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ABSTRACT

EXPLORATORY SYNTHESIS OF NEW M/AsxQy(Q = S, Se)
COMPOUNDS WITH THIOARSENATE AND SELENOARSENATE
LIGANDS BY THE HYDRO(SOLVO)THERMAL TECHNIQUE
By
Jun-Hong(Richard) Chou

The hydro(solvo)thermal technique was explored to synthesize new metal/AsxQy (Q
= S, Se) compounds with thioarsenate and selenoarsenate ligands. With thioarsenate
ligands, [AsxSy]™, we have synthesized eleven new compounds. The remarkable feature
exhibited by the compounds described in this dissertation is the complex condensation

reactions exhibited by the thioarsenate polyanions.(see eq 1-4)

AsS,SHY + AsS,SH> — = [As,S5]* + H;S  (Eq. D)

[As;Ss]Y +  HS _=—= [As,S,SH]* + HS'" (Eq.2)
[As;S,SH]* + AsS,SH?" o—>= [As;S,]> + H,S (Eq.3)

[As3S;]15° + H,S == [As;S¢SH]* + HS!" (Eq.49)

These condensation reaction were probably catalyzed by the protonation of the

terminal sulfide groups. The compounds include (Ph4P)2[InAs3S7], (PhsP)2[SnAs4So],




(Me4N)2Rb[BiAseS12], (Ph4P)2[NiAsaSgl, (MesN)2[Mo0202A5257],
(Ph4P)2[Pt(As3S5)2], (PhaP)2K[Pt3(AsS4)3], (PhaP)2K[Pd3(AsS4)3],
(Ph4P)2[Hg2As4S9), (Me4N)[HgAs3S¢], and K[Ag3As2Ss]. Further exploration using
selenoarsenate ligands, [AsxSey]™, has allowed us to investigate the coordination
chemistry of the [AsxSey]™ with metals like Hg and Ag. These reactions have resulted in
the formation of variety of new compounds including (Me4N)[HgAsSes],

(Et4N)[HgAsSe3], (PhsP)2[HgaAs4Se1], B-Ag3AsSes, Ks[AgaAs3Seg], and
(Me3NH)[Ag3As2Ses).

In this dissertation the synthesis, characterization and properties of the above

compounds will be discussed.
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CHAPTER 1

A Review of Metal/[ExQy]"- Systems (E = As, Sb; Q = S,
Se)
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The chemistry of metal/AsxSy has been studied in mineralogy

for a very long time. There is a large number of minerals which

belong to a class of structurally interesting compounds known as
sulfosalts. These sulfosalts have the general formula of MxEyQ; (M =
metal, E = As, Sb, Bi; Q = S, Se, Te). Examples include Ag3AsS3j,!
Ag3AsSe3,2 HgSbsSg,3 TIHgAs3S6,4 TI3AsS45, Pb3AsaS9.6  There are
several characteristic features in these compounds. First, the metals
are usually soft heavy metals, like Ag, Tl, Pb, Au, Hg. Second, they
often have very complicated 3-dimensional dense packed structures.
Third, the building blocks are mostly thio- or seleno- arsenates and

antimonates with tri- or pentavalent group 15 elements. The

interest in the sulfosalts stems not only from their great structural
diversity but also because of interesting physical properties that are
characteristic of these compounds. For example Ag3AsS3, and
A g3AsSe3 are well known for their nonlinear optical properties.”
Most of these compounds were formed in the earth's crust through
the reaction of metal sulfides with group 15/16 sulfides at elevated
through hydrothermal reaction in superheated

temperatures or

Wwater. From a synthetic point of view, this area of chemistry is

relatively unexplored, although there is increasing evidence that
rmnore people are paying more attention to the mixed group 15/16

< hemistry. For example, Ag3AsSe3 does not occur in nature like the

I somorphous Ag3AsS3 (proustite, pyragyrite). It was synthesized by
W sing a mixture of Ag/As/Se in a sealed silica tube at 1000 °C.8

<A nother example of a synthetic sulfosalt is PbTlAs3S¢ which was
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Figure 1-2. Structural relation of [PbS3] layers and [TISs] chains in
PbT1As3S6.
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5
synthesized by using a mixture of TI2S/PbS/As2S3 by a hydrothermal
reaction.9 The structure contains unique chainlike [AsgS12]6- ligands;
see Figure 1-1. The Pb is coordinated by seven S atoms forming PbS3
layers which are interconnected by TISs double chains; see figure 1-
2. The most studied system in sulfosalts, from a synthetic point of
view, is probably the Pb/Sb/S system. A detailed phase diagram,!0
published in 1979, indicated that six ternary compounds are possible
between PbS and SbzS3: Pb7Sb4Si3,1! Pb3Sb2Se,12 PbsSbaSi
(boulangerite),13 PbaSb2Ss,14 PbsSbeS13 (robinsonite),15 and PbSbzS4
(Zinckenite).16 Three of them are known as natural minerals and the
other three can be synthesized from elemental lead, antimony and
sulfur in sealed silica tubes at temperatures in excess of 1000 °C.
Recently, a number of compounds was reported in this system that
were previously unknown including PbsSbgS14,!7 Pb7SbsSi3,!!
Pbs4SbsSe10,!8 and PbSb2Ses.!9 They all have very complicated
three-dimensional dense packed structures. The common feature of
these compounds is the ribbons built of the square pyramid MSs (M
= Pb, Sb), see Figure 1-3. Different width and binding modes of the
ribbons give different structures. A unique modification of the
known sulfosalt, CuAgzAsSg, is seen in (NHs)Ag2AsS4.20 The sites
that were previously held by the Cu atoms are now occupied by NH4+
cations. The compound was synthesized by using elemental Ag, As, S
in a stainless steel autoclave with an ammonia solution (25%) at 220
°C. Also, The compound Ag7S2(AsS4) has been synthesized by
hydrothermal technique.2!  There are three crystallographically

independent Ag atoms which are surrounded by two, three, and four




Figure 1-3. The square pyramidal ribbon of MSs (M = Pb, Sb) in
Pb/Sb/S sulfosalts.




8
S atoms. These Ag polyhedra and AsS4 tetrahedra form a three-
dimensional framework, see Figure 1-4. The above examples suggest
that the chemistry is very broad and structurally diverse, and that
opportunities exist for synthetic chemists to explore for new

materials ("synthetic minerals").

We have studied metal polychalcogenides in our lab for a long
time. It has been demonstrated that polychalcogenide ligands of
various chain lengths can act as building blocks and can connect
~metal ions together to form compounds ranging from molecular
complexes to one-dimensional, two-dimensional, and even three-
dimensional solid state compounds.22 These polychalcogenide
ligands can coordinate to virtually all metal ions. In addition, since
each member of the chain contains at least two lone pairs of
electrons, one or all members of polychalcogenide ligands can ligate

the metal ions.

Conceptually, the mixed [AsxSy]"- anions can be viewed as an
extension of the well-known polychalcogenide ligands, see Scheme 1,
since the As- ion is isoelectronic to S. The best example of this
concept is the compound (Ph4P)[SAsS7], see Figure 1-5, prepared
from the reaction of [As2SCls]- and Ss2-.23 The eight-member crown
shaped ring compound is isoelectronic with elemental Sg. Because of
the charge on the As- ion, the Ph4P+*+ cations are needed for charge
balance.  The introduction of the trivalent As element should
dramatically increase the potential connectivity of the building

blocks and lead to more complicated structures.



Figure 1-5. (A) Structure of [SAsS7]- anion. (B) Packing diagram of
(PhgP)[SAsS7].
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9.
S
S/S\S/S — S/ \AS/S

Scheme 1-1

Despite the great potential for structural variation, the
chemistry of the metal/AsxSy has not been as intensely studied as
that of the metal/polychalcogenides. The simple reason may be the
absence of suitable starting materials, in contrast to the
polychalcogenide anions, which are soluble in polar organic solvents
like DMF, so the chemistry can be easily carried out in solution. Also
the alkali metal/polychalcogenides, AxQy, form melts at relative low
temperature (200 °C to 600 °C), so reactions can be carried out in
molten salts. The alkali metal/AsxSy system usually forms solid
state compounds, which are not soluble in common organic solvents.
For example, MA;Se324 and MAsSe225 ( M = K, Rb, Cs) all have one-
dimensional chain-like structures. @ MAsSe; (M = K, Rb, Cs) were
prepared by hydrothermal reaction of the respective alkali carbonate
with As2Se3 at a temperature of 135 °C. Their X-ray structural
analyses revealed that the compounds contain polyselenoarsenate
anion, (AsSe3)p"-, in which As atoms are bonded with a terminal
monoselenide and connected to the neighboring As atom through a
diselenide. The compound can be best described as MAs(Se2)(Se);
see Figure 1-6. The MAsSez (M = K, Rb, Cs) were prepared by
methanothermal reaction of M2CO3 (M = K, Rb, Cs) with AsySe3 at a

temperature of 130 °C. The structures are basically the
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Figure 1-6. The structure of [As(Se2)(Se)l- infinite chains found in the
compounds MAsSe3 (M = K, Rb, Cs).
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Figure 1-7. Two views of the [As3S¢]3-anion.
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same as those of the MAsSe3 but the diselenides are now replaced by

monoselenides.

There are a variety of synthetic methods to prepare the mixed
[AsxSy]?- anions; most of them involve some kind of a nucleophilic
attack. For example ethylenediamine can react with As2S3 to give
[As3S¢]3-.26 The structure of [As3S¢]3- is shown in Figure 1-7. It
contains discrete cyclic [As3S¢]3- anions with a six-member As3S3
ring in the chair conformation. Similarly, piperidine can attack As4S4
to form the thioarsenate anion [As4S¢]2-, see Figure 1-8.27 It is also a
molecular compound with discrete [As4S6]2- anions. The structure of
the [As4Sg]2- anion is related to that of As4S4 by replacement of an
As-As bond with two [As-S]- units. By using the same principle, the
selenium analog can also be synthesized with ethylenediamine and
As4Seq in DMF.28 Simple reduction of the binary phases with alkali
metals also yields some interesting results. For example, As2Te3
reacts with K ‘in ethylenediamine and with Ph4P* to yield
(Ph4P)2[As10Te3].29 Recently, Kolis and coworkers reported that
simple reduction of antimony selenide in DMF by using potassium
metal leads to formation of a salt with the formula
(Ph4P)4[Sb12Se20],30 see Figure 1-9. By the classical definition, this is

the largest molecular Zintl ion characterized.

Rauchfuss and co-workers reported the isolation of a compound
with the formula Cp'3Ti2O(AsS3) (Cp' = n3-CH3CsHg).31 This compound
which contains [AsS3]3- ligands bridged across two Ti centers used all
three S atoms. The lone pair on the As atom is not involved with the

bonding to metal ions. It also contains an oxo bridge which could
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S

As

Figure 1-8. Structure of the [As4Sg)?- anion.
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Figure 1-9. Structure of the [Sbj2Sex}4- anion.
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have come from the solvent. This is an important compound because
it demonstrates that molecular [AsxSy]"" anions can act as ligands
toward transition metals, see Figure 1-10(A). In the same paper,
they also found that tetrathiomolybdate, MoS42-, acts as a
nucleophile and attacks As4S4 to form the complex [Mo202As4S14]2-,
see Figure 1-10(B). The origin of the oxo group probably is
adventitious water in the solvent. This compound contains the
highly unusual [As4S12]4- ligand and further indicates the great

potential new chemistry that [AsxSy]?- can provide.

Kolis et al. also have also contributed toward the related class
of [PxSey]?- ligands. They found that WSe42- readily attacks P4Ses
glass to form the first reported metal phosphorus selenide
compound, (Ph4P)2[Se=W(PSe4)(PSe2)], see Figure 1-11.32 It
represents the first example of a coordinated [PSeq]3- ligand. It also
contains the highly unusual side-bonded [PSe2]- group. Related
reactions of MoSe42- and WSe42- with As4Sesq in DMF also lead to a

series of novel clusters.33

(Ph4P)2[WSe4] + AS4SC4

(Ph4P),;[W,(u-Se)s3(AsSes),]

(Ph4P);[MoSe,] + AssSey (Ph4P)2[Mo(AsSes),]
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(A)

Figure 1-10. (A) Structure of Cp'3Ti2O(AsS3). (B) Structure of the
[M0202As4S14]2- anion.
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P

Se(2)

Figure 1-11. Structure of the [Se=W(PSe4)(PSe2)]- anion.
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The [W2As2Se13]2- anion consists of two tungsten centers each
of which is ligated by six selenium atoms in an irregular coordination
environment; see Figure 1-12. Three selenides bridge the metal
centers, and each tungsten atom is also ligated by a tridentate AsSes
group. The overall shape of each fragment is that of a "bird cage”
similar to the familiar As4Se3 shape. Each tridentate fragment can be
considered a trianion, making the tungsten atoms formally 5+. The
W-W distance is 2.903 A, which is well within accepted bonding
distance. The [MoAs2Se10]2- anion is a monomer with Mo in the 4+
oxidation state (see figure 1-13). It contains one molybdenum atom
chelated by two AsSes groups. The fact that the tungsten ion in
[W2As2Se13]2- has a 5+ oxidation state is probably because tungsten

is much harder to reduce than molybdenum.

It was also found that many of the soluble anionic clusters will
react with metal carbonyls to form novel transition metal complexes.
This so-called oxidative decarbonylation reaction is well known for
polychalcogenide ligands and metal carbonyls.34 Now it can be

extended to the [AsxSey]"- anions.35

DMF

M(CO)s + [As,Segl* [M(AsSes),]> (M = Mo, W)

DMF

M(CO)s + [AsySegl™ [M(CO),(As;Ses),]> (M = Mo, W)
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Figure 1-12. Structure of the [W2As2Se13]2- anion.
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Figure 1-13. Structure of the [MoAs;Sej0}2- anion.
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The molecule [WAs2Sej]2- is isostructural with a molybdenum
analog shown above. The [M(CO)2(As3Se3)]2- ( M = W, Mo) anion
contain a central metal atom which is coordinated by two arsenic and
one selenium atom of two identical As3Se3 ligands; see Figure 1-14.
Each ligand cage combines with the metal to complete the formation
of two corner-sharing birdcage structures. The two cages are related
by two noncrystallographic mirror planes passing through the center
of the molecule. There are also two CO molecules coordinated to the
metal. The geometry around the metal can best be described as

bicapped trigonal prismatic.

There is an increasing interest in developing new and unusual
synthetic techniques to help stabilize new compounds that otherwise
might not be possible by traditional methods. Recently, a great deal
of attention has been paid to the use of superheated fluids as a
synthetic technique.36  Superheated fluids are solvents which are
heated above their boiling point, with enough pressure to keep them
in the fluid state. There are several advantages offered by
superheated fluids. The solubility and the activities of the reactants
are greatly increased with the elevation of temperature. The
superheated fluids promotcb crystal growth which is very important
for characterization since the isolated compounds are usually new
materials, and single-crystal X-ray analysis is essential. The
operating temperatures are below those used for molten salt
reactions. This technique gives access to a lower temperature regime
where metastable compounds that were previously unreachable can

now be accessed. Water is the most common fluid in this method,
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Figure 1-14. Structure of the [M(CO)2(As3Se3)]2- (M = W, Mo) anion.




24

but recently a variety of other solvents have been used successfully

as well.

Schiifer et al. have prepared a large number of ternary alkali
metal antimony sulfides using the hydrothermal technique. The
dimensionality of these compounds extends from molecular to three-
dimensional. Examples include Cs2SbgS13,37 K2SbsS7,38 K2SbsS7.H20,39
a,B-Rb2SbsS7,40 Cs2SbsaS7.41  The last four compounds, although
isoelectronic, all have different structures. These results
demonstrate the broad structural flexibility of the A/Sb/S (A= alkali

metal) system.

Sheldrick et al. have investigated the M/15/16 system (M =
alkali metal) using superheated water and methanol and have shown
that a host of ternary phases can be prepared by reacting alkali

metal carbonate with binary 15/16 phases.42-47 For example:

175°C/MeOH

Rb2C03 + szSC:; RbSbgses
140°C/MeOH

Rb2C03 + Sb283 RbZSb4Se7
130°C/MeOH

Cs,CO3 +  AsySes CsAsSe,

This technique has led to a wide variety of new ternary phases
with structures that range from one-dimensional infinite chains to

two-dimensional layers to very complicate three-dimensional
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structures. Two examples, Cs2As8S1348 and Rb2AsgS13,49 demonstrate
this astonishing structural diversity. Cs2AsgS13 is prepared
hydrothermally at 180 °C and possess a two-dimensional layered
structure. The X-ray structure analysis revealed that the polyanion
(AsgS13)n20- is composed of individual As4S4 eight-member rings,
which are each connected to three other rings via As-S-As bridges,
giving rise to an infinite layered structure; see Figure 1-15.
Rb2AsgS13 is also prepared hydrothermally at 200 °C. The polyanion
(As8S13)n20- is composed of As3S3 six-member rings, which are
connected to one another via bridging AsS3 pyramids, giving rise to
an infinite one-dimensional double chain structure; see Figure 1-16.
The main structural differences between Cs2AsgS13 and Rb2AsgS13
arise from the two different AsxSy rings, As4S4 and As3S3. This may
be explained by the cation size effect. The larger As4S4 eight-
member rings, whose sizes were just right for Cs cations, were
stabilized by the larger Cs cations while the Rb cations stabilized the

smaller As3S3 six-member rings.

Recently, the same methodology was adopted by Parise et al.
with small modification. @ They used tetraalkyl ammonium ions,
Instead of alkali metals, as the counterions. With the large
counterions more open frameworks can be attained. Examples
include (Me4N)[Sb3S5],50 (EuN)[Sb3Ss], and (N2C4Hg)[SbsS7].51
(Et4N)[Sb3Ss], and (N2C4Hg)[SbsaS7] are layered compounds with the
organic cation sitting between the layers. In the case of [Sb3Ss5]nP-, a
counterion size effect is observed. The smaller

tetramethylammonium salt, (Mes4N)[Sb3Ss], has a three-dimensional
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Figure 1-15. Ortep drawing of a [AsgS13]2- layer in Cs2AsgS13.
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Figure 1-16. Ortep drawing of a [AsgS13}2- chain in RbAsgS13.
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structure while the large tetraethylammonium salts, (E4N)[Sb3Ss],

possesses a two-dimensional layered structure.

Kolis et al. have demonstrated recently that superheated
ethylenediamine is also a suitable solvent for synthesis of new metal
mixed15/16 compounds. They have synthesized two new
quaternary phases by reaction between KAsS2 and Cu powder in

superheated ethylenediamine.52

00
Cu + KAsS, 3000Clen | geuyAsS; + KCugAss,

The KCu2AsS3 compound possesses a two-dimensional layered
structure with the K cations situated in the gallery region. Each layer
is a complex structure consisting of formal Cu* ions linked in a
complicated manner by a series of trigonal AsS33- groups; see Figure
1-17. One unusual feature of this compound is that Cu(l) and Cu(2)
are tetrahedrally coordinated by three three sulfur atoms and the
lone pair from the arsenic atoms of an AsS33- group. The KCusAsS4
compound has an extremely compicated three-dimensional structure
with copper ions ligated by AsS33- groups as well as S2- ions; see

Figure 1-18.

The development of useful technologies often depends on the
availability of the solid-state materials with appropriate physical and
chemical properties. The exploratory synthesis of these new
materials is often accomplished by traditional high-temperature
fusion reactions method. This method has led to several discoveries
with great potential impact on technology ranging from the high-

temperature superconductors to the next-generation nonlinear
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(A)

Figure 1-17. (A) View of KCuzAsS3 down the b axis showing the
copper arsenic sulfide connectivity in a layer. (B) View of KCu2AsS3
down the caxis.
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Figure 1-18. Packing diagram of KCu4AsS4.
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optical materials. However, new synthetic methodologies are needed
to advance solid-state chemistry. From all the results presented
above, the chemistry of MxEyQ; (M = metal; E = As, Sb, Bi; Q = S, Se,
Te) shows great promise for discovering new materials. We decided
to investigate metél/(AsxSy)z' and metal/(AsxSey)Z- systems by
using the hydrothermal and methanothermal techniques. In the
following chapters we present the synthesis, structure, and
physicochemical characterization of several newly discovered

[MxAsyQz]?- compounds.
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CHAPTER 2

HYDROTHERMAL SYNTHESIS OF M/AsxSy (M = In3+, Sn4+,
Bi3+) COMPOUNDS. SYNTHESIS AND CHARACTERIZATION OF
(Ph4P)2[InAs3S7], (Ph4P)2[SnAs4S9] AND

(Me4N)2Rb[BiAsgS12]
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ABSTRACT

By using hydrothermal synthesis technique (Ph4P)2[InAs3S7],
(Ph4P)2[SnAsaSo], and (MesN)2Rb[BiAsgS12] were synthesized from
mixtures of InCl3/2K3AsS3/4Ph4PBr, SnS2/3K3AsS3/4Ph4PBr, and
BiCl3/2Rb3AsS3/4MesNCl, respectively. (Ph4P)2[InAs3S7] crystallizes
in the monoclinic space group P2j/c (No. 14) with a = 19.078(9) A, b
= 14.436(3) A, c = 19.325(6) A, p=106.11(3)°, V = 5111(4) A3,Z = 4.
[InAs3S7],27- is a one-dimensional chain structure consisting of
trigonal bipyramidal In3+ ijons and [As3S7]3- units formed by corner-
sharing [AsS3]3- units. (Ph4P)2[SnAs4So] crystallizes in the triclinic
space group P-1(No. 2) with a = 13.476(3) A, b = 18.365(5) A, c =
11.348(2) A, o = 107.28(2), B = 96.90(3)°, y = 96.92(2), V = 5111(4)

A3,Z = 2. [SnAs4S9],2n- also has a one-dimensional chain structure

with octahedral Sn4+ ions and [As4S9]6- units formed by corner-
sharing [AsS3]3- units. The mixed salt (MesN)2Rb[BiAsgS12]
crystallizes in the trigonal R-3(h) space group (No. 148) with a =
9.978(1) A, ¢ = 28.337(5) A, V = 2356(1) A3,Z = 3. [BiAs¢S12]a3"
possesses a two-dimensional structure. Three As atoms and six S
atoms form a unique cyclic [As3Sg]3- unit in a chair conformation,
which is connected to three Bi atoms via terminal S atoms. The Bi3+
is in a nearly perfect octahedral geometry. The Me4N+ and Rb*
cations reside in the interlayer gallery. The Rb* cations are
coordinated to six S atoms, forming a trigonal antiprism. The solid

state optical spectra of these compounds are reported.
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1. Introduction

Several important classes of solid-state compounds such as
silicate, borate, and phosphate minerals contain building blocks
which are assembled from the condensation of elementary units like
Si044-, BO33-. PO43-, etc.! This condensation gives rise to a large
variety of rings, chains, and layers and results in great structural
diversity among these minerals. By comparison, condensation in
main-group thiometalates is less common. Examples include ternary
thioborates,2 thiogermanates,3 and thioarsenates.# An elementary
structural unit which may have great potential for condensation is
the pyramidal AsS33- unit. This condensation properity is
demonstrated in species such as [AsgS13]2-,5 [As4S¢]2- ,6 and
[As3S¢]2-.7 Similar units were recently reported to occur in the
molecular compounds [M(CO)2(As3Se3)2]2- (M = Mo, W),8
[M0202A54S14]>",° [MoAs2Se10]2, and [W2As2Se13)2-,10

From the examples above, it is clear that the thioarsenic anions
are interesting ligands and excellent building blocks for potentially to
an enormous variety of complexes and solids. With this in mind, we
initiated exploration of the systems R4E+ (R = alkyl, Ph; E = N,
P)/Mn+/AsS33- ( M = main group element) using hydrothermal
technique with the aim of obtaining novel frameworks containing
either AsS33- or its condensates. We report here our initial results
from this promising approach,1l which include the isolation of three
new polymeric compounds, (Ph4P)2[InAs3S7](I), (PhaP)2[SnAs4So](II),
and (Me4N)2Rb[BiAsgS12](III).
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2. Experimental Section
2.1 Reagents

Chemicals. Chemicals in this work, other than solvents, were
used as obtained. (i) BiCl3, 98% purity, InCl3, 99% purity,
tetraphenylphosphonium  bromide (Ph4PBr), 98% purity,
tetramethylammonium chloride, (Me4NCl), 99% purity, Aldrich
Chemical Company, Inc., Milwaukee, WI. (ii) sulfur powder,
sublimed, J. T. Baker Chemical Co., Phillipsberg, NJ. (iii) potassium
metal, analytical reagent, Mallinckrodt Inc., Paris, KY; (iv) arsenic
sulfide, As2S3, ~100 mesh, 99% purity, Cerac Inc. Milwaukee WI. (v)
Methanol, anhydrous, Mallinckrodt Inc., Paris, KY; diethyl ether, ACS
anhydrous, EM Science, Inc., Gibbstown, NJ.

2.2 Syntheses

All syntheses were carried out under dry nitrogen atmosphere
in a Vacuum Atmosphere Dri-Lab glovebox except where specifically

indicated otherwise.

A3AsS3 (A = K, Rb, Cs) were synthesized by using
stoichiometric amounts of alkali metal, arsenic sulfide (As2S3), and
sulfur in liquid ammonia. The reaction gives a yellow brown powder

upon evaporation of ammonia.

(Ph4P)2[InAs3S7]: A Pyrex tube (-4 mL) containing InCl3 (55
mg, 0.25 mmol), K3AsS3 (144 mg, 0.5 mmol), PhyPBr (419 mg, 1.0
mmol), and 0.5 mL of water was sealed under vacuum and kept at

120 °C for 2 déys. The large pale yellow transparent chunky crystals
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were isolated in water and washed with methanol and ether (yield
74.5 % based on In). SEM/EDS analysis on these crystals showed a
P:In:As:S ratio of 1.6:1:1.4:7.2.

(Ph4P)2[SnAs4S9]: A Pyrex tube (-4 mL) containing SnS> (55
mg, 0.25 mmol), K3AsS3 (144 mg, 0.5 mmol), Ph4PBr (419 mg, 1.0
mmol), and 0.5 mL of water was sealed under vacuum and kept at
120 °C for 2 days. The large orange transparent chunky crystals were
isolated in water and washed with methanol and ether (yield 74.5 %
based on Sn). SEM/EDS analysis on these crystals showed a P:Sn:As:S
ratio of 1.6:1:1.2:6.2.

(MegN)2RDb[BiAsgS12]: BiCl3 (63 mg, 0.2 mmol) was mixed
with 2 equiv of Rb3AsS3 (171 mg, 0.4 mmol) and 4 equiv of Me4NClI
(88 mg, 0.8 mmol), and the mixture was sealed under vacuum with
0.3 mL of HzO in a Pyrex tube (~4 mL). The reaction was run at 120
°C for 1 week. Washing the reaction mixture with methanol and
ether afforded dark red cube-like single crystals of
(Me4N)2Rb[BiAsgS12] (45 mg, yield of 30 % based on Bi). SEM/EDS
analysis on these crystals showed a Rb:Bi:As:S ratio of 1:1.1:8:7.2.

2.3. Physical Measurements

FT-IR spectra of compounds were recorded as a solid in a Csl
matrix. The sample was ground with dry Csl into a fine powder, and
a pressure of about seven metric tons was applied to the mixture to
make a translucent pellet. The spectra were record in the far-IR
region (600-100 cm-1, 4 cm-1 resolution) with the use of a Nicolet

740 FT-IR spectrometer equipped with a TGS/PE detector and silicon
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splitter. Raman spectra were recorded at room temperature with a

Nicolet FT-Raman 950 spectrometer.

Quantitative microprobe analysis of the compounds was
performed with JEOL JSM-35CF scanning electron microscope (SEM)
equipped with a Tracor Northern Energy Dispersive Spectroscopy
(EDS) detector. Single crystals of each sample were mounted on an
aluminum stub which was coated with conducting graphite paint to
avoid charge accumulation on the sample surface under
bombardment of the electron beam during measurements. Energy
Dispersive Spectra (EDS) were obtained by using the following

experimental set-up:

X-ray detector position: 55 mm Take-off angle: 27 deg
Working distance: 39 mm Beam current: 200 picoamps
Accelerating voltage: 20 kv Accumulation time: 60 sec.
Window: Be

Optical diffuse reflectance measurements were made at room
temperature with a Shimadzu UV-3101PC double beam, double-
monochromator spectrophotometer.  The instrument was equipped
with an integrating sphere and controlled by a personal computer.
The measurement of diffuse reflectivity can be used to obtain values
for the band gap which agree rather well with values obtained by
absorption measurements from single crystals of the same material.
The digitized spectra were processed using the KaleidagraphT M

software program. BaSO4 powder was used as reference (100%
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reflectance). Absorption data were calculated from the reflectance
data by using the Kubelka-Munk function: 12

(1-R)?

o/S=—3R

R is the reflectance at a given wavelength, a is the absorption
coefficient and S is the scattering coefficient. = The scattering
coefficient has been shown to be practically wavelength independent

for particles larger than 5 pm which is smaller than the particle size

of the samples used here.

Thermal Gravimetric Analysis (TGA) was performed on a
Shimadzu TGA-50. The samples were heated to 800 °C at a rate of
10 °C/min. under a steady flow of dry N2 gas.

Differential thermal analysis (DTA) was performed with a
computer-controlled Shimadzu DTA-50 thermal analyzer. The
ground single crystals were sealed in quartz ampules under vacuum.
An quartz ampule of equal mass was sealed and placed on the
reference side of the detector. The samples were heated to the
desired temperature at 5 °C/min, then kept at that temperature for
10 min followed by cooling at 10 °C/min to 100 °C and finally rapid

cooling to room temperature.
2.4. X-ray crystallography

(Ph4P)2[InAs3S7]: The plate-like pale yellow crystal used for
the study had approximate dimensions of 0.35 x 0.33 x 0.75 mm.

The crystal was sealed inside a thin-walled glass capillary under air
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and mounted on a goniometer head. Single-crystal X-ray diffraction
data were collected at 23 °C on a Rigaku AFC6 diffractometer. A total
of 8227 reflections were collected. All the nonhydrogen atoms
except carbon were refined anisotropically. All hydrogen atom
positions were calculated by assuming idealized geometry. Hydrogen
atom contributions were included in the structure factor calculations,

but their coordinates and temperature factors were not refined.

(Ph4P)2[SnAs4S9]: A well shaped orange crystal with
. dimensions of 0.45 x 0.35 x 0.5 mm was mounted on a glass fiber.
Single-crystal X-ray diffraction data were collected at 23 °C on a
Rigaku AFC6 diffractometer. A total of 7220 reflections were
collected. All the nonhydrogen atoms except carbon were refined
anisotropically. All hydrogen atom positions were calculated and

fixed without further refinement.

(Me4N)2RDb[BiAsgS12]: The single-crystal diffraction data
were collected by Crystallics Compouny. A well shaped dark red
cube-like crystal with dimensions of 0.34 x 0.45 x 0.52' mm was
sealed inside a thin-walled glass capillary with epoxy. The crystal
was oriented with an edge nearly parallel to the y axis of the
diffractometer. Single-crystal X-ray diffraction data were collected
at 23 °C on a computer-controlled four-circle Nicolet (Siemens)
autodiffractometer. A total of 1233 reflections were collected. All
nonhydrogen atoms except carbon were refined anisotropically. All

hydrogen atom positions were calculated and fixed without further

refinement.
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The crystals did not show any significant decay as judged by
three check reflections measured every 150 reflections throughout
the data collection. The space group was determined by systematic
absences and intensity statistics. @ The structures were solved by
direct methods (SHELXS-86)!3 with the TEXSAN software packagel4
and refined by full matrix least-squares methods. An empirical
absorption correction (DIFABS)!5 was applied to the isotropically
refined data. All non-hydrogen atoms except nitrogen and carbon
were refined anisotropically. All calculations were performed on a
VAXstation 3100 Model 76 computer.

Table 2-1 summarizes the crystallographic data and details of the
structure solution and refinement. The final atomic coordinates with
their estimated standard deviation (esd's) are given in Table 2-2, 2-

3, and 2-4.
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Table 2.1 Crystallographic Data for (Ph4P)2[InAs3S7](I),

(Ph4P)2[SnAs4So](II), and (MegN)2Rb[BiAsgS12](III).

I 11

Formula CagH4oP2InAs3S7 CagHa0oP2SnAs4S9
F. w. 1241.59 1384.38
a, A 19.079(9) 13.476(2)
b, A 14.436(3) 18.365(3)
c, A 19.325(6) 11.348(2)
a, deg. 90.00 107.28(2)
B, deg. 106.11(3) 96.90(2)
Y, deg. 90.00 96.92(2)
Z,V, A3 4, 5111(4) 2, 2626(2)
Space Group P2i/c (No. 14) P-1 (No. 2)
color, habit pale yellow, plate orange, plate
Dcal, g/cm3 1.62 1.75
Radiation CuKa Mo Ka
n, cm-1 94.61 34.22
20max, deg. _ 120.0 45.0
Absorption Correction ¥ scan Y scan
Transmission Factor 0.71-1.40 0.83-1.15
Index ranges 0<h<21,0<k<16, 0O<h<16,-22<k<

22<l<22 22,-13<1< 13
No. of Data coll. 8227 7220
Unique reflection 7971 6863
Data Used 3604 3891
(Fo2 > 30(Fo2))
No. of Variables 550 340
Final R8/Rwb, % 5.5/5.7 4.9/6.2

a R= X(IFol-IFcl)/ZIFol, b Ry ={Zw(IFol-IFcl)2/ZwlFol|2}1/2
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111
Formula CgH24N2RbBiAsgS12
F. w. 1201.98
a, A 9.978(1)
b, A 9.978(1)
c, A 28.337(5)
a, deg. 90.00
B, deg. 120.00
Y, deg. 90.00
Z,V,A3 3, 2356(1)
Space Group R-3 (No. 148)
color, habit dark red block
Dcal, g/cm3 2.73
Radiation Mo Ka
p, cm-1 141.34
20max, deg. 58.7
Absorption Correction Yy scan
Transmission Factor 0.745-1.000

Index ranges

No. of Data coll.
Unique reflection
Data Used

(Fo? > 30(Fo2))
No. of Variables
Final R23/Rwb, %

0<h<13,0<k<11,0<1l< 34
1233
1157
906

40
3.1/2.5

a8 R= X(IFol-IFcl)/ZIFol, ® Ryw={Zw(IFol-IFcl)2/ZwlFol2}1/2



Table 2-2. Selected Atomic Coordinates and Estimated Standard
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Deviations (esd's) of (PhgP)2[InAs3S7]

atom X Y Z Beg 3, (A2)
In 0.77261(5) 0.19922(6) 0.35422(4) 3.82(4)
Asl 0.78622(9) 0.2030(1) 0.54266(7) 4.48(7)
As2 0.8320(1) 0.2241(1) 0.71648(8) 4.48(7)
As3 0.6873(1) 0.0363(1) 0.4239(1) 5.47(8)
S1 0.7896(2) 0.3053(2) 0.4582(2) 4.7(2)
S2 0.6496(2) 0.1254(3) 0.3249(2) 5.5(2)
S3 0.7510(2) 0.3362(2) 0.2642(2) 5.0(2)
S4 0.8045(2) 0.0439(2) 0.4341(2) 5.3(2)
S5 0.8706(2) 0.1614(2) 0.2956(2) 4.8(2)
S6 0.7641(2) 0.3088(3) 0.6215(2) 5.3(2)
S7 0.6741(2) 0.1362(2) 0.5114(2) 5.5(2)
P1 0.8830(2) -0.1772(2) 0.2150(2) 4.2(2)
P2 0.3851(2) 0.3795(2) 0.6678(2) 4.2(2)
C1 0.9335(7) -0.1653(8) 0.3083(7) 3.7(6)
Q 0.9812(8) -0.2310(9) 0.3417(7) 5.0(7)
a3 1.0214(8) -0.218(1) 0.4139(8) 5.7(7)
C4 1.0137(8) -0.140(1) 0.4478(8) 6.0(8)
C5 0.968(1) -0.074(1) 0.416(1) 9(1)
C6 0.927(1) -0.085(1) 0.346(1) 9(1)
1 0.8859(7) -0.2957(9) 0.1900(7) 4.3(1)
(] 0.901(1) -0.320(1) 0.127(1) 8(1)
(6 0.896(2) -0.414(1) 0.107(1) 12(2)
C10 0.876(1) -0.478(1) 0.147(1) 8(1)
C11 0.8612(8) -0.456(1) 0.207(1) 5.3(8)
C12 0.8661(8) -0.3629(9) 0.2304(7) 4.5(7)
C13 0.7879(8) -0.145(1) 0.1972(7) 4.7(7)
Ci4 0.763(1) -0.072(2) 0.225(1) 11(1)
C15 0.692(1) -0.049(2) 0.206(1) 12(2)
C16 0.642(1) -0.098(2) 0.160(1) 9(1)
C17 0.664(1) -0.173(1) 0.131(1) 11(1)
C18 0.737(1) -0.196(1) 0.149(1) 8(1)
C19 0.9256(8) -0.1048(8) 0.1632(7) 4.0(6)
C20 0.8922(9)  -0.024(1)  0.132(1)  6.1(8)
C21 0.928(1) 0.032(1) 0.097(1) 8(1)
C22 0.997(1) 0.011(1) 0.092(1) 7(1)
C23 1.030(1) -0.069(1) 0.123(1) 7(1)
C24 0.995(1) -0.126(1) 0.1595(9) 5.9(8)
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C25 0.4498(8) 0.296(1)  0.6543(8) 4.7(7)
C26 0.518(1)  0.323(1)  0.655(1)  6.4(9)
C27 0.567(1)  0.260(1)  0.646(1)  8(1)

C28 0.551(1)  0.171(2)  0.635(1)  9(1)

C29 0.487(1)  0.144(1)  0.638(1) 16(2)
C30 0.434(1)  0.207(1)  0.645(2) 14(2)
C31 0.4034(8) 0.485(1)  0.629(1)  5.0(7)
C32 0.404(1)  0.490(1)  0.558(1)  9(1)

C33 0.416(1)  0.569(2)  0.525(1)  12(1)
C34 0.422(1)  0.647(2)  0.561(2) 12(2)
C35 0.422(2)  0.649(2)  0.633(2)  13(2)
C36 0.410(1)  0.566(1)  0.665(1)  9(1)

C37 0.3934(7) 0.3925(8) 0.7619(8)  4.3(7)
C38 0.3356(8) 0.429(1)  0.7840(9)  5.3(8)
C39 0.341(1)  0.444(1)  0.855(1)  6.3(9)
C40 0.405(1)  0.423(1)  0.9057(9) 5.9(8)
cal 0.464(1)  0.387(1)  0.8856(9) 5.6(8)
cal 0.4571(7) 0.371(1)  0.8135(9) 4.8(7)
Ca3 0.2939(8) 0.347(1)  0.6225(8) 4.8(7)
C44 0.269(1)  0.261(1)  0.625(1) 10(1)
cas 0.197(1)  0.238(2)  0.589(2)  16(2)
C46 0.152(1)  0.303(3)  0.553(1) 11(1)
ca7 0.174(1)  0.386(2)  0.551(2) 13(2)
C48 0.2464(9)  0.411(1)  0.585(1)  10(1)

3 Beq=(4/3)[a2B1) + b2B22 +c2B33 + ab(cosy)B12 + ac(cosB)B13 +

be(cosa)B23)
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Table 2-3. Selected Atomic Coordinates and Estimated Standard
Deviations (esd's) of (PhaP)2[SnAs4So]

atom X Y Z Beg 3, (A2)
Snl 0.5000 0.0000 0.5000 2.04(6)
Sn2 1.0000 0.5000 0.5000 2.44(6)
Asl 0.7788(1) 0.3623(1) 0.5155(2) 3.03(7)
As2 0.2450(1) -0.0252(1) 0.4641(2) 3.16(7)
As3 1.2120(2) 0.4386(1) 0.4124(2) 4.9(1)
As4 0.6563(1) 0.1887(1) 0.5132(2) 2.70(7)
s1 0.3622(3)  0.0594(3)  0.6098(4)  3.1(2)
S2 0.6509(3) 0.0698(3) 0.6710(4)  2.9(2)
S3 0.8812(3) 0.3728(2) 0.3813(4) 3.6(2)
'S4 1.0880(4) 0.4785(3)  0.3092(4) 4.3(2)
S5 1.1332(4) 0.4272(3) 0.5668(5) 4.1(2)
S6 0.6661(3) 0.2597(2) 0.3797(4)  3.5(2)
S7 0.2130(3) -0.1246(3) 0.5434(5) 3.6(2)
S8 0.5184(3) 0.1095(2) 0.4002(4)  2.5(2)
S9 0.6743(4) 0.4484(3)  0.5012(5) 4.6(2)
P1 0.2250(3) 0.0449(2) 1.0017(4) 2.3(2)
P2 0.2804(3) 0.4128(3) 0.9216(4) 2.8(2)
Cl 0.189(1) -0.0558(9) 0.993(1)  2.3(3)
2 0.195(1) -0.111(1)  0.884(1) 3.8(4)
C3 0.165(1) -0.189(1)  0.876(1)  4.2(4)
C4 0.128(1) -0.203(1)  0.970(1)  4.2(4)
cs 0.124(1) -0.153(1)  1.079(2) 3.9(4)
C6 0.154(1) -0.0759(9) 1.090(1) 2.7(3)
c7 0.356(1)  0.0699(8)  0.997(1) 2.1(3)
Cs 0.398(1)  0.029(1) 0.898(2) 3.2(2)
9 0.497(1)  0.051(1) 0.886(2) 3.4(4)
C10 0.553(1)  0.115(1) 0.968(2) 3.3(4)
Cll 0.515(1)  0.157(1) 1.069(2)  4.6(4)
C12 0.415(1)  0.135(1) 1.083(2)  4.2(4)
C13 0.153(1)  0.0586(9) 0.868(1) 2.7(3)
Ci4 0.191(1)  0.118(1) 0.827(2) 3.6(4)
C15 0.139(1)  0.129(1) 0.722(2)  4.4(4)
C16 0.050(1)  0.080(1) 0.660(2)  4.2(4)
C17 0.016(1)  0.022(1) 0.700(2) 3.7(4)
C18 0.066(1)  0.010(1) 0.806(2) 3.3(4)
C19 0.194(1)  0.1044(8) 1.141(1) 2.4(3)
C20 0.118(1)  0.151(1) 1.139(2) 3.1(3)
C21 0.098(1)  0.199(1) 1.250(1)  4.1(4)
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C22 0.151(1)  0.203(1) 1.363(2)  4.4(4)
C23 0.223(1)  0.157(1) 1.368(2)  5.1(5)
C24 0.247(1)  0.110(1) 1.259(2)  3.3(4)
C25 0.344(1)  0.3773(9) 0.790(1)  2.6(3)
C26 0.376(1)  0.427(1) 0.725(2)  3.6(4)
C27 0.426(1)  0.395(1) 0.620(2)  4.4(4)
C28 0.441(1)  0.319(1) 0.591(2)  4.0(4)
C29 0.411(1)  0.274(1) 0.658(2)  3.6(4)
C30 0.364(1)  0.303(1) 0.762(2)  3.5(4)
C31 0.297(1)  0.5160(8) 0.979(1)  2.2(3)
C32 0.262(1)  0.554(1) 0.900(2)  3.4(4)
C33 0.272(1)  0.635(1) 0.945(2)  4.5(4)
C34 0.313(1)  0.675(1) 1.071(2)  4.7(4)
C35 0.342(1)  0.636(1) 1.147(2)  4.4(4)
C36 0.335(1)  0.554(1) 1.103(2)  4.3(4)
C37 0.147(1)  0.3757(9) 0.875(1)  2.7(3)
C38 0.106(1)  0.324(1) 0.759(2)  3.1(3)
C39 0.001(1)  0.303(1) 0.730(2)  4.8(4)
C40 -0.060(1)  0.329(1) 0.814(2)  4.8(4)
Cal -0.021(2)  0.384(1) 0.926(2)  5.4(5)
C4l 0.083(1)  0.407(1) 0.959(2)  3.9(4)
C43 0.333(1)  0.3771(9) 1.042(1)  2.8(3)
Ca4 0.439(1)  0.395(1) 1.081(2)  3.8(4)
C4s 0.486(1)  0.372(1) 1.175(2)  4.2(4)
C46 0.425(1)  0.331(1) 1.233(2)  4.3(4)
C47 0.322(1)  0.312(1) 1.197(2)  4.2(4)
C48 0.276(1)  0.337(1) 1.101(2)  3.4(4)

3 Beq=(4/3)[a2B1] + b2B22 +c2B33 + ab(cosy)B12 + ac(cosp)B13 +

be(cosa)B23)
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Table 2-4. Selected Atomic Coordinates and Estimated Standard

Deviations (esd's) of (Me4sN)2Rb[BiAsgS12]

atom X Y Z Beg 3, (A2)
Bi 0.0000 0.0000 0.0000 1.01(2)
Rb 0.0000 0.0000 0.5000 5.00(8)
As 0.28307(8) -0.16664(1) 0.02659(3) 1.30(2)
S1 0.2390(2) 0.0110(2) 0.05874(7) 1.71(6)
S2 0.5102(2) -0.1047(2) 0.06797(8) 1.74(6)

N 0.000 0.000 0.1928(5) 2.7(3)

C1 0.000 0.000 0.2453(4) 0.9(2)

2 -0.155(1) -0.033(2) 0.1739(4) 5.5(5)

2 Beq=(4/3)[a2B1] + b2B22 +c2B33 + ab(cosy)B12 + ac(cosB)B13 +
be(cosa)B23)



53

The compounds were examined by X-ray powder diffraction to
determine phase purity and for identification. Accurate dphki
spacings (A) were obtained from the powder patterns recorded on a
calibrated (with FeOCl as internal standard) Phillips XRG-3000
computer-controlled powder diffractometer with graphite-
monochromated Cu Ka radiation operating at 35 kV and 35 mA. The
data were collected at a rate of 0.12°/min. Based on the atomic
coordinates from X-ray single crystal diffraction study, X-ray powder
patterns for all compounds were calculated, by the software package
CERIUS.16 Calculated and observed X-ray powder patterns that show
d-spacings and intensities of strong hkl reflections are complied in

table 2-5 to 2-7.
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Table 2-5. Calculated and Observed X-ray Powder Diffraction Pattern
of (Ph4P)2[InAs3S7] (I)

h_k 1 degic (A) dgps (A) 1/l gy (0bs. %)
1 00 18.3 18.2 8
01 1 11.4 11.2 100
110 11.3

2 00 9.27 9.15 46
2 0 -2 7.67 7.59 10
10 7.48 7.35 10
0 2 7.22 7.15 16
2 1 6.61 6.55 13
1 2 -1 6.53 6.45 35
2 20 5.67 5.64 13
310 5.62 5.59 30
320 4.66 4.65 22
01 4 4.41 4.41 11
1 2 4 3.65 3.65 10
1 3 -5 3 00 3.00 12
0 4 5 2.587 2.575 8
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Table 2-6. Calculated and Observed X-ray Powder Diffraction Pattern
of (Ph4P)2[SnAs4S9](II)

h k1 degie (A) dops (A) I/l gy (0bs. %)
1 -1 0 11.4 11.3 62
0 0 1 10.7 10.6 100
1 9.82 9.78 11
020 8.67 8.65 75
1 -1 1 8.07 8.01 65
1 -1 - 7.54 7.50 71
2 00 6.61 6.55 21
1 31 5 54

0 2 -2 5.37 5.35 27
00 5.34 5.30 52
1 30 5.01

1 -1 2 4.97 4.97 50
1 1 -2 4.71 4.71 18
0 4 -1 4.54 4.54 21
2 0 -2 4.51 4.51 17
310 4 12

2 40 3.39 3.37 10
331 2.929 2.927 13
0 6 3 2.697 2.697 12
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Table 2-7. Calculated and Observed X-ray Powder Diffraction Pattern
of (Me4N)2Rb[BiAsgS12](11D)

h k1 degrc (A) dops (A) I/Ipgx (0bs, %)
00 3 9.44 9.43 100
1 0 2 7.28 7.27 35
110 4.90 4.88 20
1 05 4.71 4.70 33
2 0 4 3.64 3.64 10
116 3.40 3.40 30
1 0 8 3.27 3.25 15
2 1 1 3.19 3.18 20
2 1 1 3.13

2 1 4 2 921 2.92 75
2 1 7 2.51

2 1 8 2 377 2 37 10
4 1 0 1.851
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3. Results and discussion
3.1 Syntheses and description of structures

(Ph4P)2[InAs3S7] was prepared by heating InCl3 with K3AsS3
and Ph4PBr in H20 at 120 °C. The compound, formed as pale yellow
platelike crystals, and does not dissolve in common organic solvents
consistent with a polymeric compound. The structure was
determined by X-ray single-crystal diffraction analysis.
[InAs3S7],27- has an unusual one-dimensional polymeric structure
composed of In3+ jons and [As3S7]5- units form by corner-sharing
pyramidal [AsS3]3- units, see Figure 2-1. The [As3S7]5- units engage
in a remarkably complex multidentate coordination with two In3+
centers, using all five of their terminal sulfur atoms. To the best of
our knowledge, the [As3S7]3- unit represents a new thioarsenate
anion with potentially rich coordination chemistry. The In3+ ion is in
a distorted trigonal bipyramidal environment with the axial bond
angle, S3-In-S4, at 171.4(1)°. For comparsion, in indium/polysulfide
systems, the In usually adopts tetrahedral geometry; examples
include [In2S14)2- and [In2S16]2-.1%3 In fact, trigonal bypyramidal
indium polychalcogenide compounds are quite rare. Examples
include [In2Se21]4-, 17 and [In2(S4)2(S6)2(S7)]14-.18 It is interesting to
point out that there are two six membered InAs2S3 rings, formed as
the result of the [As3S7]3- unique binding mode, in the structure.
These two six membered rings share 5 of the six atoms and as a
result of that, one adopts a chair conformation while the other one

has the boat conformation. The average distance between the In and
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the axial S atoms(S2 and S3), at 2.642(4) A, is significantly longer
than that between the equatorial S atoms, at 2.489(4) A.  The
[InAs3S7],27- chains lie parallel to the crystallographic ¢ axis and are
separated by Ph4P+ cations; see Figure 2-2(A) and (B). There are two
types of As-S bonds in [As3S7]3- unit. The average As-S distance of
the type As-S-In, at 2.216(4) A, is slightly shorter than that of the
As-S—As type, at 2.279(4) A. The S-As-S angles range from 95.3(1)
to 107.8(1)°. The bond distances and angles are comparable to those
in [M0202A54S14])2- and [Mo40O4As4S14)4-.9 Selected bond distances

and bond angles are given in Table 2-8 and 2-9.

Table 2-8. Selected Distances (A) in (Ph4P)2[InAs3S7] with Standard

Deviations in Parentheses.2

In - SI1 2.474(4) Asl - §7 2.271(5)
In - S2 2.496(4) As2 - S3 2.189(4)
In - S3 2.589(3) As2 - S5 2.234(4)
In - S4 2.696(4) As2 - S6 2.285(4)
In - S5 2.499(4) As3 - S2 2.251(4)
Asl - S1 2.214(4) As3 - S4 2.192(5)
Asl - S6 2.276(4) As3 - S7 2.287(4)

aThe estimated standard deviations in the mean bond lengths and
the mean bond angles are calculated by the equation o6/ = {Zj(lp -
1)2/n(n-1)}1/2, where Iy, is the length (or angle) of the nth bond, ! the
mean length (or angle), and n the number of bonds.
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Table 2-9. Selected Angles (Deg) in (Ph4P)2[InAs3S7] with Standard

Deviations in Parentheses.2

S1 -In - S2 110.6(1) S3 - As2 - 85 98.3(1)
S1 -In-S3 91.8(1) S3 - As2 - S6 104.0(2)
S1 -In - S4 95.3(1) S5 - As2 - S6 99.1(1)
S1 -In- S5 123.8(1) S2 - As3 - S4 97.2(2)
S2 -In - S3 102.1(1) S2 - As3 - §7 101.0(2)
S2 -In - S4 79.8(1) S4 - As3 - S7 102.7(2)
S2 - In - S5 125.3(1) In - S1 - Asl 99.2(1)
S3 -In - S4 171.4(1) In - S2 - As3 89.6(1)
S3-In- S5 82.2(1) In - 83 - As2 88.8(1)
S4 -In - S5 89.9(1) In - S4 - As3 85.8(1)
S1 - Asl - S6 95.3(1) In - S5 - As2 90.1(1)
S1 - Asl - §7 107.8(1) Asl - S6 - As2 90.5(1)
S6 - Asl - 87 97.3(2) Asl - S7 - As3  100.2(2)

aThe estimated standard deviations in the mean bond lengths and
the mean bond angles are calculated by the equation ol = {Zp(lp -
1)2/n(n-1)}1/2, where Iy is the length (or angle) of the nth bond, ! the
mean length (or angle), and n the number of bonds.
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Figure 2-1. Structure and labeling scheme of [InAs3S7]p20-.
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(A) &
&
i

Figure 2-2. Packing diagram of (Ph4P)2[InAs3S7]. (A) view down the
c-axis. (B) view down the b-axis.
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(Ph4P)2[SnAs4So](II) was prepared hydrothermally by heating
SnS2 with K3AsS3 and PhgPBr in H20 at 120 °C for four days. The
reaction was initially run with the SnS2/K3AsS3/Ph4PBr ratio of 1:2:2
and gave a low yield. We later discovered that excess of cation,
Ph4PBr, not only increased the yield but also helped crystal growth
which indicated that the Ph4PBr is not just a cation but also a
mineralizer. The compound does not dissolve in common organic
solvents such as CH3CN, DMF, and DMSO. The structure was
determined by X-ray single-crystal diffraction analysis.
[SnAs4S9]x2n- also has a one-dimensional polymeric chain-like
structure composed of Sn4* ions and [As4S9]6- units formed by
corner-sharing pyramidal [AsS3]3- units; see Figure 2-3. The
[As4S9]6 units, which can be viewed as the further condensation
product between the [As3S7]3- unit and [AsS3]3- unit, use all their six
terminal sulfur atoms connecting two Sn4+ centers together. The
[As4S9]6- also represents a new thioarsenate anion. When comparing
the bonding modes of the two thioarsenate polyanions, [As3S7]5- and
[As4S9]6-, we see the [As3S7]3- units, in (Ph4P)2[InAs3S7], use two and
three terminal sulfur atoms at either end of the units to bond metal
ions, while the [As4S9]6- units, in (Ph4P)2[SnAs4S9], have only one
bonding arrangement. The [SnAs4S9],2%- chains are well separated
by Ph4P+ cations, see Figure 2-4(A) and (B). The Sn4+ is in a
distorted octahedral environment with the S1-Sn-S2 bond angle at
177.8(1)°. The average Sn-S distance at 2.550(4)A is very close to
those found in K2SnS3.2H20,19 at 2.571A, which is in the range of

typical Sn-S distances in SnS¢ octahedra. The average S-As-S angle
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Table 2-10. Selected Distances (A) in (Ph4P)2[SnAs4S9] with Standard

Deviations in Parentheses.a

Snl - S1 2.535(4) As2 - S1 2.213(5)
Snl - S2 2.548(4) As2 - S2 2.243(5)
Snl - S8 2.587(4) As2 - §7 2.281(5)
Sn2 - S3 2.558(4) As3 - S4 2.244(6)
Sn2 - S4 2.544(5) As3 - S5 2.210(5)
Sn2 - S5 2.528(5) As3 - S9 2.298(5)
Asl - S3 2.208(5) As4 - S6 2.279(5)
Asl - S6 2.292(5) As4 - S7 2.287(5)
Asl - S9 2.267(5) As4 - S8 2.209(4)

aThe estimated standard deviations in the mean bond lengths and
the mean bond angles are calculated by the equation ¢! = {Zj(lp -
1)2/n(n-1)}1/2, where I is the length (or angle) of the nth bond, !/ the
mean length (or angle), and n the number of bonds.
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Table 2-11. Selected Angles (Deg) in (Ph4P)2[SnAs4S9] with Standard

Deviations in Parentheses.

S1 - Snl - S1 180.00 S6 - Asl - S9 93.1(2)
S1 - Snl - S2 98.2(1) S1 - As2 - S2 96.7(2)
S1 - Snl - S2 81.8(1) S1 - As2 - §7 103.8(2)
S1 - Snl - S8 90.6(1) S2 - As2 - §7 102.1(2)
S1 - Snl - S8 89.4(1) S4 - As3 - S5 97.1(2)
S2 - Snl - 82 180.00 S4 - As3 - S9 101.0(2)
S2 - Snl - S8 91.3(1) S5 - As3 - S9 104.5(2)
S2 - Snl - S8 88.7(1) S6 - As4 - S7 95.9(2)
S8 - Snl - S8 180.00 S6 - As4 - S8 94.1(2)
S3 - Sn2 - S3 180.00 S7 - As4 - S8 104.8(2)
S3 - Sn2 - S4 87.2(1) Snl - S1 - As2 90.2(2)
S3 - Sn2 - S4 92.8(1) Snl - S2 - As2  89.1(2)
S3 - Sn2 - S5 90.7(2) Sn2 - S3 - Asl  102.6(2)
S3 - Sn2 - S5 89.3(2) Sn2 - S4 - As3  88.5(2)
S4 - Sn2 - S4 180.00 Sn2 - S5 - As3  89.7(2)
S4 - Sn2 - S5 82.3(2) Asl - S6 - As4  96.1(2)
S4 - Sn2 - S5 97.7(2) As2 - S7 - as4 99.7(2)
S5 - Sn2 - S5 180.00 Snl - S8 - As4 104.0(2)
S3 - Asl - S6 96.2(2) Asl - S9 - As3  99.5(2)
S3 - Asl - S9 103.1(2)




66

Q

SS

O' : o
uz"[6SPsVus] jo swayos Suyaqe; pue 5 NS “g-7 3y

cus

6S
1% 4



67

(A)

(A) Showing the

Figure 2-4. Packing diagram of (Ph4P)2[{SnAs4So).
crossing section. (B) Showing the One-dimensional chains.
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and As-S distance are normal compare to those in other arsenic
sulfide compounds.® Selected bond distances and angles are given in
Tables 2-10 and 2-11. When comparing the structures of these two
compounds, (Ph4P)2[InAs3S7] and (Ph4P)2[SnAs4S9], one can find
several similarities. They both have one-dimensional chainlike
structures which probably are the result of the large Ph4P+ cations.
They both contained unique thioarsenate ligands, [As3S7]5- and
[As4S9]6-, formed by condensation reactions of the pyramidal [AsS3]3-
units. The main structural differences between the two compounds
arise from the metal coordination. The In3+ ions, in [InAs3S7]2-,
adopt trigonal bypyramid geometry while the Sn4+ ions, in
[SnAs4S9]2-, take an octahedral environment. This imply that metal
coordination preference may actually dictate the formation of the
[AsxSy]™- species.

(Me4N)2Rb[BiAsgS12] was synthesized by heating BiCl3 with
Rb3AsS3 and Me4NCl in H>O at 120 °C for one week. The anionic
[BiAsgS12]437" possesses a two-dimensional layered structure with
trigonal symmetry consisting of octahedral Bi3+ ions and [As3S¢]3-
cyclic units formed by three corner-sharing trigonal pyramidal
[AsS3])3- units; see Figure 2-5. The [As3S¢]3- units were first observed
as a discrete molecule in (enH2)3(As3S¢)2.20 The [As3S¢)3- fragment
in (Me4N)2Rb[BiAsgS12]) is located on a 3-fold axis with three As
atoms and three S atoms forming a six-membered ring in a chair
conformation. In [As3Sg]3- the As-S bonds are separated into two
types. The intra-ring As-S distance, at 2.312(2) A, is significantly
longer than the other As-S distance, at 2.189(3) A. Similar distances

were observed in (As3S¢)3-20 Selected bond distances and angles are
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Table 2-12. Selected Distances (A) in (Me4N)2Rb[BiAsgS12] with

Standard Deviations in Parentheses.2

Bi - S1 2.830(2) As - S2 2.296(3)
Rb - S2 3.461(2) N -Cl 1.49(1)
As - Sl 2.190(3) N-C2 1.49(1)
As - S2 2.312(2)

Table 2-13. Selected Angles (Deg) in (Me4N)2Rb[BiAsgS12] with

Standard Deviations in Parentheses.2

S1 -Bi- Sl 88.92(6) S1-As-82 99.7(1)
S1 -Bi- Sl 180.00 S2 - As - S1 91.96(7)
S1 - Bi- Sl 91.08(6) Bi - S1 - As 102.30(7)
S2 - Rb - S2 118.75(5) Bi - S1 - As 92.47(6)
S2 - Rb - S2 118.75(5) Cl-N-C2 111.1(6)
S1 - As - S1 89.33(9) C2-N-C2 107.8(6)

S1 - As - S2 97.34(8)

aThe estimated standard deviations in the mean bond lengths and
the mean bond angles are calculated by the equation ol = {Zj(lp -
1)2/n(n-1)}1/2, where I, is the length (or angle) of the nth bond, I the
mean length (or angle), and n the number of bonds.
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Figure 2-5. Structure and labeling scheme of one [BiAsgS12]n30"
layer.
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given in Tables 2-12 and 2-13. The Bi3+ ion is in a nearly perfect
octahedral geometry. The overall organization of the Bi3+ and the
[As3S¢]3- ions is CdClz-type with the cations in the Cd2+ and the
anions in the Cl- sites, respectively. The Bi-S bond distance, at
2.830(2) A, is in the normal range for the Bi-S bonds.2! The Me4N+
and the Rb+ cations are located between the [BiAsgS12],37- layers,
see Figure 2-6, which are spaced 9.445 A apart The Rb* and
[As3Se]3- ions share a common C3 axis so that each Rb+ ion is
coordinated to six bridging S atoms from two [As3S¢]3- units, one
above and one below, in a trigonal antiprismatic fashion. The Rb--S
distance is 3.458(2) A. We noticed that the same As3S3 six
membered rings previously seen in the Rb2AsgS13,22 which is also a
Rb salt, were also found in (MesN)2Rb[BiAsgS12]. It is possible that
the Rb cation is just the right size to coordinate to six sulfur atoms
from two [As3Se]3- units and that this structure type may not be
stable for either the smaller K cation or the larger Cs cation. Hence,
the Rb here may act both as cation and as structure directing
template. One can then speculate that the larger As4S4 eight
membered rings might possibly coordinate with the larger Cs as the
cation as seen in CspAsgS13.23 The larger space generated by the Cs
cations may also need larger organic cations, such as Et4N+, to be
filled. The lone electron pair on Bi3* is stereochemically inactive and
apparently is delocalized around the Bi nucleus. This is common for
octahedral Bi3+ sites and has been found earlier in other Bi-$S

compounds such as KBiS;.19

3.2 Physicochemical studies
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In the far-IR region all complexes reported here exhibit
spectral absorptions due to As-S and M-S stretching vibrations as
shown in Figure 2-7. Observed absorption frequencies of all the

complexes are given in table 2-14.

Table 2-14. Frequencies (cm-!) of Raman and Infrared Spectral
Absorptions of (Ph4P)2[InAs3S7]1(I), (Ph4P)2[SnAs4S9](II), and
(Mea4aN)2Rb[BiAsgS 12](II).

Compounds Infrared Raman

(Ph4P)2[InAs3S7] 400(s), 373(s, sh) 395(s), 375(m), 352(m)
346(m), 284(s, br) 329(w), 301(m), 253(m)
225(m), 205(m) 186(m), 154(w)

(Ph4P)> [SnAs4Sg) 387(m), 374(m) 409(w), 387(m), 380(m)
340(m, sh), 288(s) 341(s), 292(m), 256(m)
250(m, br), 211(m) 199(m), 155(w)
198(m)

(MeaN)5Rb[BiAsgS12]  389(s), 370(w)
354(m), 302(s, br)

186(s, br) 154(w)

'*\
§: Strong, m; medium, w: weak, sh: shoulder.

In the Far;IR spectra, see Figure 2-7, of (Ph4P)2[InAs3S7],
(Ph4p)2[SnA3489], and (MegN)2Rb[BiAsgS12], the peaks in the region of
250‘400 cm-l could be attributed to As-S vibration modes. Similar

aSSignments have been made in the far-IR spectra of other known
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thioarsenate complexes.24 Furthermore, the additional peaks in the
IR spectra at 225 cm-! and 205 cm-! for (Ph4P)2[InAs3S7], at 211 cm-
1 and 198 cm-! for (Ph4P)2[SnAs4S9], and at 186 cm-! for
(MesN)2Rb[BiAsgS12] may be possible candidates of an M-S stretching
vibration. Assigning the observed IR spectra of these compounds is
difficult because As-S and M-S stretching frequencies fall in the

same low frequency region of 150-350 cm-1,

The Raman spectra of (I) and (II) were also recorded while the
spectrum of (III) was not due to a large diffuse reflectance which
obscured the area from 2000 cm-! to 200 cm-l. There are numerous
peaks between 150 and 450 cm-l, see Table 2-13, just as in the far-
IR spectra. The peaks in the range from 250 - 400 cm-! could be due
to As-S vibration modes while the lower energy peaks, at 186 cm-!
and 154 cm-! for (I) and 199 cm-! and 155 cm-! for (II), might be

due to the M-S vibration mode.

Thermal Gravimetric Analysis (TGA) results for all compounds

are summarized in Table 2-15 and shown in Figures 2-8 and 2-9.

Table 2-15. TGA data for (Ph4P)2[InAs3S7]1(I), (PhaP)2[SnAs4Sol(II),
and (Me4N)2Rb[BiAseS12](1II).

Compound Temp. range (°C) Weight loss (%)
(PhaP)3[InAs3S7] 224 - 600 78.3
(Ph4P)2[SnAs489] 290 - 600 67.8

(Me4N)2Rb[BiAsgS12] 120 - 750 65.2
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(Ph4P)2[InAs3S7] shows a one step weight loss of 78.3 % in the
temperature range of 224-600 °C probably as Ph3PS, other organic
species and various AsxSy. The X-ray powder diffraction analysis of
the final residue indicates the presence of InAs2S4 and other phases
that can not be identified. (Ph4P)2[SnAs4S9] also shows a clean one
step weight loss of 67.8 % in the temperature range of 290-600 °C.
The final product was proved to be SnS(Herzenbergite) by X-ray
powder diffraction. For (Me4N)2Rb[BiAsgS12], a weight loss, 65.2 %,
occurred gradually over the temperature range 120 to 750 °C. The
final residue appears by SEM/EDS analysis to be Rbg 3Bi2S3. From the
TGA results, compounds (I) and (II) do show some thermal stability.
There is no weight loss up to 200 and 290 °C for (I) and (II)
respectively. The thermal behavior of (I) and (II) were further
studied by DTA (differential thermal analysis). We did not observed
any melting before the decomposition temperature. Visual
inspection of the product, under the microscope, confirmed that no
melting occurred. Slight discoloration of the crystals indicated the

compounds were starting to decompose.

The optical properties of (Ph4P)2[InAs3S7], (Ph4P)2[SnAs4sSo],
and (MesN)2Rb[BiAsgS12] were assessed by studying the UV-visible-
near IR spectra of the material. The spectra confirm that these
compounds are wide band-gap semiconductors. The optical
absorption spectra of (PhgP)2[InAs3S7](I) and (Ph4P)2[SnAs4So](II),
shown in Figure 2-10, exhibit an intense, steep absorption edge for

both compounds, revealing optical bandgaps of 3.1 eV and 2.8 eV
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respectively. (MegN)2Rb[BiAsgS12]J(III) absorbs light strongly
throughout the visible region with a Amax of 520 nm; see Figure 2-
11. Its electronic spectrum reveals an optical bandgap of 1.1 eV,
which is within the range appropriate for efficient solar energy
collection and suggests possible photoconductivity in this material.
The absorption is probably due to a charge-transfer transition from a
primarily sulfur-based valence band to a mainly metal-based
conduction band.

Remarkably, despite the fact that the arsenic/sulfide source in
all reactions was [AsS3]3-, we do not observe this discrete unit in the
new structures. Rather, in [InAs3S7]2-, [SnAssS9]2-, and [BiAs¢S12)3-,
we find respectively the unusual chainlike [As3S7]5- [As4S9]6-, and
cyclic [As3S¢]3- fragments which are formed from corner-sharing
[AsS3]3- units. These units result from condensation reactions in
water in which several equilibria of the type shown in eqs. 2.1-2.4

must exist.
AsSy> 4+ AsS;d o [As,Sg]¢ 4+ ST (Eq. 2.1)
[As,Ss]* | +  AsSyY —= [As;3S,15 + ST (Eq. 2.2)
[AS3S4]1%5° +  AsS;d o= [As5,S,]* + §* (Eq. 2.3)

[AS3S,]5 === [As;S¢]> + S* (Eq. 2.4)

These condensation reactions parallel those found in the

condensation of SiO44- and PO43- units.! Therefore, as in these
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systems, one would expect that a variety of [AsySy]#- species might
be possible. It must be mentioned that the degree and extent of
these equilibria are probably influenced by the presence of the metal
ions in solution. In addition, however, these condensation reactions
were probably facilitated by the protonation of the terminal sulfur

atoms, see eqs 2-5 and 2-6

S 3- S 2.
Als + H —/]/—= Als (eq 2-5)
s’ \s s/ \SH
s 2-
|
2 /As\ T/ [As3Ss]*’+ H2S (eq 2-6)
S SH

In conclusion, the successful hydrothermal synthesis of
(Ph4P)2[InAs3S7], (Ph4P)2[SnAssSo], and (Me4N)2Rb[BiAsgS12] by using
AsS33- as starting material opens exciting possibilities for the further
exploration of metal/arsenic/sulfide and related systems. Key to this
is the complex condensation equilibria which exist among various
[AsxSy]n- species in the reaction medium. As in other labile systems,
the size of the counter-cations is expected to influence the structural
dimensionalities of the covalent framework.25 From comparing the
structure of (Ph4P)2[InAs3S7](I) and (Ph4P)2[SnAs4S9](II), we noticed
that the metal coordination preference also play a major role in the
formation of different [AsySy]?- species. Different coordination
geometry may dictate the formation of different [AsySy]”?- species. It

is interesting, for example, that the one-dimensional chain structure
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of [InAs3S7]2- was isolated with the large Ph4P+ ion, while the two-
dimensional framework of [BiAsgS12]3- formed with the small Me4N+
and Rb* cations. Although the controlled synthesis of specific
[AsxSy]n- ligands may be challenging, the above equilibria should
undoubtedly be exploited for the synthesis of new thioarsenates and

related compounds.
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CHAPTER 3

HYDROTHERMAL SYNTHESIS OF M/AsxSy (M = Ni2+, Mo5+)
COMPOUNDS. SYNTHESIS AND STRUCTURAL
CHARACTERIZATION OF (Ph4P)2[Ni2As4Sgl(I), and
(Me4N)2[Mo0202A5287])(1I)
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ABSTRACT

(Ph4P)2[Ni2As4Sg], and (MesN)2[Mo0202As2S7] were synthesized
by hydrothermal reactions of NiCl2/K3AsS3/Ph4PBr and
Mo00O3/K3AsS3/Me4NCl in a 1:3:4, and 1:2:4 molar ratio, respectively.
The (Ph4P)2[Ni2As4Sg] compound crystallizes in the triclinic space
group P-1(No. 2) with a = 10.613(3) A, b = 13.230(2) A, ¢ = 9.617(2)
A, a = 93.53(2), B = 96.69(2)°, y = 71.59(2), V = 1272(1) A3,Z = 2. The
[Ni2As4Sg]n27- macroanion is a one-dimensional chain consisting of
alternating square planar Ni2+ ions and [As4Sg]4- units, the latter
formed by corner-sharing [AsS3]3- units. The (Me4N)2[Mo0202As257]
compound crystallizes in the orthorombic space group Pbca(No. 61)
18.176(4) A, b = 17.0102) A, ¢ = 16.556(7) A, V = 5118(4)
A3,Z = 4. The [M02O2As2S7],2%- macroanion also has a one-

with a

dimensional chain_-like structure and contains Mo0202S2 fragments
linked by [As2Ss]4- units into a one-dimensional chain. The solid
state optical and vibrational spectra of these compounds are

reported.
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1. Introduction

The incorporation of main group thiometallates in solid state
extended frameworks in combination with transition and other main
group metals promises to yield new solids with properties varying
from semiconductivity to microporosity. The latter property could
be achieved with large organic templates around which an open
structure can assemble. At this stage use of organic counterions such
as Ph4P* and R4N+* seems appropriate. Although there is substantial
precedent for hydrothermal (or solvothermal) synthesis of solids
with thio- and chalcogeno- anions in the latticel. 2. 3, the use of the
basic [AsS3]3- anion has been limited. Recently, we have shown that
hydrothermal exploratory investigations of the systems R4E+ (E = P, R
= Ph; E=N, R = alkyl)/Mn+/[AsS3]3-, (where M is a main group
element) can lead to novel polymeric materials containing unusual
thioarsenate polyanions as building blocks. These compounds
include (Ph4P)2[InAs3S7] and (Me4N)2Rb[BiAsgS12].4 The former has
a one-ditﬁensional chain structure and contains unusual chain-like
[As3S7]5- units while the latter is a mixed salt with a two-
dimensional layered structure featuring cyclic [As3S¢]3- units. In
these compounds the [AsS3]3- anion shows a facile condensation
ability that results in higher nuclearity [AsxSy]®- units which are
found coordinated to the metal cations. These reactions (see chapter
2) are probably catalyied by protonation of the terminal sulfide
groups. Kolis et al. have also demonstrated that superheated
ethylenediamine is also a suitable solvent for synthesis of new

metal/AsxSy compounds. They have reported two new quaternary
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phases, KCu2AsS3 and KCugAsS4, formed by reacting KAsS2 with Cu

powder in superheated ethylenediamine.5 By using a strong base,
however, as the reaction solvent, the condensation reactions
mentioned above, between the [AsS3]3- units are not favored and the
resulting compounds tend to contain only the most basic thioarsenic

anion, [AsS3]3-, as the building block.

In order to investigate further this tendency for condensation,
and being aware of the wealth of different structure types exhibited
by other condensable units (e. g. [SiO4]4- 6, [PO4]3- 7), we explored the
hydrothermal behavior of the R4E+/Mn+/[AsS3]3- (E=P,R =Ph; E = N,
R = Me, M = transition metal) system. There are several examples of
early transition metal complexes which contain discrete thioarsenate
ligands. The very first complex, Cp'3Ti2O(AsS3) (Cp' = n3-CH3CsHg)
synthesized by Rauchfuss and co-workers,8 demonstrated that the
‘thioarsenate anion, {AsS3]3-, could be used as ligands toward
transition metals. They also reported a Mo compound,
[M0202As4S14)2-, which contains the highly unusual [As4S12]4- ligand
and further indicates the great potential new chemistry that

[AsxSy]?- can provide.

Here we report the successful synthesis of two new polymeric
compounds by wusing transition metals. The two novel low-
dimensional compounds, (Ph4P)2[Ni2As4Sg], and (Me4N)2[Mo0202A52S7]
also feature higher order [AsxSy]®- units derived from the
condensation of the [AsS3)3- anion, which are different from those

found in (Ph4P)2[InAs3S7] and (Me4N)2Rb[BiAsgS12]. These
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compounds are new members of a rare group of crystalline inorganic

solid state compounds that contain organic cations.”?"14

2. Experimental Section
2.1 Reagents

Chemicals. Chemicals in this work, other than solvents, were
used as obtained. NiClz, 98% purity, purity, MoO3, 99% purity,
tetraphenylphosphonium  bromide (Ph4PBr), 98% purity,
tetramethylammonium chloride, (Me4NCl), 99% purity, Aldrich
Chemical Company, Inc., Milwaukee, WI. A3AsS3 (A = K, Rb, Cs) were
synthesized by using stoichiometric amounts of alkali metal, arsenic
sulfide (As2S3), and sulfur in liquid ammonia. The reaction gives a

yellow brown powder upon evaporation of ammonia.
2.2 Syntheses

All syntheses were carried out under dry nitrogen atmosphere
in a Vacuum Atmosphere Dri-Lab glovebox except were specifically

mentioned.

(Ph4P)2[Ni2As4Sg): A mixture of 0.025g (0.2 mmol) NiClj,
0.172g (0.6 mmol) K3AsS3 and 0.419g (1 mmol) Ph4PBr was sealed in
thick wall Pyrex tube (~ 4mL) under vacuum with 0.3 mL of water.
The reaction was carried out at 110 °C for one week. The product
was isolated by washing off excess starting material and KCl with
H20, methanol, and ether to give 0.105g (76% yield) of dark brown
plate-like crystals. SEM/EDS analysis on these crystals showed the
P:Ni:As:S ratio as 2:1:1.8:9.1.
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(Me4N)2[Mo0202A5s52S7]): The reaction mixture of 0.02g (0.2

mmol) MoO3, 0.057g (0.4 mmol) K3AsS3 and 0.13g (0.12 mmol)
Me4NCl was prepared as above. The mixture was heated to 110 °C
for 3 days. Large yellow chunky crystals were isolated in H20 and
washed with methanol and ether. (Yield = 88% based on Mo)
SEM/EDS analysis on these crystals showed the Mo:As:S ratio as
1.1:1:6.2.

2.3. Physical Measurements

The instruments and experimental setups for Infrared
measurements, optical diffuse reflectance measurements, thermal
analysis, and quantitative microprobe analysis on SEM/EDS are the

same as those in Chapter 2 .
2.4 X-ray crystallography

(Ph4P)z[NiAzAS483]: A well shaped dark brown crystal with
dimensions of 0.65 x 0.55 x 0.25 mm was mounted on a glass fiber.
Single-crystal X-ray diffraction data were collected at room
temperature on a Rigaku AFC6 diffractometer and the ©w-26 scan
technique was used. A total of 2878 independent reflections were
collected. All the nonhydrogen and non-carbon atoms were refined
anisotropically.  All hydrogen atom positions were calculated and

fixed without further refinement.

(Me4N)2[M0202A5287]: A well shaped orange crystal with
dimensions of 0.45 x 0.35 x 0.5 mm was mounted on a glass fiber.

Single-crystal X-ray diffraction data were collected at room
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temperature on a Rigaku AFC6 diffractometer and the w-26 scan

technique was used. A total of 3769 independent reflections were
collected. All the nonhydrogen atoms except carbon were refined
anisotropically. All hydrogen atom positions were calculated and
fixed without further refinement. During the structure refinement
we found that a carbon atom (CS) in one of the
tetramethylammonium cations was slightly disordered. The
occupancy of the two positions C5 and C5' were refined to be about

50% each.

The crystals did not showed any significant decay as judged
by three check reflections measured every 150 reflections
throughout the data collection. The space group was determined by
systematic absences and intensity statistics. All the structures were
solved by direct methods (SHELXS-86)!5 and refined with the
TEXSAN16 software package. An empirical absorption correction
(DIFABS17) was applied to the isotropically refined data. All non-
hydrogen atoms except nitrogen and carbon were refined
anisotropically. All calculations were performed on a VAXstation
3100 Model 76 computer. Table 3-1 summarizes the
crystallographic data and details of the structure solution and
refinement.  The final atomic coordinates with their estimated

standard deviations (esd's) are given in Tables 3-2 and 3-3.
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Table 3-1. Summary of Crystallographic Data and Structural Analysis
for (PhqP)2[Ni2As4Sg](I), and (Me4N)2[Mo202A52S7]1(II).

I 11
Formula CagHaoP2NiAs4Sg CgH24N2Mo0202As2S7
F. w. 1351.1 745.72
a, A 10.612(4) 18.176(4)
b, A 13.230(2) 17.010(2)
c. A 9.617(2) 16.556(7)
a, deg. 93.53(1) 90.00
B, deg. 96.69(2) 90.00
Y, deg. 71.59(2) 90.00
Z, V,A3 2, 1272(1) 4, 5118(4)
Space Group P-1 (No. 2) Pbca(No. 61)
color, habit dark brown, plate orange yellow, plate
Dcalc, g/cm3 1.69 1.94
Radiation Mo Ka Mo Ka
n, cm-1 73.76 40.75
20max, deg. , 45.0 45.0
Absorption Correction y scan Y scan
Transmission Factors 0.73-1.13 0.96-1.02
Index ranges O<hgll,-14<k< 0<h<20,0<k< 22,
14, -10<1< 10 0<1<20
No. of Data coll. 2989 3859
Unique reflections 2878 3769
Data Used 1984 1874
(Fo2 > 30(F2))
No. of Variables 286 196
Final R3/Rwb, % 3.7/4.3 4.9/6.4

2 R= Z(IFol-IFcl)/ZIFol, b R w={Zw(IFol-IFcl)2/ZwlFol2} 1/2
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Table 3-2. Selected Atomic Coordinates and Estimated Standard

Deviations (esd's) of (Ph4P)2[Ni2AsaSgl(I).

atom X Y Z Bcg 2, (A2)
Ni 0.50000 0.50000 0.00000 3.4(1)
Asl 0.7376(1) 0.31671(7) 0.1454(1) 4.44(6)
As2 0.8697(1) 0.46009(7) -0.0314(1) 4.00(6)
S1 1.0617(3) 0.4380(2) -0.1377(2) S5.1(2)
S2 0.9398(2) 0.2983(2) 0.0646(2) 4.2(1)
S3 0.5966(2) 0.3278(2) -0.0452(3) 5.0(1)
S4 0.6608(2) 0.4927(2) 0.1695(2) 4.6(1)
Pl 1.1891(2) 0.1744(2) 0.4976(2) 3.4(1)
C1 1.1655(9) 0.0844(6) 0.3592(8) 3.5(1)
Q2 1.041(1) 0.0827(6) 0.3073(8) 4.0(5)
a3 1.026(1) 0.0070(8) 0.207(1) 5.2(7)
C4 1.137(1) -0.0688(8) 0.159(1) 6.1(8)
Cs 1.261(1) -0.0669(7) 0.209(1) 6.0(1)
C6 1.277(1) 0.0106(7) 0.308(1) 5.0(1)
c71 1.2995(8) 0.2410(6) 0.449(1) 4.1(5)
C8 1.291(1) 0.2701(7) 0.310(1) 5.2(6)
6 1.378(1) 0.3228(8) 0.276(1) 6.0(7)
C10 1.466(1) 0.3455(8) 0.377(2) 6.7(8)
Ci11 1.475(1) 0.3176(9) 0.513(1) 6.9(8)
C12 1.392(1) 0.2646(6) 0.547(1) 5.6(7)
C13 1.0314(8) 0.2672(6) 0.5286(8) 3.1(5)
0.9817(9) 0.3635(6) 0.4621(8) 3.6(5)

C14
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C15 0.858(1) 0.4329(6) 0.486(1) 4.5(6)
Cl6 0.7849(9) 0.4058(7) 0.579(1) 4.7(6)
C17 0.833(1) 0.3100(8) 0.6469(9) 4.7(6)
Ci18 0.9561(9) 0.2419(6) 0.6209(9) 4.2(5)
C19 1.2574(9) 0.0998(6) 0.6525(9) 4.2(5)
C20 1.258(1) 0.1549(7) 0.783(1) 5.8(6)
C21 1.310(1) 0.091(1) 0.905(1) 7.4(8)
C22 1.362(1) -0.010(1) 0.897(1) 7.5(9)
C23 1.360(1) -0.0638(8) 0.74491) 6.6(7)
C24 1.308(1) -0.0106(7) 0.651(1) 4.9(6)

3 Beq=(4/3)[a2B 11 + b2B22 +c2B33 + ab(cosy)B12 + ac(cosB)B13 +
be(cosa)B23)



Table 3-3. Selected Atomic Coordinates and Estimated Standard
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Deviations (esd’'s) of (Me4N)2[Mo202As2S7](II).

atom X Y Z Beg 3, (A2)
Mol 0.6397(1) 0.7862(1) 0.1285(1) 1.85(7)
Mo2 0.6021(1)  0.9237(1) 0.2174(1) 1.83(7)
Asl 0.6469(1) 0.6090(1) 0.051691) 2.5(1)
As2 0.5127(1) 1.0394(1) 0.3516(1)  2.6(1)
Sl 0.4868(3) 0.9961(3) 0.2268(3) 3.0(3)
S2 0.5847(3) 0.9331(3) 0.3632(3) 2.4(2)
S3 0.6654(3) 0.8132(3) 0.2640(3) 2.4(2)
S4 0.5425(3) 0.8728(3) 0.1040(3) 2.3(2)
S5 0.5672(3) 0.7071(3) 0.0345(3) 2.7(3)
S6 0.6650(3) 0.6543(3) 0.1768(3) 2.6(3)
S7 0.5830(3) 0.4969(3) 0.0728(3) 2.6(3)
01 0.7135(7) 0.8096(7) 0.0719(7) 2.5(6)
02 0.6652(7) 0.9920(7) 0.1887(8) 2.6(7)
N1 0.299(1) 0.045(1) 0.094(1) 2.5(8)
N2 0.594(1) 0.235(1) 0.165(1) 4(1)

Cl 0.354(1) 0.112(1) 0.107(1) 3(1)
(62 0.292(1) -0.003(1) 0.169(1) 4(1)
a 0.229(1) 0.074(2) 0.070(2) 8(2)
C4 0.330(2) -0.007(2) 0.028(2) 6(2)
(68 0.511(3) 0.219(3) 0.164(3) 5(1)
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Cs' 0.515(2) 0.231(2) 0.196(2) 1.5(9)
Cé6 0.611(2) 0.311(3) 0.134(3) 3(1)
&) 0.620(3) 0.317(3) 0.196(4) 6(1)
C7 0.612(2) 0.188(3) 0.101(3) 12(1)
C8 0.633(3) 0.207(2) 0.235(3) 13(1)

2 Beq=(4/3)[a2B11 + b2B22 +c2B33 + ab(cosy)B12 + ac(cosB)B13 +

be(cosa)B23]
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The compounds were examined by X-ray powder diffraction to
determine phase purity and for identification. Accurate dpk]
spacings (A) were obtained from the powder patterns recorded on a
calibrated (with FeOCl as internal standard) Phillips XRG-3000
computer-controlled powder diffractometer with graphite-
monochromated Cu Ko radiation operating at 35 kV and 35 mA. The
data were collected at a rate of 0.12°/min. Based on the atomic
coordinates from X-ray single crystal diffraction study, X-ray powder
patterns for all compounds were calculated, by the software package
CERIUS.18 Calculated and observed X-ray powder patterns that show
d-spacings and intensities of strong hkl reflections are complied in

Tables 3-4 to 3-5.
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Table 3-4. Calculated and Observed X-ray Powder Diffraction Pattern
of (PhsP)2[NiAs4Sg](I).

h k1 degrc (A) dgps (A) /gy (obs, %)
010 12.54 12.5 100
1 0 1 10.00 9.98 11
0 0 1 9.55 9.53 35
01 -1 7.70 7.68 22
01 1 7.50 7.50 70
1 1 -1 7.11 7.10 20
1 1 6.33 6.32 11
1 20 6.26 6.25 27
1 -1 -1 5.72 5.71 11
1 -1 1 5.42 5.40 41
0 1 5.18 5.18 29
00 2 4.77 4175 11
1 2 0 4.69 4.68 22
01 2 4.42 4.41 65
2 2 -

1 0 2 4.14 4.14 12
3.2 -1 3.35

03 -2 3.19 3.18 11
2.2 2 3.16 3.16 12
3 2 22 2.953 2.951 14
2.3 2 2.86
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Table 3-5. Calculated and Observed X-ray Powder Diffraction Pattern
of (Me4N)2[Mo202As2S7](1I).

h_k_1 degie (A) dops (A) 1/Ipgx (obs, %)
111 9.93 9.91 25
2 00 9.09 9.08 16
00 2 8.27 8.27 14
210 8.02 8.01 100
1 0 2 7.53 7.53 47
2 11 7.21 7.20 24
11 2 6.89 6.88 15
1 2 2 5.63 5.63 31
3.0 2 4.89 4.88 21
230 4.81 4.80 13
3.1 2 4.70 4.70 10
2 1 3 4.54 4.55 30
4 00

331 4.01 4.00 9
4 20

4 2 1 3.89

351 2.919 2.917 9
2 71 2.324 2.323 12
11 7
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3. Results and discussion
3.1 Syntheses and Description of structures

(Ph4P)2[NiAs4Sg] was prepared by heating NiCly with K3AsS3
and Ph4PBr in H20 at 120 °C. It is well known in metal
polychalcogenide chemistry that different cations can stabilize
different structure types.!9 Since, conceptually, thioarsenic anions
are similar to polysulfide ligands, we did try other cations, such as
tetraalkyl ammonium, in reactions with similar reactant ratios
hoping that different compounds could be isolated. We noticed that
in these reactions, however, the reaction mixture immediately turned
into a black precipitate of NiSx as soon as the water was added. No
other product was observed after heating was completed. The same
phenomena occured with the Ph4PBr reaction, however, prolonged
heating resulted the formation of dark brown plates of
(Ph4P)2[NiAs4Sg] as the major product along with small amount (5%)
of black NiS precipitate. (Ph4P)2[NiAs4Sg] does not dissolve in
common organic solvents. The structure was determined by X-ray
single-crystal diffraction analysis. [NiAs4Sg],2#- has an unusual
one-dimensional polymeric structure composed of Ni2+ ions and
[As4Sg]4- units formed by corner-sharing pyramidal [AsS3])3- units;
see Figure 3-1. The [Ni2As4Sg]n27- chains are parallel to the
crystallographic a-axis and well separated by Ph4P* cations, see
Figure 3-2. The Ni2+ resides on an inversion center with Ni-S
distance range from 2.202(2) to 2.222(2) A. The unique feature of

this compound is the [As4Sg]4- ligand which can derive from the
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condensation of four [AsS3]3- units. Remarkably, the [As4Sg]4- unit

contains a four membered As2S> ring with trans connections to the
other AsS3 units. A similar four membered ring in a cis connection,
[AsgS12]6-, has recently been found in the sulfosalt PbTIAs3S6.20 The
[As4Sg]4- units can also be viewed as the intramolecular condensation
product of the [As4S9)6- units from [SnAs4S9]2-, see scheme 1. The

[As4Sg]4- represents a new thioarsenate anion.

6- 4-
2. A
s” I\s/\ s\| = . s/l\s/?\s s
N RN AN 2
[AS4S9]6' [AseSs]*
Scheme 1

The Ni2+ ijon is in an almost perfect square planar environment
with bond angles of S3-Ni-S3 = 180.00, S3-Ni-S4 = 88.59(9) S3-Ni-S4
= 91.41(9), and S4-Ni-S4 = 180.00. The average As-S distance and
the average S-As-S angles are well within the normal range found in
other arsenic sulfide compounds.2! The average Ni-S bonding
distance is normal at 2.212(2) A. Selected bond distances and angles
are contained in Tables 3-6 and 3-7. We can rationalize the
formation of the [As4Sg]4- unit simply by the coordination number of
the metal ion. The coordination preference of the Ni centers in Ni/S
compounds is square planar, as in our compound, with CN of four. A
chainlike ligand connecting two Ni center together would need two
available terminal sites on either end of the chain. The [As4S9]6-
unit, however, has three terminal S atoms on either side of the chain,

and in order to get rid of the two extra S atoms the [As4S9]6- anion
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Table 3-6. Selected Distances (A) in (PhsP)2[Ni2As4Sg] with Standard

Deviations in Parentheses.2

Ni - 83 2.222(2) Ni - S4 2.202(2)
Asl - S2 2.303(3) Asl - S3 2.208(3)
Asl - S4 2.218(2) As2 - S1 2.314(3)
As2 - S1 2.250(2) As2 - S2 2.250(2)

Table 3-7. Selected Angles (Deg) in (Ph4P)2[Ni2As4Sg] with Standard

Deviations in Parentheses.a

S3 -Ni-S3 180.00 S3 -Ni- S4 88.59(9)
S3 -Ni - $4 - 91.41(9) S4 - Ni - S4 180.00
S2 - Asl - S3 104.8(1) S2 - Asl - S4 99.81(9)
S3 - Asl - S4 88.51(9) S1 - As2 - Sl 89.53(9)
S1 - As2 - S2 95.48(9) S1 - As2 - 82 102.5(1)

As2 - S1 - As2 90.47(9) Asl - S2 - As2 93.99(9)
Asl - S3 - Ni 90.69(9) Asl - S4 - Ni 90.97(9)

3The estimated standard deviation in the mean bond lengths and the
mean bond angles are calculated by the equation ol = {Zp(lp -
1)2/n(n-1)}1/2, where I is the length (or angle) of the nth bond, [/ the
mean length (or angle), and n the number of bonds.
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Figure 3-1. Structure and labeling scheme of one [NiAs4Sg]p27- chain.
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(A)

Figure 3-2 Packing diagram of (Ph4P)2[NiAs4Sg]. (A) view down the
a-axis. (B) view down the c-axis
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(B)
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undergoes intramolecular condensation. @ One can argue that the

[As4Sg]4- and not the [As2Ss]4- unit is of the more appropriate length
to accommodate the required number of Ph4P+ cations. Large cations
need large empty space, generated by longer thioarsenic polyanions,
in order to form a stable crystal lattice. The empty space generated

by the [As2S5]4- units may be too small for PhyP+ cations.

The (Me4N)2[Mo0202As2S7] was prepared by heating a mixture
of Mo0O3/K3AsS3/2Me4NCl in sealed Pyrex tube with H2O for one
week. Other cations were also tried without much success. The only
other cation that afforded crystalline products was E4N+. The crystal
quality of the Et4N+* salt, however, was poor and prohibited further
characterization. The structure of (Me4N)2[Mo0202As2S7], determined
by X-ray single-crystal diffraction analysis, revealed that it also
contains a one-dimensional chain structure consisting of distorted
square pyramidal Mo3+* ions and linear [As2S5]4- units formed by
corner sharing of the [AsS3]3- units, see Figure 3-3 and 3-4. The
unique feature of this compound is that we still observe the well
known Mo202S2 fragment which has been seen many times in Mo-S
chemistry, for examples, in [M0202S2(S2)2]2-,22 [M0202S2(S2)2]2-,23
and [M0202S82(S5302)]2-.24 In these cases, however, the compounds are
usually molecular species. With the introduction of the trivalent As
atom, we increase the conductivity of the ligands thus forming a
polymeric compound. The Mo-Mo distance of 2.848(2)A is similar to
those found in the molecular compounds. There are two types of
Mo-S bonds. The average distance between the Mo atoms and

bridging sulfur atoms, at 2.335(5)A, is significantly shorter than the
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average distance, at 2.435(5)A, between the Mo atoms and the

terminal S atoms in [As2Ss5]4- units. Similar results were observed in
compound [Mo202As4S14]2-. The average As-S distance and S-As-S
angles are well within the normal range found in other metal
thioarsenate compounds like [InAs3S7]2- and [SnAssS9]2-. Selected
bond distances and bond angles are contained in Tables 3-8 and 3-9.
It is also noteworthy that in an earlier paper, without single crystal
structure data, Rauchfuss proposed a structure for [Mo4O4As4S14]4-
where two [As2S5]4- units connect two M0202S2 units.8 The [As2S5])4-
unit  has been found earlier in the sulfosalts,
PbTICuAs2Ss(Wallisite),25 PbTlIAgAs2Ss(Hatchite),26 and
TI»MnAs>Ss.27

It is interesting to point out that although the size difference
between the cations seen in these two compounds, (Ph4P)2[Ni2As4Sg],
and (Me4N)2[Mo0202As2S7], is significant, the dimensionality of the
two structures remains the same, unlike those found previously,
(Ph4P)2[InAs3S7], (Ph4P)2[SnAs4S9], and (MegN)2Rb[BiAseS12], where
the large cation, Ph4P+, stabilized compounds with low
dimensionality while the small cation, Me4N+, stabilized a higher
dimensional compound. A correlation, perhaps, can be made
between these observations and the length of the thioarsenate
ligands. @ We learned from metal polychalcogenide chemistry that
large cations tend to stabilize large clusters and vise versa.28 In the
present case, longer thioarsenate ligands, [As3S7]3-, [As4Sg]4-, and
[As4S9]6-, create larger empty space that can only be filled with large

cations, PhqP+. Changing from a large cation, PhqP+, to a small cation,
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MegN+, the structure has two obvious choices. One is to increase the

dimensionality of the compound, which we see in
(MesN)2Rb[BiAsgS12]; the other is to decrease the empty space by
using a smaller ligand like [As2S5]4- in (Me4N)2[Mo0202As2S7] and
remain one-dimensional. A similar argument can be used to explain
the structure of (Phs4P)2[Mo0202As4S14] which retains the [As2Ss5]4-
ligand and thus chooses to decrease its dimension to zero (i.e.

cluster).

Table 3-8. Selected Distances (A) in (Me4N)2[Mo0202As2S7] with

Standard Deviations in Parentheses.2

Mol - Mo2 2.848(2) Mol - S3 2.337(5)
Mol - S4 2.335(5) Mol - S5 2.442(6)
Mol - S6 2.425(5) Mol - O1 1.68(1)
Mo2 - S1 2.435(6) Mo2 - S2 2.440(5)
Mo2 - S3 2.335(5) Mo2 - S4 2.334(5)
Mo2 - 02 1.70(1) Asl - S5 2.230(6)
Asl - S6 2.236(6) Asl - §7 2.260(6)
As2 - S1 2.245(6) As2 - S2 2.240(5)
As2 - S7 2.262(6)

aThe estimated standard deviations in the mean bond lengths and
the mean bond angles are calculated by the equation ol = {Z,(/n -
1)2/n(n-1)}1/2, where Iy is the length (or angle) of the nth bond, ! the
mean length (or angle), and n the number of bonds.
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Table 3-9. Selected Angles (Deg) in (Me4gN)2[Mo0202As2S7] with

Standard Deviations in Parentheses.2

Mo2 - Mol - S3 52.4(1) Mo2 - Mol - S4 52.4(1)
Mo2 - Mol - S5 130.7(1) Mo2 - Mol - S6 129.4(1)
Mo2 - Mol - O1 106.5(4) S3 - Mol - S4 101.1(2)
S3 - Mol - S5 145.9(2) S3 - Mol - S6 80.1(2)
S3 - Mol - O1 109.2(4) S4 - Mol - S5 80.1(2)
S4 - Mol - S6 141.6(2) S4 - Mol - Ol 110.9(4)
S5 - Mol - S6 78.7(2) S5 - Mol - O1 101.9(5)
S6 - Mol - Ol 104.6(4) Mol - Mo2 - S1 130.9(2)
Mol - Mo2 - S2 126.6(1) Mol - Mo2 - S3 52.5(1)
Mol - Mo2 - S4 52.4(1) Mol - Mo2 - 02 104.8(4)
S1 - Mo2 - S2 78.0(2) S1 - Mo2 - S3 144.1(2)
S1 - Mo2 - S4 80.8(2) S1 - Mo2 - 02 104.7(S)
S2 - Mo2 - S3 77.9(2) S2 - Mo2 - S4 139.5(2)
S2 - Mo2 - 02 108.6(4) S3 - Mo2 - S$4 101.3(2)
S3 - Mo2 - 02 108.0(5) S4 - Mo2 - 02 110.0(5)
S5 - Asl - S6 87.4(2) S5 - Asl - §7 108.5(2)
S6 - Asl - S7 102.9(2) S1 - As2 - S2 86.3(2)
S1 - As2- §7 104.1(2) S2 - As2 - §7 98.3(2)
Mo2 - S1 - As2 92.5(5) Mo2 - S2 - As2 92.5(2)
Mol - S3 - Mo2 75.1(2) Mol - S4 - Mo2 75.2(2)
Mol - S5 - Asl 88.9(2) Mol - S6 - Asl 89.2(2)
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Figure 3-3. Structure and labeling scheme of one [M0202As257]n22-
Chain.
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3.2 Physicochemical studies

In the far-IR region all complexes reported here exhibit
spectral absorptions due to As-S and M-S stretching vibrations as
shown in Figure 3-5. Observed absorption frequencies of all the

complexes are given in Table 3.10.

Table 3.10. Frequencies (cm-1) of Infrared Spectral Absorptions of
(Ph4P)2[NiAs4Sg)(I), and (Me4N)2[Mo202As287)(ID).

Compounds Infrared Raman

(Ph4P)>2[NiAs4Sg] 465(w), 406(m) 395(s), 386(m), 352(m)
386(m), 364(m) 314(s), 301(m), 253(m)
339(w), 320(m) 178(m)

288(s), 212(w)

(MegN)2[M0202As2S7]  930(s), 460(s) 930(s), 421(m), 402(m)
407(s, sh), 361(s) 362(s), 274(m), 222(m)
319(s, br), 238(m) 190(m), 170(w)

219(m), 206(w)

* s: strong, m; medium, w: weak, sh: shoulder.

In the Far-IR spectra of (Ph4P)2[NiAs4Sg], and (PhaP)2[Mo0202As52S7],
the peaks in the region of 200-400 cm-! could be attributed to As-S
vibration modes. Similar assignments have been made in the far-IR
spectra of other known thioarsenic complexes.29 The additional peak
in the IR spectra, 460 cm-1, for (Me4N)2[Mo0202A52S7], might be

assigned to a Mo-S stretching vibration. For comparison, 455 cm-1
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was assigned as an Mo-Sp (bridging S atoms) vibrational frequency

in [M0202As4S14]2-,8 [M02S¢]2-, [M02S7]2-, and [M02S9]2-.30 We also
observed the Mo=0 stretching mode in (Me4N)2[Mo0202As2S7] at 938
cm-1, The major difficulty in assigning the observed IR spectra of
these compounds arises from the fact that As-S and M-S stretching
frequencies fall in the same low frequency region of 150-450 cm-!
FT-Raman spectra of (I) and (II) were also collected (see Table 3-10).
There are numerous peaks in the range between 150 to 400 cm'l.
just as in the far-IR spectra. Again, specific assignments were

difficult since these peaks can be assigned to either the As-S or M-S

vibration modes.

Thermal Gravimetric Analysis (TGA) results for all compounds

are summarized in Table 3-11 and shown in Figure 3-6.

Table 3.9. TGA Data for (Ph4P)2[NiAs4Sg](I), and
(MeaN)2[M0202As2S7)(ID).

Compound Temp. range (°C) Weight loss (%)
(Ph4P)2[NiAs4Sg] 218 - 485 79.5
(Me4gN)2[Mo0203As3S7] 250-335 25.9

450-750 30.1

(Ph4P)2[NiAs4Sg] shows a one step weight loss of 79.5 % in the
temperature range of 218-485 °C, probably as Ph3PS, other organic

species and various AsxSy. An X-ray powder diffraction analysis of
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the final residues indicates the presence of NiAsS and other phases

that can not be identified. (MesN)2[M0202As2S7] shows a two step
weight loss in the temperature range of 250-335 and 450-750 °C.
The first step is probably due to loss of Me3N and Me2S. In the
(MesgN)2[Mo0202As52S7] case, weight loss continues above 800 ©C. The
final product was proved to be MoS2 by X-ray powder diffraction.
The thermal behavior of both compounds was further investigated
by differential thermal analysis (DTA). Neither shows any melting
before the decomposition temperature.

The optical properties of (PhgP)2[NiAssgSg]land
(MegN)2[Mo0202As52S7] were assessed by studying the UV-visible-near
IR spectra of the material. The spectra confirm that they are wide
band-gap semiconductors. The optical absorption spectrum of
(Ph4P)2[NiAs4Sg), shown in Figure 3-7(A), exhibits an intense, steep
absorption edge, revealing an optical bandgap of 2.2 eV. The
spectrum of (Me4N)2[M0202AszS7] also shows a similar absorption
edge with a corresponding bandgap at 2.5 eV, see Figure 3-7(B). The
absorption is probably due to a charge-transfer transition from a
primarily sulfur-based valence band to a mainly metal-based

conduction band.

In conclusion, hydrothermal synthesis methods readily
promote synthesis and crystallization of new compounds which in
many cases can not be achieved by classical solution technique.
Using AsS33- as starting material has given access to new and
exciting metal/arsenic/sulfide chemistry and promises to do so for

other unexplored systems as well. The key to this chemistry is the
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condensation equilibria which exist in the reaction medium as well as

the coordination preferences of the metal ions. Further
investigations are needed to explore the existence of other novel
[AsxSy]#- anions and the possibility of using them as building blocks

toward new solid state materials.
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CHAPTER 4

HYDRO(SOLVO)THERMAL SYNTHESIS OF DISCRETE
MOLECULAR M/As,Sy (M = Pt4+, Pt2+ Pd2+) ANIONS.
SYNTHESIS AND STRUCTURAL CHARACTERIZATION OF
(Ph4P)2[Pt(As3S5)21(I), (PheP)2K[Pt3(AsS4)3]1(II), AND

(Ph4P)2K[Pd3(AsS4)3]1(III).
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ABSTRACT

(Ph4P)2[Pt(As3Ss5)2)(I) and (PhaP)2K[Pt3(AsS4)3]-1.5H20(II) were.
synthesized hydrothermally from a mixture of
PtCl2/3K3AsS3/4Ph4PBr and PtCl2/2K3AsS3/4Ph4aPBr, respectively, in
0.3 mL of water heated at 110 °C for one day. Both crystallize in the
triclinic space group P-1 (No. 2) with unit cell dimensions a =
13.104(3)A, b = 20.519(4)A, ¢ = 11.559(2)A, a = 105.72(2)°, B =
108.09(2)°, y = 75.11(2)°, V = 2793(2) A3,Z = 2 for
(Ph4P)2[Pt(As3Ss)2], and a = 14.655(2)A, b 17.852(3)A, ¢ =
14.253(2)A, a = 109.65(2)°, B 118.89(2)°, y = 72.08(3)°, V =
3027(1)A3, Z = 2 for (Ph4P)2K[Pt3(AsS4)3]-1.5H20 .
(Ph4P)2K[Pd3(AsS4)3]-:3MeOH(III) was synthesized methanothermally
by heating a mixture of PdCl2/3K3AsS3/4Ph4PBr in 0.4 mL of MeOH
at 110 °C for one day. (Ph4P)2K[Pd3(AsS4)3]:3MeOH also crystallized

in the triclinic space group P-1 (No. 2) with unit cell dimensions a =
14.171(3)A, b = 18.198(3)A, ¢ = 14.154(3)A, a = 106.62(2)°, B =
114.66(2)°, v = 73.88(2)°, V = 3125(2) A3,Z = 2. (Ph4P)2[Pt(As3S5)2]

is a molecular cage compound consisting of [Pt(As3Ss)2]2- anions. The
Pt atom has a 4+ formal oxidation state and is coordinated to four S
atoms and two As atoms in octahedral fashion. The two As atoms are
disposed in a cis-fashion around the metal center and the Pt-As bond
length is 2.454(2)A. The [Pt3(AsS4)3]3- and [Pd3(AsS4)3]3- anions are
isostructural with essentially square planar Pt2+ and Pd2+ centers.
The [AsS4]3- ligand contains As3* and represents a new isomer of the

known tetrahedral As3+ species.
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1. Introduction

Pt4+ complexes are both thermodynamically stable and
kinetically inert. Those with halides, pseudo-halides and N-donor
ligands are especially numerous.! While oxygen-donor ligands such
as OH- and acac (acac = acetylacetonate) also coordinate to Pt4+,
sulfide and selenide, and especially P- and As- donor ligands, tend to
reduce it to Pt+2.2 Notable exceptions are [Pt(Ss)3]2-,3 [Pt4S4(S3)6]14-,4
and [Pt(Se4)3]2-.5 Pd4*+ complexes, on the other hand, are very
unstable and would rather stay at 2+ oxidation state with respect to
polychalcogenide ligands. Recently, it has been shown that
hydrothermal conditions offer significant advantages in new cluster
and solid state compound synthesis.6.7.8 We have exploited the high
reactivity and lability of the AsS33- pyramidal unit in conjunction
with main group elements (see chapter 2) and some transition
metals (see chapter 3) and reported on the hydrothermal synthesis
of several unusﬁal one- and two-dimensional solids containing
organic cations, including (Ph4P)2[InAs3S7],9 (Ph4P)2[SnAs4So],
(Me4N)2Rb[BiAseS12],7 (PhyP)2[NiAs4Sg), and (MesN)2[Mo202A5257].
Our work with AsS33- solutions thus far suggests the existence of
very complex condensation equilibria in solution where a variety of
[AsxSy]2- species might be present. The type and identity of
[AsxSey]?- fragment found in the isolated solids depends on the
particular counterion present and on the metal size and coordination
preference. Thus far, we have identified several types of [AsxSy]Z-
ligands including [As3Se]3-,10 [As2Ss5]4-, [As3S7]5-,9 [As4Sg]4-, and
[As4S9)6-. The chemistry of Pt2+ and Pt4+ polysulfides goes back to
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the beginning of this century and even to this date it has proven

remarkably complex, mostly due to the lability of Sx2- species and
redox processes in solution. The great lability of AsS33- and its
higher [AsxSy]?- homologs, and the conceptual relationship of AsS33-
to Sx2- (e.g. the former derives from Sx2- via a S atom substitution by
an isoelectronic As- ion) raises interesting prospects for similar
chemistry in the Pt/AsS33- system. In fact, we observed not only the
familiar P12+ vs. Pt4+ redox couple, but also an unusual kind of Pt-As
bonding and several new thioarsenate ligands which emerge as new
features in this chemistry. We describe here three unique clusters,
[Pt(As3S5)2]2-(I), [Pt3(AsS4)3]3-(II), [Pd3(AsS4)3]3-(III), formed under

hydro(solvo)thermal conditions.

2. Experimental Section

2.1 Reagents

Chemicals. Chemicals, other than solvents, were used as
obtained. PtCl2, 98% purity, PdCl2, 99% purity,
tetraphenylphosphonium bromide (Ph4PBr), 98% purity, Aldrich
Chemical Company, Inc., Milwaukee, WI. A3AsS3 (A = K, Rb, Cs) were
synthesized by using stoichiometric amounts of alkali metal, arsenic
sulfide (As2S3), and sulfur in liquid ammonia. The reaction gives a

yellow brown powder upon evaporation of ammonia.
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2.2 Syntheses

All syntheses were carried out under a dry nitrogen
atmosphere in a Vacuum Atmosphere Dri-Lab glovebox except were

specifically mentioned.

(Phg4P)2[Pt(As3Ss5)2](I): A Pyrex tube (-4 mL) containing a
mixture of PtCly (65mg, 0.25mmol), K3AsS3 (144mg, 0.75mmol),
Ph4PBr (419 mg, 1.0mmol) and 0.3 mL of water was sealed under
vacuum and kept at 110 °C for one day. The large red platelike
crystals that formed were isolated in methanol and washed with
ether. (Yield=74.3 % based on Pt). Semiquantitative elemental
analysis of the red crystals obtained by using a SEM/EDS technique
gave the P:Pt:As:S ratio at 1.8:1.0:5.0:10.0.

(Ph4P)2K[Pt3(AsS4)3])-1.5 H20(II): A mixture of PtCly (65mg,
0.25mmol), K3AsS3 (96mg, 0.5mmol), Ph4PBr (419 mg, 1.0mmol) and
0.3 mL of water was sealed under vacuum and kept at 110 °C for one
day. A mixture of red plate-like crystals of (PhsP)2[Pt(As3Ss5)2] and
yellow plate-like crystals of (Ph4P)2K[Pt3(AsS4)3]-1.5 H20 were
isolated, by washing with methanol and ether, in 1:4 ratio with
(Ph4P)2K([Pt3(AsS4)3]-1.5 H20 as the major product. (Yield = 85.4 %,
based on Pt). Semiquantitative elemental analysis of the yellow
crystals obtained by using a SEM/EDS technique gave the P:K:Pt:As:S
ratio as 1.7:1:3:2:11.8.

(PH4P)2K[Pd3(AsS4)3]-3MeOH(III): A Pyrex tube (-4 mL)
containing a mixture of PdCly (45mg, 0.25mmol), K3AsS3 (144mg,
0.75mmol), Ph4PBr (419 mg, 1.0mmol) and 0.3 mL of methanol was
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sealed under vacuum and kept at 110 °C for one day. The large red

rod-like crystals that formed were isolated in methanol and washed
with ether. (Yield=74.3 % based on Pd). Semiquantitaitive elemental
analysis of the red crystals obtained by using a SEM/EDS technique
gave the P:K:Pd:As:S ratio at 1.8:1.0:2.5:3.2:11.0.

2.3. Physical Measurements

The instruments and experimental setups for Infrared
measurements, thermal analysis and quantitative microprobe

analysis on SEM/EDS are the same as those described in Chapter 2.

2.4 X-ray crystallography

(Ph4P)2[Pt(As3Ss)2]: A well shaped dark red platelike crystal
with dimensions of 0.55 x 0.55 x 0.35 mm was mounted on a glass
fiber. Single-crystal X-ray diffraction data were collected at -100 °C
on a Rigaku AFC6 diffractometer. A total of 7879 independent
reflections was collected. All nonhydrogen and non-carbon atoms
were refined anisotropically. All hydrogen atom positions were
calculated and fixed without further refinement.

(Ph4P)2K[Pt3(AsS4)3]-1.5 H20 : The yellow platelike crystal
used for the study had approximate dimensions of 0.45 x 0.53 x 0.35
mm. The crystal was mounted on a glass fiber. Single-crystal X-ray
diffraction data were collected at -100 °C on a Rigaku AFC6

diffractometer. A total of 8545 reflections were collected. All
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nonhydrogen and non-carbon atoms were refined anisotropically.

All hydrogen atom positions were calculated and fixed without

further refinement.

(Ph4P)2K[Pd3(AsS4)3]-3CH30OH: The red rod-like crystal with
dimensions of 0.55 x 0.65 x 0.75 mm was mounted on a glass fiber.
Single-crystal X-ray diffraction data were collected at -100 °C on a
Rigaku AFC6 diffractometer. A total of 8763 independent reflections
was collected. All nonhydrogen and non-carbon atoms were refined
anisotropically. All hydrogen atom positions were calculated and

fixed without further refinement.

The crystals did not show any significant intensity decay as
determined by monitoring 3 check reflections every 150 reflections
throughout data collection. The structures were solved by direct
methods (SHELXS-86)!11 and refined with the TEXSANI!2 software
package. An empirical absorption correction (DIFABS!3) was applied
to the isotropically refined data. All non-hydrogen atoms except
nitrogen and carbon were refined anisotropically. All calculations

were performed on a VAXstation 3100 Model 76 computer.

Table 4.1 summarizes the crystallographic data and details of the
structure solution and refinement. The final atomic coordinates with
their estimated standard deviations (esd's) are given in Tables 4.2 -

4.4.
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Table 4-1. Crystallographic Data for (Ph4P)2[Pt(As3Ss)2](I) and
(Ph4P)2K[Pt3(AsS4)3] - 1.5 H2O(II).

I 11
Formula CagHagP2PtAseS10 CagH43P201 5KPt3As3S12
F. w. 1642.6 1938.1
a, A 13.104(2) 14.655(2)
b, A 20.519(3) 17.852(2)
c, A 11.559(2) 14.252(2)
a, deg. 105.72(2) 109.65(2)
B, deg. 108.09(2) 118.88(2)
Y, deg. 75.11(2) 72.08(2)
Z,V,A3 2, 2793(2) 2, 3027(2)
Space Group P-1 (No. 2) P-1 (No. 2)
color, habit orange red, plate yellow, plate
Dcalc, g/cm3 1.95 2.13
Radiation Mo Ka Mo Ka
B, cm-1 65.09 91.68
20max, deg. 45.0 45.0
Absorption Correction y scan Yy scan
Transmission Factors 0.76-1.12 0.66-1.25

Index ranges

0<h<16,-24 <k <
24, -14 <1< 14

O0<h<17,-21<k<
21, -17 <1< 17

No. of Data coll. 7702 8319
Unique reflections 7316 7924
Data Used 3810 3908
(Fo? > 30(F,2))

No. of Variables 364 390
Final R8/Rwb, % 4.0/5.0 7.7/9.5

a R= X(IFol-IFcl)/ZIFol, b Ryw={Zw(IFol-IFcl)2/EwIFol2}1/2



Table 4-1. (cont'd) Crystallographic Data for (Ph4P)2K[Pd3(AsS4)3] -
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3CH3OH(III).

111
Formula Cs51H52P203KPd3As3S12
F. w. 1741.1
a, A 14.171(3)
b, A 18.198(5)
c, A 14.154(3)
a, deg. 106.62(2)
B, deg. 114.66(2)
Y, deg. 83.88(2)
Z, V, A3 2, 3125(2)
Space Group P-1 (No. 2)

color, habit
Dcalc, g/cm3

orange red, plate
1.85

Radiation Mo Ka

p, cm-1 29.58

20max, deg. 45.00

Absorption Correction Y scan

Transmission Factors 0.88-1.06

Index ranges 0<hg<15,-20<k< 20,
-15<1< 15

No. of Data coll. 8580

Unique reflections 8179

Data Used 6091

(Fo? > 30(F,2))

No. of Variables 421

Final Ra3/Rwb, % 3.4/4.4

8 R= Z(IFol-IFcl)/ZIFol, b Ry ={Zw(IFol-IFcl)2/ZwlFol2) 1/2



Table 4-2. Selected Atomic Coordinates and Estimated Standard
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Deviations (esd's) of (PhaP)2[Pt(As3S5)2](I).

atom X Y Z Beg 3, (A2)
Pt 0.29073(6) 0.26542(4) 0.36578(6) 3.44(3)
As(1) 0.0160(2) 0.3817(1) 0.3141(2) 5.8(1)
As(2) 0.0477(2) 0.1895(1)  0.3083(2) 6.3(1)
As(3) 0.1891(2) 0.2489(1)  0.1458(2) 4.5(1)
As(4) 0.5286(2) 0.2677(1)  0.2587(2) 5.3(1)
As(5) 0.3832(2) 0.1489(1) 0.2874(2) 4.8(1)
As(6) 0.5711(2) 0.2172(1) 0.5698(2) 5.3(1)
S(1) 0.0609(4) 0.3462(3) 0.1317(4) 5.5(3)
S(2) -0.0606(5) 0.2947(3)  0.3192(5) 7.0(3)
S(3) 0.0848(5) 0.1702(3) 0.1251(4) 6.0(3)
S(4) 0.1783(4) 0.3730(2) 0.4423(4) 5.0(2)
S(5) 0.2055(4) 0.2033(3)  0.4400(4) 5.1(3)
S(6) 0.4792(5) 0.1667(3) 0.1686(5) 5.7(3)
S(7) 0.6427(4) 0.2548(3) 0.4487(5) 5.8(3)
S(8) 0.5207(4) 0.1191(2)  0.4505(5) 5.5(3)
S(9) 0.3754(4) 0.3311(2) 0.2975(4) 4.7(2)
S(10) 0.4124(4) 0.2833(2) 0.5734(4) 4.6(2)
P(1) 0.6829(4) 0.4706(2) 0.8555(4) 3.7(2)
P(2) 0.2286(4) 0.0510(2) 0.6782(4) 3.9(2)
C(1) 0.681(1) 0.3924(8) 0.897(1) 4.3(4)
C(2) 0.582(2) 0.375(1) 0.890(2) 5.1(4)
C(3) 0.586(2) 0.318(1) 0.933(2) 5.8(4)
C4) 0.682(2) 0.278(1) 0.976(2) 6.0(5)
C(5) 0.780(2) 0.293(1) 0.984(2) 6.4(5)
C(6) 0.779(1) 0.3498(9)  0.939(1) 4.5(4)
C() 0.711(1) 0.5356(8)  0.993(1) 3.6(3)
C(8) 0.721(1) 0.600(1) 0.983(2) 5.0(4)
C(9) 0.740(2) 0.651(1) 1.091(2) 5.7(4)
C(10) 0.747(1) 0.6387(9) 1.204(2) 4.7(4)
camn 0.736(2) 0.577(1) 1.215(2) 5.4(4)
C(12) 0.719(1) 0.5263(8) 1.110(1) 4.3(4)
C(13) 0.791(1) 0.4535(8)  0.782(1) 3.4(3)
C(14) 0.782(2) 0.411(1) 0.665(2) 6.1(5)
C(15) 0.868(2) 0.393(1) 0.608(2) 6.8(5)
C(16) 0.960(2) 0.419(1) 0.671(2) 7.0(5)
C(17) 0.973(2) 0.459(1) 0.785(2) 8.6(6)
C(18) 0.885(2) 0.476(1) 0.840(2) 7.2(5)
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C(19) 0.550(1) 0.4975(8) 0.760(1) 3.7(3)
C(20) 0.507(2) 0.454(1) 0.647(2) 6.0(5)
C(21) 0.398(2) 0.475(1) 0.580(2) 7.0(5)
C(22) 0.337(2) 0.532(1) 0.625(2) 5.8(4)
C(23) 0.378(2) 0.575(1) 0.735(2) 6.2(5)
C(24) 0.485(2) 0.5573(9) 0.803(2) 4.9(4)
C(25) 0.223(1) 0.0098(8) 0.521(1) 3.3(3)
C(26) 0.149(2) -0.032(1) 0.454(2) 5.6(4)
C(27) 0.141(2) -0.064(1) 0.328(2) 6.1(5)
C(28) 0.206(2) -0.047(1) 0.273(2) 6.8(5)
C(29) 0.277(2) -0.004(1) 0.335(2) 6.0(5)
C(30) 0.287(1) 0.0241(9) 0.460(2) 4.8(4)
C(31) 0.125(1) 0.1278(8) 0.681(1) 4.0(4)
C(32) 0.125(2) 0.177(1) 0.792(2) 5.0(4)
C(33) 0.037(2) 0.230(1) 0.795(2) 6.6(5)
C(34) -0.047(2) 0.237(1) 0.694(2) 6.1(5)
C(35) -0.046(2) 0.191(1) 0.583(2) 5.5(4)
C(36) 0.039(1) 0.1362(9) 0.577(2) 4.5(4)
C@37) 0.357(1) 0.0733(8) 0.756(1) 4.1(4)
C(38) 0.383(2) 0.1345(9) 0.743(2) 5.0(4)
C(39) 0.487(2) 0.151(1) 0.804(2) 5.5(4)
C(40) 0.562(2) 0.107(1) 0.874(2) 5.7(4)
C(41) 0.541(2) 0.050(1) 0.890(2) 5.3(4)
C(42) 0.439(1) 0.0291(8) 0.827(1) 3.7(3)
C(43) 0.199(1) -0.0043(8) 0.755(1) 3.6(3)
C(44) 0.235(1) -0.0764(9) 0.725(2) 4.6(4)
C(45) 0.215(2) -0.118(1) 0.785(2) 5.6(4)
C(46) 0.167(2) -0.092(1) 0.881(2) 5.2(4)
C(47) 0.133(2) -0.023(1) 0.914(2) 5.6(4)
C(48) 0.149(2) 0.022(1) 0.854(2) 5.4(4)
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Table 4-3. Selected Atomic Coordinates and Estimated Standard

Deviations (esd's) of (PhsP)2K[Pt3(AsS4)3]-1.5H20(II).

atom X Y Z Beg 8, (A2)
Pt(1) 0.3076(1) 0.2512(1) 0.9752(1) 3.18(8)
Pt(2) 0.0702(1) 0.1956(1) 0.8535(1) 3.30(8)
Pt(3) 0.1863(2) 0.2576(1) 1.1295(2) 4.4(1)
As(1) 0.3980(4) 0.3779(3) 1.259<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>