498 A as found in the As>™ [115]
or As], [116] polyanions. The Asi" dimers are
bonded to four neighboring Te atoms at 2.587(5) and
2.598(4) A. These As-Te distances are similar to the
As-Te distances of 2.604-2.614 A for p’ bridging

Fig. 11. The structure of the As,Te2” chains in the one-dimensional
arsenic telluride compound [(C,H,),N],As,Te; (9) formed from
the cathodic dissolution of an As,Te, alloy electrode in a tetra-
ethylammonium iodide supporting electrolyte.
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Fig. 12. Unit-cell view of the structure of (Et,N),[As,Te] (9) showing the one-dimensional AszTei’ chains running parallel to the
crystallographic ¢ axis. The chains are separated in the solid state by tetracthylammonium cations.

tellurium atoms in previously characterized arsenic
tellurides [117].

The tellurium portion of the polyanion chain can be
considered to be present as 36-electron TeTe] units
that are topologically similar to XeF, molecules [118].
Similar Te moieties can be recognized in Ga,Te,
[119]. However, the closest structural analogs to the
one-dimensional chains in [(C,H;),N],As,Te. (9), in
terms of the TeTe{ units, are found in the one-
dimensional SnTe chains present in K,SnTe, [120a]
and isotypic Rb,SnTe, [120b], where the Sn*" cations
and As;” dimers occupy similar positions within the
chains with respect to the TeTe; units. In all these
materials containing TeTe! , the distance of the cen-
tral tellurium to the remaining tellurium atoms falls in
a surprisingly narrow range of around 3.05 A. The
distances per comparable repeat unit along the SnTe?~
and As,Te.  chains are very similar with values of
7.795 A and 7.829 A for SnTe2” and As,Te2  respec-
tively. The similarity of both charge and connectivity
requirements of the Sn*" cations and As)” dimers
suggest that it may be possible to prepare materials
with a solid solution of different cations at the metal
sites within the telluride chain as was recently found

for the one-dimensional chains in K,HgSnTe, [80]. In
fact, the one-dimensional telluride chains in
K,HgSnTe, are related to the chains in SnTel” by
simply replacing the square planar Te with a tetra-
hedral Sn/Hg site which results in a halving of the ¢
axis in HgSnTe, (or As,Te: ) relative to SnTe: .
It is interesting to note that the compound
[(C,H,),N],As,Te, (9), like the other electrochemi-
cally synthesized arsenic telluride anion, As,Te,
{10,57], contains direct As—As bonds. As noted earlier,
neither the monoclinic nor the rhombohedral modi-
fications of As,Te;, the starting electrode material,
have any direct As—As interactions. These As—As
interactions form the basis of a common building
block that is found in both As,Te:” and As,Te! —an
As,Te, moiety. As shown in Fig. 13, which compares
the structures of the two electrochemically synthesized
arsenic tellurides, the As,Te; moiety (Fig. 13(A)) is
found in both structures. This structural unit has not to
date been prepared by an electrochemical method but
has just recently been isolated through a high tempera-
ture fusion-extraction process [121]. In Fig. 13(B),
one can see how two As,Te, units combine, with the
loss of two tellerium atoms, to form the As,Te;  Zintl
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Fig. 13. (A) The As,Te}  structural unit, (B) its incorporation into
the arsenic telluride anion As,Te; and (C) one-dimensional chain
material As,Tel : @, As.

anion. Fig. 13(C) shows how the As,Te,  unit is
incorporated in the As,Te.” one-dimensional poly-
mer, alternating between square planar Tel ™ structur-
al units.

6.4. Synthesis and structure of [(CH,),N] ,Hg;Te,"
(0.5en)

In the mercury telluride system, the first polyanion
discovered was [K-(2,2,2-crypt)],HgTe, - (en) [122],
which was characterized during the pioneering studies
of Corbett and coworkers on main group polyanions.
The mercury telluride [K-(2,2,2-crypt)],HgTe, - (en)
was prepared by the extraction of an alkali metal alloy
material of nominal composition KHgTe with 2,2,2-
crypt in ethylenediamine. The extracts were reported
to be yellow in color, indicating that the material
extracted from this alloy contained no homoatomic
Te-Te bonds (which are characteristically very darkly
colored). The HgTe>™ anion was found to be linear
with two equivalent Hg-Te bond distances of
2.5890(8) A.

Subsequently, Haushalter [123] reported the syn-
thesis and structural characterization of two polynu-
clear mercury tellurides, namely the tetramer
[(C,H,),N],Hg,Te,,, and the one-dimensional poly-
mer [(C,H,),P],Hg,Te, [123]. It is interesting to note
that both Hg, Te}, and Hg,Tel™ were prepared by the
extraction of exactly the same alloy, this time
K,Hg,Te,, with only the cation used to treat the
extract being different. Another one-dimensional mer-
cury telluride polymer, [(C,H,),N],Hg,Te,, has also
just recently been synthesized from the extraction of
this alloy in a tetraethylammonium iodide solution in
ethylenediamine [124]. These observations suggest
that at least three interconvertible species must be
present in the ethylenediamine extracts of K,Hg,Te,.

While several other mercury selenides and sulfides

(which exist as both isolated anions and three-dimen-
sional solids) are known [125], the only other mercury
telluride anion reported in the literature is the HgTe?~
anion [126].

The electrochemical dissolution reaction that
produces the one-dimensional mercury telluride poly-
mer [(CH,),N] ,Hg.Te, - (0.5en) (10) required the use
of a Hg,Te, alloy cathode [124]. Although the mer-
cury—tellurium phase diagram does not contain an
Hg,Te, congruently melting phase (HgTe is the only
one) [31], this particular composition was chosen
because of our success with the ethylenediamine
extractions of K,Hg,Te, alkali metal alloys, and
because an alloy whose composition was tellurium rich
was desired. This particular Hg,Te, alloy was difficult
to make because, on heating, the mercury tended to
boil out of the melt rather than form the alloy. Once
formed, however, the resulting regulus appeared
homogeneous, was easily crushed into a fine powder
and could be easily remelted to make electrodes. The
final composition of these electrodes, however, was
probably not strictly Hg, Te, in all cases.

The cathodic dissolution reaction of the Hg,Te,
electrode took place in the electrochemical cell de-
scribed above in a solution of approximately 0.15M
tetramethylammonium iodide in ethylenediamine. The
electrolysis was begun at a maximum constant current
of 100 wA and lasted for 10 days. Immediately on
application of this current, intensely colored dark-red-
purple streams of anions were produced, and they
quickly surrounded the Hg,Te, cathode, finally sink-
ing to the bottom of the cathode chamber. Unlike
most of the other cathodic dissolution reactions, how-
ever, this stream ceased to be produced after only a
few hours, and a black crystalline layer was noticed
growing on the Hg,Te, cathode. The catholyte solu-
tion remained only light red-purple throughout the
electrolysis, suggesting a rather low overall concen-
tration of anions present. Throughout the electrolysis,
crystals were found growing on the Hg,Te, cathode,
forming an insulating layer which eventually reduced
the applicable current to less than 1 pA. The reaction
was terminated after 10days when crystals large
enough for single-crystal X-ray analysis were seen.
Most of these crystals were found growing on the
Hg,Te, cathode and the epoxy that surrounded it, but
a few were noticed on the bottom and walls of the
cathode chamber. The crystals were isolated in ap-
proximately 40% yield (electrochemical yield, 14%).

The novel one-dimensional mercury telluride com-
pound [(CH,),N],Hg,Te, - (0.5en) (10) crystallizes in
the space group P1 (No. 2) with one complete
Hg,Tei  chain fragment, four tetramethylammonium
cations and half an ethylenediamine molecule in the
asymmetric unit. The structure of the Hg,Te; repeat
unit is shown in Fig. 14. The complete structure of 10
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Fig. 14. The structure of the Hg,Tel repeal unit in the one-
dimensional mercury telluride compound [(CH,),N|,Hg,Tc,-
(0.5¢n) (10) formed from the cathodic dissolution of a Hg,Te, alloy
electrode in a tetramethylammonium iodide supporting electrolyte.

contains infinite one-dimensional Hg,Te] chains
which are built up from Hg,Te; moieties that are
joined together into strands via single-atom tellurium
(Te’”) bridges. A section of the Hg.,TeS chain is

A)

@ =Hg

shown in Fig. 15(A). Here one can see how the
Hg,Te, moieties mentioned above are each made up
of two fused Hg,Te, five-membered rings which share
a corner Hg atom (Hg(2)). Mercury atoms Hg(1) and
Hg(3) in these units have approximately trigonal
planar coordination with Te—Hg(1)-Te bond angles of
118° 118° and 124°, and Te—-Hg(3)-Te bond angles of
116°, 119° and 123°. The Hg(2) atom is in a tetrahedral
environment with Te-Hg(2)-Te angles varying be-
tween 99° and 120° (average, 109.5%). While tetrahedral
coordination is common for Hg’', this is only the
second structurally characterized example in mercury
tellurides (Hg,Te}, [123] contains the first). As ex-
pected, the Te-Hg ., uneura;y PONd distances are sig-
nificantly longer than the Te-Hg ..., bond dis-
tances. The four Te-Hg . .neqr, bond distances

range from 2.770(2) to 2.884(2) A with an average of

O =Te

Fig. 15. (A) The structure of the one-dimensional Hg, Te?  chains present in the electrochemically synthesized mercury telluride compound
[(CH,),N],Hg,Te, - (0.5en) (10). The chains run parallel to the crystallographic @ axis. (B) The structure of the one-dimensional Hg,Te’
chains present in [(C,H,),N],Hg,Tc,. (C) The structure of the one-dimensional Hg, Te? chains present in [(C,H,),P|.Hg,Te..
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2.832 A, while the six Te-Hg ,igonai, cONtacts range

from 2.691(2) to 2.773(3) A with an average of
2.726 A. The Te-Te bond distances are 2.729(3) A and
2.734(3) A which are typical of many polytellurides.

Together with the four crystallographically inde-
pendent (CH,),N" cations in the structure, there is
also an ethylenediamine molecule present in
[(CH,) ,N],Hg,Te, - (0.5en) (10). The nearest Te-N
intermolecular distance occurs between the Te(6)
atom of the Hg,Te}™ chain and the N(5) atom of the
ethylenediamine molecule and has a value of
3.88(3) A. This distance is well outside the range of
that expected for a Te—-H-N hydrogen bond (Te-N
distance should be 3.70 A or less) [96], supporting the
conclusion that the ethylenediamine molecule is mere-
ly present in the structure as a solvate of crystalliza-
tion.

Although not isolated by the electrochemical meth-
od described herein, two other structurally related
one-dimensional mercury telluride compounds exist.
The first, [(C,H,),N],Hg,Te,, contains Hg,Te, five-
membered rings, which are not fused together but
instead are connected by bridging tellurium atoms to
form infinite one-dimensional chains [124]. The struc-
ture of a section of one of these infinite one-dimen-
sional Hg,Te ™ chains is shown in Fig. 15(B), where
some obvious structural similarities to the chains in
Hg.Tei  can easily be seen. In the structure of
[(C,H;),N],Hg,Te,, both the Hg(1) and the Hg(2)
atoms have approximately trigonal planar coordina-
tion, with Te-Hg(1)-Te angles of 116° 119° and 124°,
and Te-Hg(2)-Te angles of 109° 116° and 135°. The
Hg,Te, five-membered rings that contain these mer-
cury atoms are essentially planar, with distances of
Hg(1) and Hg(2) from the least-squares planes of the
three surrounding tellurium atoms being 0.05 A and
0.18A respectively. The Hg,Te, rings are joined
together via monotelluride (Te’ ") bridges and have six
crystallographically independent Hg-Te distances
ranging from 2.683(4) to 2.791(5) A (average distance,
2.728 A). While the five-membered Hg,Te, rings
themselves are quite planar, the planes of these rings
are tilted relative to one another such that the mercury
telluride chain itself is somewhat buckled. The last
example of a one-dimensional mercury telluride com-
pound, [(C,H,),P],Hg,Te,, was actually isolated
(chronologically) first [123]. In the structure of this
compound (Fig. 15(C)), Hg,Te, five-membered rings
again form the basis of the one-dimensional strands
which are this time connected together via ditelluride
(Tel™) bridges. Each Hg,Te, five-membered ring in
[(CcH;),P],Hg,Te, contains two crystallographically
independent mercury atoms, Hg(1) and Hg(2), which
are present in approximately trigonal planar environ-
ments. The Hg(1) atom is about 0.1 A out of the
Te(1)-Te(2)-Te(3) plane, and that of the Hg(2) atom

is 0.5A out of this plane. The average of the six
Hg-Te bond distances is 2.714 A, which can be com-
pared with the average mercury to two-coordinated
tellurium contacts in Hg,Te}; (2.737 A), or the other
two one-dimensional mercury telluride compounds
discussed above. Unlike the twisted structures of the
Hg,Te;” and Hg,Te, one-dimensional chains, the
entire Hg,Tel™ chain is essentially planar.

Interestingly, none of Haushalter’s mercury telluride
compounds were isolated from the cathodic dissolu-
tion reactions using the Hg,Te, alloy electrodes in
(C,H,),NI, (C,H,),PBr or (C,H,),NI supporting
electrolytes [10]. This phenomenon has been observed
for several of the cathodic dissolution experiments
discussed thus far, which typically yield different
products from their extraction counterparts.

Although rare, other examples of species containing
trigonal planar coordinated Hg atoms are known, such
as Hg,0,Cl, [127] and [(CH,),S]Hgl, [128]. The
above examples show how this coordination is favored
in mercury tellurides, as it is found in both the
Hg,Te}, and HgTe>™ anions, as well as in all three of
the one-dimensional mercury telluride chains.

7. Electrochemical synthesis of extended structures

Inorganic molecular sieves such as zeolites have
been extensively used by the petrochemical and refin-
ing industries as catalysts and in separation processes
(for a review of zeolites and their properties see
[129]). These zeolites are typically aluminosilicates
whose framework structures are formally constructed
from (SiO,)*” and (AlO,)’” tetrahedra that share
vertices. These tetrahedra can connect in a variety of
ways to form pores that vary in shape, size and
dimensionality. The aperture dimensions of these
pores control the accessibility of the zeolite’s internal
volume in such a way that molecules that are too large
will be completely excluded or “sieved’ out whereas
those of suitable dimensions can enter into the large
internal volume of the zeolite where they can undergo
ion exchange or catalysis reactions with the zeolite’s
highly active surface sites. Most of the traditional and
advanced applications for zeolites are based on this
ability of these open crystalline structures to incorpo-
rate and exchange selectively both charged and neutral
species within the void spaces and interconnecting
channels within the zeolite, while at the same time
having all outcomes of the reactions governed by
shape-selective constraints.

Almost all crystalline molecular sieves and mi-
croporous materials to date have been based on oxide
frameworks. This is not surprising as such frameworks
are typically stable into the 400-600 °C temperature
range necessary to remove the organic template and
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free the intercrystalline void volume for adsorption or
catalysis. If one were able to design a non-oxide-based
microporous framework material, it would have the
disadvantage of being less thermally stable, but have
the added potential for interesting electronic prop-
erties not possible in the corresponding insulating
microporous oxide materials.

Bedard et al. [130] have made the first crystalline
microporous metal sulfides. These novel materials
were based on germanium(IV) and tin(IV) sulfide
frameworks and were synthesized hydrothermally in
the presence of alkylammonium templating agents.
They have shown that at least eight different alkylam-
monium and amine species can direct the structures of
these microporous sulfides, giving rise to 12 novel
structure types which possess no analogs in micropor-
ous oxide chemistry. Because of the greater propensity
of sulfides to form fused three-ring building units,
these microporous metal-sulfide-based solids typically
show substantially more pore volume than most of the
microporous oxides. In their experiments, Bedard et
al. have also shown that at least ten different main
group and transition metal elements can be incorpo-
rated into these sulfide frameworks which should lead
to potentially interesting catalytic behavior.

More recently, Dhingra and Kanatzidis [131] and
Parise [132] have constructed extended chalcogenide-
containing solids based on polyselenide and antimony
sulfide building blocks. These polychalcogenide two-
and three-dimensional compounds are rare and repre-
sent a new class of materials which have not only the
ability to incorporate and exchange ions but also the
possibility of new and interesting electrical and optical
properties. One of the compounds, constructed by
Dhingra and Kanatzidis, [(C,H;),P]In(Se,),, for ex-
ample, is a semiconductor (k=<10"°Scm™') with an
estimated band gap of 1.42 eV. It is thermally stable to
a temperature of 350°C and has been shown to be
capable of ion exchange reactions with other R,N" or
R,P' (R=alkyl or aryl group) cations of similar
size and shape. In Parise’s open framework
[(CH,),N]Sb,S, compound, fused sheets of edge-
linked Sb,S, units that are further cross-linked in two
directions form a system of interconnecting channels
in which (CH,),N” molecules reside. This com-
pound’s optical, electronic and sorption properties are
currently under investigation. Both of these new types
of extended two- and three-dimensional non-oxide
materials have been prepared by hydrothermal tech-
niques at temperatures of between 180 and 200 °C.
These hydrothermal techniques have been used exten-
sively in the synthesis of microporous oxides and now
appear to be the primary source of synthesis for these
types of material. While much interest and extensive
work are currently being conducted in this area, it is
interesting to note that no extended telluride network

or microporous telluride materials like these have yet
been synthesized.

Although a few 15-membered clusters and one-
dimensional chain materials have been synthesized via
the cathodic dissolution of telluride electrodes, the
synthetic method presented herein seems to favor the
production of highly charged small molecules, without
multiple Te-Te bonds, which are completely sur-
rounded by organic cations. The exact opposite is
needed if a three-dimensional telluride network is to
be formed, namely a nearly neutral structure with
multiple Te-Te bonds that is capable of surrounding
organic cations. Attempts have been made to vary the
experimental conditions to produce larger extended
structures using small tetraalkylammonium cations
[(CH,),N "], inorganic cations (Na',K' and Rb")
and even inorganic dications (Mg®' and Ca’"), all of
which have resulted in either the isolation of molecu-
lar anions or, in the case of the inorganics, no crystals
at all.

In order for the electrochemical synthesis of a three-
dimensional telluride network to be feasible, a way of
producing an excess of tellurium in the form of
extended polytelluride chains is necessary. Extended
chains of polychalcogenides from two to six members
are known, and have been synthesized by the standard
high temperature and extraction techniques [2]. Sever-
al polytelluride compounds with these structures have
also been isolated by the cathodic dissolution of
telluride alloy electrodes [10]. However, for the elec-
trochemical synthesis to work, some combination of
the generation of a less charged anionic species com-
bined with these extended telluride chains is neces-
sary. One possible way for this to be accomplished
would be to make the starting alloy tellurium rich.
Presumably such an electrode would contain the
congruently melting phase and excess tellurium. Upon
dissolution, fragments of the antimony telluride phase
and polytelluride chains should dissolve from the
electrode and could subsequently combine in solution
to form an extended three-dimensional structure by
“wrapping”’ around the organic cations present in the
supporting electrolyte.

7.1. Synthesis and Structure of [(C.H;)N/],Te,,

Shiny silver needle-like crystals of [(C,H;),N],Te,,
(11) were prepared by the cathodic dissolution of an
SbTe,, alloy electrode in a 0.30 M solution of tetra-
ethylammonium iodide in ethylenediamine in an elec-
trochemical cell as described previously [133]. The
SbTe,, phase does not exist on the Sb-Te phase
diagram {[31], but this stoichiometry was chosen as an
electrode material because it presumably contained
the congruently melting Sb,Te, phase and excess
tellurium. It was hoped that electrolysis of this elec-
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trode material would give rise to both antimony
telluride and polytelluride species which could com-
bine in solution to form an extended structure. Al-
though the product [(C,H;),N},Te,, (11) was shown
to contain no antimony, the stoichiometry of the
cathode is necessary as the electrolysis of pure tel-
lurium electrodes produced only simple polytellurides
[10].

The cathodic dissolution reaction, which was run at
a constant current of 300 wA, immediately gave rise to
a deep-red-brown stream of polyanions which sur-
rounded the SbTe,, cathode and then sank to the
bottom of the cathode chamber. After electrolysis for
only 1 day, the catholyte solution was so intensely
colored that the SbTe,, cathode was no longer visible.
In two out of five cells that produced them, crystals
did not appear in the cathode chamber until after
electrolysis for about 10 days, and these were observed
primarily growing from the SbTe,, cathode and from
the surface of the sintered glass frit facing the cathode.
The electrolysis was allowed to progress for another 5
days (15 days total) after which time the contents were
isolated. At the end of the electrolysis, nearly all the
SbTe,, cathode either had disintegrated into a silver—
gray powder (which was found on the bottom of the
cathode chamber) or had been transformed into crys-
tals (also present on the bottom of the cathode
chamber as well as growing from the inner surface of
the cathode frit). Some of the crystals were greater
than 5mm in length. The color of the catholyte
solution was an intense dark brown, suggesting that a
significant concentration of antimony-containing poly-
anions were present in it. The chemical yield for
[(C,H),N],Te,, was 54% (electrochemical yield,
18%). EDS analysis of several single-crystal-looking
shards resulted in the observation of traces of an-
timony, consistent with the stoichiometry of the elec-
trode material. Samples sent to the Schwarzkopf
Microanalytical Laboratories (Woodside, NY) for
elemental analysis also showed traces of antimony, but
far less than expected if pure electrode material were
analyzed. Found: Sb, 4.99, Te, 75.29. SbTe,, calc.: Sb,
8.71; Te, 91.29%.

The extremely unusual structure of [(C,H,),N],-
Te,, (11) consists of puckered Te], anions weakly
bonded into a pseudo-two-dimensional sheet which is
interleaved with Et,N" cations giving alternating
organic and inorganic layers within the solid. The Te?,
structural repeat unit is shown in Fig. 16, and a section
of the pseudo-two-dimensional polytelluride layer it
forms is shown in Fig. 17. Such polytelluride layered
materials are rare, the closest analog being the alkali
metal telluride compound, RbTe,, recently isolated by
Sheldrick and Schaff [134]. This compound contains
Te, rings (which resemble cyclohexane in the chair
conformation) that are connected into sheets via Te—

Fig. 16. The structure of the Te’, repeat unit in the pseudo-two-
dimensional layered compound [(C,H;),N|Te,, (11). The com-
pound was formed from the cathodic dissolution of an SbTe,, alloy
electrode in a tetraethylammonium iodide supporting electrolyte.

Te bonds involving four out of the six Te atoms in
each ring. Individual sheets of the anionic tellurium
network, containing both shorter (near 2.8 A) and
longer (near 3.2 A) Te-Te interactions, are separated
in the solid state by ribidium cations. In
[(C,H,),N],Te,, (11), the individual Te}, anionic
layers are separated in the crystallographic b direction
by tetraethylammonium cations as shown in Fig. 18.
The twisted Te’, polytelluride chain found in
[(C,H/),N],Te,, (11) represents the longest polychal-
cogenide chain isolated thus far, but this is only one of
the unusual features present in the structure. The
structure of the tellurium layers in [(C,H),N],Te,,
(11) can be compared with the aforementioned RbTe,
but an even more closely related structure is that of
elemental tellurium, which has only one crystalline
form [135] that is composed of a network of helical
chains. Elemental Te crystallizes in the enantiomor-
phic space group P3,21 and consists of infinite helical
chains running parallel to [001]. Within the infinite
spiral there is only a single unique Te-Te distance of
2.835(2) A, but each Te atom in the spirals contacts
four additional Te atoms on adjacent chains (at dis-
tances of 3.495(3) A) to give it a distorted six-coordi-
nated environment. This 3.5 A contact is far less than
the van der Waals radius of 4.40 A and represents a
bonding interaction. All Te-Te-Te angles within the
chain are 1032(1)°. The Te portion of
[(C,H,),N],Te,, (11) likewise consists of a mixture of
short, long and non-bonded Te-Te interactions, but
these distances fall into three well-defined separate
groups. The normal Te-Te covalent single bonds in
the range 2.713-2.881 A are all found within the Te?,
moiety. As illustrated in Fig. 17, these Te?, chains are
bonded together into an infinite, relatively planar two-
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Fig. 17. A view nearly perpendicular to the infinite two-dimensional sheet of Te?, anions in [(C,H.) 4N]%Telz (11). The Te-Te covalent single
bonds are represented by dark lines and the weaker bonding interactions in the 2.88 A <d < 3.50 A are drawn as broken lines.
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Fig. 18. Unit-cell view of the structure of [(C,H,),N],Te,, (11) down the crystallographic a axis. Here one can see that individual ribbons of
Te’, are only loosely held together into sheets via Te-Te through-space interactions (represented as dotted lines).
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dimensional net. The Te-Te interactions connecting
the Te;, chains into the layer are in the range 3.162—
3.504 A nearly all of which are significantly shorter
than the intrachain 3.495(3) A contacts in elemental
Te mentioned above. As can be seen in Fig. 17, the
intermediate length Te-Te contacts are distributed
almost exclusively among the ends of adjacent Te},
chains with the central atoms of each chain possessing
either short covalent Te~Te single bonds or long van
der Waals contacts. The remaining interactions are
non-bonding and lie at distances greater than 3.764 A.
The pseudo-two-dimensional layers of Te?; chains in
[(C,H;),N],Te,, (11) are separated in the crystallo-
graphic b direction by tetraethylammonium cations as
shown in Fig. 18, resulting in a material containing
alternating organic and inorganic layers.

8. General discussion

An interesting and yet unexplained observation of
the electrochemical synthetic method described herein
is that the stoichiometries of the anions isolated (as
A B} ) are typically different from the congruently
melting telluride phase (AB) used to make the elec-
trode itself. The structures of these anions also bear no
resemblance to the structures of the electrode materi-
als (which have in most cases been characterized by
X-ray powder diffraction studies and consist of extend-
ed three-dimensional networks or layered materials).
In a given system, when the supporting electrolyte is
changed, the anions isolated are also typically different
in both charge and stoichiometry from each other
(even though they were generated from the same
starting electrode material). Whether all this is a result
of the dissolution process, a complex equilibrium
situation that exists between all the anions generated,
or some kind of chemical reaction that is influenced by
the particular cation present, is not known at this time.
Whatever the reason for this behavior, the technique
has allowed us to isolate very different anions from the
same starting electrode materials simply by changing
the composition of the supporting electrolyte.

In no case was the polyanion generated by the
electrochemical dissolution process able to be pro-
duced by simply grinding the alloy and adding it to an
ethylenediamine solution containing the tetraalkylam-
moniun cation. Hence, one can see the importance of
the application of current to the cathode, which causes
the cathode to dissolve into the highly charged anionic
species. The rate at which the cathode dissolved, which
was adjustable by the amount of current applied to the
cathode, did not seem to have any effect on the
products isolated. Therefore reactions were typically

run at the maximum current allowed. An interesting
and unfortunately unexplored area of our research was
the effect of potential on the cathodic dissolution
process. This aspect remains an area of interest and
will be addressed at a later date.

While almost all the heavier main group telluride
electrodes have resulted in the formation of deeply
colored streams of anionic species, not all have re-
sulted in the isolation of crystalline compounds. Typi-
cally, for a given telluride alloy electrode material, all
the organic tetraalkylammonium halide supporting
electrolytes mentioned in the preceding sections were
tried [10]. Purely inorganic supporting electrolytes,
such as RbI or KI, yielded no single-crystal products in
any system. In all cases except for the antimony
telluride system, only one or perhaps two new crys-
talline products were obtained. Thus, for example, in
the indium telluride system (In,Te; electrode), only
tetrabutylammonium (TBA") and tetrapropylam-
monium (TPA™) cations worked, yielding single crys-
tals containing the same isostructural one-dimensional
In,Te.  chains. No single-crystal materials were iso-
lated from this system when either tetraethylam-
monium (TEA™) or tetramethylammonium (TMA™)
cations were used and, using tetraphenylphosphonium
(TPP") cations, crystals of polytellurides were the
only solid products. Similar results were obtained in
the arsenic telluride system (As,Te, electrode), where
only TMA® and TEA" cations yielded crystalline
products and, in the gallium telluride system (Ga,Te,
electrode), where only TPP" worked (all others yield-
ing no crystalline products). The antimony telluride
system (Sb,Te, electrode) was indeed an exception,
for it seemed that every tetraalkylammonium cation
used as a supporting electrolyte worked (including
TPP® and TBA™ which yielded crystals that have
unfortunately been unsuitable for single-crystal X-ray
analysis thus far) and, in several cases, even gave two
different crystalline products from the same support-
ing electrolyte!

Of the heavier main group telluride electrodes that
were ‘tried, Pb,Te, and Bi,Te, gave no single-crystal
lead telluride or bismuth telluride products (although
the Pb,Te, gave polytelluride crystals in a TEA"
supporting electrolyte). This was a very disappointing
result, as virtually any single-crystal products obtained
from either of these systems would have been new.
The problems associated with these systems may have
been the result of impurities in the solvent (ethyl-
enediamine) or supporting electrolytes, for many of
the reactions tried resulted in the decomposition of the
electrode material (as evidenced by powders obtained
upon isolation of the catholyte contents). These sys-
tems are expected to be more sensitive to impurities in
the solvent and are also expected to be more unstable
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than their lighter main group analogs by virtue of
weaker M-Te bonds; both these reasons may have
prevented the isolation of crystalline products.

With the exception of the two gold telluride Zintl
anions isolated, the transition metal telluride elec-
trodes essentially yielded no crystalline products. Elec-
trode materials of AgTe,, CuTe,, FeTe, and PdTe,
were tried in various supporting electrolytes. In the
PdTe, system, no streams of anions were even noticed.
In the FeTe, system, deep-purple streams of anions
were observed in several electrolytes, but no crystals
were ever obtained. The copper and silver telluride
electrodes yielded polytelluride crystals in a TPP"
supporting electrolyte, but no crystalline materials in
any other. Other than these, the transition metal
tellurides were not explored in great detail.

From these results it can be seen not only that it is
impossible to predict which cations will work with
which electrode system but also that one has no idea
what the products will be even when a particular
cation does work. We are still unable to direct the
synthesis of Zintl compounds or chalcogenide-con-
taining materials using this electrochemical technique—
a problem that is shared with the other high tempera-
ture fusion and extraction routines. Clearly more work
needs to be done with these systems before we can
ever succeed in predicting the outcomes of these
reactions.

9. Future directions

As this technique is still in its infancy, there are
many possible future directions that it might take on,
many of which are currently under investigation in our
laboratory. One could imagine, for instance, the exten-
sion of the synthetic technique to mixed metal
selenides, arsenides and/or antimonides, as there is no
particular reason why it must be used exclusively for
the synthesis of tellurides. This aspect would have the
advantage of extending the synthetic technique to an
even wider range of materials using alloy electrodes
made from the congruently melting phases in the
Se, As and Sb systems. Zintl anions containing these
elements exist and are currently being prepared by the
standard high temperature and extraction routes men-
tioned before. Here, however, one has to be even
more careful with respect to the purification of the
solvent and supporting electrolytes as these systems
are much more reactive than the corresponding tel-
lurides. Still, since the cathodic dissolution of telluride
electrodes gave rise to the isolation of so many new
compounds, it would be interesting to see what new
Zintl anions could be prepared from the cathodic
dissolution of these non-telluride materials.

One could also imagine the use of ternary or
quarternary electrode materials for the potential syn-
thesis of multielement Zintl anions. If the cathodic
dissolution of ternary electrode materials leads to the
isolation of ternary Zintl anions, then a convenient
and facile synthesis of these species, of which there are
very few reported in the literature, would become a
reality. Although not studied in great detail, several
attempts to make these ternary Zintl anions from
extractions of quaternary alloys have resulted in the
isolation of only binary Zintl anion products. Exam-
ples include the extracts of KAuAsTe and KAuGeTe
which both yield the binary Zintl anion Au,Te™ [2h]
and those of KCuAsTe, which yield the previously
characterized arsenic telluride dianion As,Te}” [56]. It
has been shown that binary alloy electrodes dissolve to
yield binary Zintl anions and, while having an alloy
electrode containing three metals does not guarantee
that they will all dissolve and form a ternary product,
at least this possibility exists and is currently being
explored.

Some other areas of potential exploration include
the use of mixed organic-inorganic supporting elec-
trolytes and variations in the solvent. The advantage
of using a mixed organic—inorganic supporting elec-
trolyte would be to vary the size and shape of cations
present in the supporting electrolyte. This should, in
theory, help in the crystal packing and, in turn, result
in the isolation of more crystalline products. The more
variations in terms of differently shaped -cations
around, the more likely one would be to isolate a
crystalline product. Such systems containing a mixture
of organic and inorganic templates have worked well
in the hydrothermal synthesis of molybdenum phos-
phates [136], many of which would not crystallize
without such a mixture. Although to date no crys-
talline compounds have been isolated using purely
inorganic supporting electrolytes, the compound
Rb,[(C,H,),N],Sn,Te, has been prepared in a mixed
supporting electrolyte containing RbI and (C,H;),NI
[10]. The isolation of this compound provides evidence
that inorganic cations can be useful in the crystalliza-
tion process and could perhaps help in the systems
where no solid products have yet been isolated.

As for the effect of the solvent, Zintl anions have
been prepared in liquid NH;, tetrahydrofuran and
DMF, and it would be interesting to see what effect, if
any, these solvents might have on the electrochemical
synthesis (which has been done thus far exclusively in
ethylenediamine). Furthermore, changing solvents
would have the added advantages of introducing new
cations which are insoluble in ethylenediamine, or
improving the yields of compounds already produced
by increasing the solubility of supporting electrolytes
barely soluble in en. Since it has been shown that
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varying the cations in the supporting electrolyte has a
drastic effect on the products isolated, such manipula-
tions should result in the isolation of new Zintl
compounds.
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