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ABSTRACT

The ongoing development of nonlinear optical (NLO) crystals such as
coherent mid-IR sources focuses on various classes of materials such as
ternary and quaternary metal chalcophosphates. In case of thiophosphates,
the connection between PS4-tetrahedral building blocks and metals gives rise
to a broad structural variety where approximately one third of all known
ternary (A/P/S) and quaternary (A/M/P/S) (A = alkali metal, M = metal)
structures are acentric and potential nonlinear optical materials.
The molten alkali metal polychalcophosphate fluxes are a well-established
method for the synthesis of new ternary and quaternary thiophosphate and
selenophosphate compounds. It has been a wide field of study and
investigation through the last two decades.
Here, the flux method is used for the synthesis of new quaternary phases
containing Rb, Ag, P and S. Four new alkali metal thiophosphates, Rb4P2S10,
RbAg5(PS4),

Rb2AgPS4

and

Rb3Ag9(PS4)4,

have

been

synthesized

successfully from high purity elements and binary starting materials. The new
compounds were characterized by single crystal and powder X-ray diffraction,
scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy
(EDS), ultraviolet-visible (UV-VIS), Raman spectroscopy, thermogravimetric
analysis

(TGA)

and

differential

scanning

calorimetry

(DSC).

These

compounds show interesting structural variety and physical properties. The
crystal structures feature 3D anionic framework built up of PS4 tetrahedral
units and charge balanced by Ag and alkali metal cations. All prepared

5

compounds are semiconductors with band gap between 2.3 eV to 2.6 eV and
most of them are thermally stable up to 600ºC.
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CHAPTER 1: Introduction
1.1 The metal chalcogenides
Metal chalcogenides represent a large class of compounds and many
examples of metal sulfides, selenides and tellurides are known. Although
oxygen also is a group 16 element, the term chalcogenide only refers to metal
salts containing atoms of the heavier group 16 elements S, Se and Te in
varieties of anionic forms.
There are many examples of a broad class of binary transition metal sulfides,
such as MoS2, FeS, TiS3 and TaS3.1 Examples of more complicated metal
chalcogenide structures are quaternary main group compounds such as
ABiP2S7 (A = K, Rb),2 KMP2Se6 (M = Sb, Bi)3 and Cs2MnP2Se6.3
Chemistry of metal chalcogenide complexes which have chalcogen–metal or
chalcogen–chalcogen bonds, has concentrated mostly on sulfur due to its
ability to catenate and to bind to several metal centers. Similar bonding
modes have been observed also for Se and Te after the mid-1970s.4,5 The
properties of metal–sulfur structures have been studied extensively in
chemistry. The significance of related complexes has been increased since
1960, owing to their wide spectrum of properties and their importance in
hydrodesulfurization, bioinorganic chemistry and other catalytic methods.
Molecular transition metal complexes with terminal or bridging sulfide ligands
have been studied and investigated for their catalytic activities. 6,7 The
synthesis of soluble metal fluorides and sulfides by the solid-state approach or
in solution, have been illustrated in inspiring studies.8,9 In 1975, Vahrenkamp
published an important article through which he demonstrated elegantly
several methods of sulfide ligand coordination modes.10 Roof and Kolis have
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highlighted the structural and synthetic coordination chemistry of inorganic Se
and Te ligands up to 1993 in their review.11 In the last two decades, metal–
polychalcogenide chemistry including both solid state and solution methods
has developed tremendously .12
Polychalcogenide anions have a rich structural chemistry. Commonly
observed bonding includes 3-8-membered chelate rings, bridging or terminal
coordination.13 Selenium and tellurium compounds show some structure types
which are unknown in sulfur chemistry. Especially tellurium due to its
properties such as larger size, diffuse orbitals, and increased metallic
character, has much more non-classical chemistry than others, proved by its
unusual structures and bonding ability. For example, polymeric tellurium is the
only stable form among

elements.13 Cyclo-

the other chalcogens

octatellurium ring Te8 in the solid-state structure of Cs3Te22 which has been
discovered by Sheldrick and Wachhold, represents an important unusual
structure in polychalcogenide chemistry.14
Inorganic chemistry of tellurium has been highlighted by Kanatzidis et al.
who illustrated that both the compositions and structures of tellurides are
unpredictable.13
The majority of the field of low-dimensional solids has been moderated by
metal chalcogenides through the covalent bonding. 4d- and 5d-elements have
a high capability of forming metal-metal bonds using the remaining valence
electrons. M-M bonds can be restricted to a few directly coupled atoms,
leading to well defined bonded groups (clusters). These clusters occur in
discrete molecules units joined by bridging ligands.15 The complexes which
are

composed

of

metal

clusters

coordinated

by

chalcogenide

or
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polychalcogenide ligands, are an important type of cluster compounds.
Chalcogenide clusters are a typical example of so-called inorganic or highvalence clusters and mostly characteristic for 4d- and 5d-metals of groups 57.16 Various metal chalcogenide cluster compounds have been introduced by
studies of the covalently bonded metals (such as Zn, Cd, Hg, Cu, and Ag). 1
Relatively unstable compounds of ionic lanthanides with sulfur, selenium, and
tellurium have been discussed.17

1.1.1 The solid structures of metal chalcogenides
Binary metal chalcogenides occur in many different stoichiometries. The most
common structure types are three-dimensional structures which of cubic NaCl
(rock salt; RS) and zinc blende (ZB), or the hexagonal NiAs and wurtzite (W)
types along with the varieties of two-dimensional layer-lattice related to the
CdI2 type shown in Figure 1.1.18
Chalcogenides can be easily derived from the corresponding hydrides;
especially with the higher electro-positive metals e.g. group 1 and group 2
such as RbH, CsH, CaH2 and BaH2. The cubic NaCl-type structure is adopted
by 4:8 coordinated anti-fluorite forms of alkali metal chalcogenides and the
alkaline earth compounds such as Na2S, Rb2Se, CaS, BaSe, etc, as well as
several monochalcogenides of rather less basic metals such as the
monosulfides of Mn, Pb, Ce, Sm, La, Pr, Nd, Eu, Tb, Pu, Ho, Th, U.1 The NiAs
structure occurs, when the bonding becomes more metallic (if the metal has
an

octahedral

coordination)

e.g.

the

first

row

transition

metal

monochalcogenides MX (M = Ti, V, Cr, Fe, Co and Ni, X = S, Se and Te).
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Figure 1.1 Crystal structures of the sulfides (metal atoms as black spheres
and sulfur as empty spheres): (A) (PbS) galena, (B) (ZnS) sphalerite, (C)
(ZnS) wurtzite, (D) (i) (FeS2) pyrite and (ii) (FeS2) marcasite, (E) (NiAs)
niccolite, (F) (CuS) covellite.

These compounds often possess vacant sites on the metal. This explains the
crystal distortion due to the collection of the vacancy which is related with the
change of temperature and composition.1
Two-thirds of the MX2 type ( X = S, Se, Te ) have layered structures e.g.
MoS2, WS2, MoSe2, WSe2, MoTe2 and WTe2,19 this is found for group 4 to
group 7 of the early transition metals except Mg as shown in Figure 1.2.4 In
contrast, non-layered MX2 structures adopt different structural motifs and
occur only in group 8 and beyond (the later transition metals). This kind of
materials mostly consist of infinite 3D networks of metal atoms and discrete

19

Figure 1.2 Elements founding sulfides or selenides with the metal in
octahedral or trigonal prismatic.

X2 units in which the distances of X–X in this case and an X–X bond in the X2
single molecule are almost the same. Two closely similar structures of this
connection occur; one of them is pyrite for the disulfides of Fe, Mn, Co, Ni,
Cu, Ru, Os and the other one is marcasite which is known only for FeS 2
among the other disulfides.1 An extensive description of MX2 phases,
structures and polytypes can be found in the reviews of Whittingham,4 and
Rouxel.20 Also a notable early summary about layered MX2 has been reported
by Wilson and Yoffe .21
The ternary chalcogenides which contain two different metal or metalloid
elements cover a wide range of material classes. AB2X4 stoichiometric ternary
chalcogenides (A, B = metal cations, X = S, Se, Te) represent the majority of
this family which possess unique properties and applications. Various
structure types have been found, namely those of Th3P4, CaFe2O4, K2SO4,
Cr3Se4, Ag2HgI4, Yb3S4, MnY2S4, etc.

22

Known chalcogenide spinels AB2X4

(A, B = metal cations, X = S, Se, Te), include thioaluminates MAl2S4 (M = Zn,
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Cr), chalcochromites MCr2X4 (M = Ba, Cd, Co, Zn, Fe, Cu, Hg), CuCr2S3Se,
thiocobaltites MCo2S4 (M = Cu, Co), CuCr2S2.5Se1.5, thiorhodites MxRh3-xS4 (M
= Cu, Co, Fe) among others.
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The metalchalcogenide spinel compounds

exhibit unique semiconducting, magnetic, and optical properties such as
lattice thermal conductivity,24 photomagnetic effect25, ferromagnetism and
ferrimagnetism.26 Various known ternary and quaternary chalcogenide
compounds have been classified according to the formal valence combination
system which can be found in the Madelung compilation. 27

1.1.2 Material synthesis
There are several methods for chemical synthesis of new crystalline
compounds including the traditional direct combination at high-temperature,
molten flux formation, deposition from gas phase under vacuum and high
temperature,

hydrothermal

synthesis,

and

synthesis

using

solutions.

Nanostructured metal oxides and chalcogenides can be synthesized from lowtemperature technique, salt-inclusion synthesis and other preparation
techniques are available for porous materials.28 The conventional solid-state
synthesis with stoichiometric quantities of pure elements is achieved by direct
combination of elements at high temperatures (ca. 1000 °C). Stoichiometric or
empirically found ratios of the reactants are combined, sealed under vacuum
(ca. 10-3 mbar) in a silica ampoule and heated to facilitate the diffusion and
formation of the new compound. In most cases powders and multiphasemixtures are obtained. This method requires long time annealing in order to
grow large crystals and pure products which are thermodynamically stable in
this case. A challenge represents the planned synthesis of desired products
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and the accessibility of metastable phases. The synthesis of metal
chalcogenides using direct combination of chalcogen elements and metals in
the range of 400–1000 °C under vacuum, is well known. In this case the
reaction kept at temperature which is slightly above the melting points of the
starting materials, then the reaction is either cooled to room temperature or
quenched. This technique was successfully applied for the synthesis of binary
chalcogenides such as selenides and tellurides of Cadmium, Mercury, Lead,
Tin and Germanium.1
Reactions in molten salts represent an important preparation method. This
method has been used to synthesize many binary and ternary oxides and
sulfides at relatively low temperatures.29
The

molten polychalcogenide flux method

has witnessed important

developments in the last two decades.30-32 Many chalcogenide phases have
been synthesized using this approach, which enables the formation of new
materials in low and intermediate temperatures (160 – 600 °C). Usually, the
compounds are only kinetically stable under this condition and cannot be
accessed at higher temperatures. However, thermodynamic impacts cannot
be completely avoided using this approach.30
In most cases, low temperature synthesis is more preferred in solid state
approach for economic and process-safety reasons.33 Metal chalcogenides
have played a critical role in the development of new methodologies in the
area of solid-state chemistry.

1.1.3 Group I (Li, Na, K, Rb and Cs) metal chalcogenides
The alkali metals react easily with sulfur at mild temperatures in the absence

22

of air to form A2Sn (n = 1, 2, 3, 4, 5, or 6). The structure of these compounds
contain discrete sulfide anions or molecular polysulfide anions that form
zigzag chains for n = 3-6. The syntheses of the alkali metal chalcogenides is
carried out by reaction of the elements in liquid ammonia.

10

Synthesis of

Rb2S is shown below (equation 1.1):
(1.1)
The dialkali compounds A2X (A = Li to Rb; X = S, Se, Te) crystallize in antifluorite structure (4:8 coordination) in which alkali metal ions replace F sites
and chalcogen ions replace Ca sites of a fluorite cell. The structure of Cs 2X
compounds adopts an anti-PbCl2 type; Cs2S is shown in Figure 1.3 (a).
Rb2Te is an exception within the dialkali monochalcogenide synthesis which
exists in two structural types at normal conditions one of them are a stable
anti-cotunnite type and the other one is a metastable anti-CaF2 type (Figure
1.3 (b)), while at higher temperature polymorphic phases exist. 38 The lattice
spacing of A2X compounds is large to be compatible with the large ionic
radius of cations. They are mostly transparent (which allow light to pass
through them without being scattered) and wide-band semiconductors.
Dialkali monosulfides are air-sensitive and form alkaline solutions in water.
The tellurides decompose quickly in air and are also soluble in water to form
solutions which are easily oxidized to polytellurides. Alkali metal telluride are
strong reducing agents due to the tendency to oxidize tellurites to metallic
tellurium.39 Many alkali metal chalcogenides are known and common such as
sodium selenide (Na2Se), potassium sulfide (K2S), potassium selenide (K2Se),
rubidium sulfide (Rb2S), sodium sulfide (Na2S), lithium sulfide (Li2S), etc.10
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(a)

(b)

Figure 1.3: (a) Cs2S structure, (b) Rb2Te structure.

1.2

Thio- and Selenophosphates

The molten alkali metal polychalcophosphate fluxes are a well-established
method for the synthesis of new ternary and quaternary thiophosphate and
selenophosphate compounds.34 It has been a wide field of study and
investigation through the last two decades.2,32 In this method, fluxes are
formed in situ by fusion of A2Q, P2Q5 and Q (A = alkali metal, Q = S, Se) and
yield discrete [PyQz]n– anions (equation 1.2) which are highly reactive and in
the presence of metal ions will coordinate and build new structures.35
(1.2)
These structures tend to be compositionally complex and cannot be obtained
using standard solid-state chemistry methods such as the direct combination
reaction of elements.36 This developed synthetic approach enables the
formation

of

new chalcogenide

structures

in

low and

intermediate

temperatures (160 - 600°C) and has contributed to the discovery of several
metal chalcogenides. In many cases, these compounds are only kinetically
stable under polychalcogenide flux conditions and cannot by stabilized at
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higher temperatures.30 Previously, the great majority of chalcogenide
materials have been synthesized by the solid state approach at temperatures
of 500 °C and above, where higher temperatures were required.32

The

growth of single crystals, that is essential for the appropriate characterization
of new structures represents a difficulty when using direct combination
reactions. Because of that, important techniques such as chemical vapor
transport (CVT) and molten salt flux have been explored to facilitate crystal
growth.32 Most compounds that are formed at high temperatures are
thermodynamically stable, and synthesis of new multinary phases at these
temperatures

becomes

difficult.

Instead

the

formation

of

the

thermodynamically stable binary and ternary phases is observed.
Unlike tetrathiometalate complexes, metal coordination compounds containing
group 15 tetrathio anions (so-called Zintl-type ligands) can also rarely be
stabilized in solution because of their high negative charge and the lack of
charge delocalization.37 Thiophosphate anions such as [PS4]3–, [P2S6]4–
[P2S7]4–, [P2S10]4–, and [P3S10]5– can be stabilized by the variation of the flux
composition or direct combination reactions in different A:Q ratios. For the
accessibility of the molecular compound, the synthesis of the thiophosphate
salts K6[Cr2(PS4)4] and Na6[Pb3(PS4)4] and the selenophosphate salts
A5[Sn(PSe5)3] (A = K, Rb) and A6[Sn2Se4(PSe5)2] (A = Rb, Cs) demonstrates
that both direct combination or a high-basicity flux reaction with increased
concentration of [PyQz]n– ligands can be used.35
Studies for the development of alkali metal polychalcogenide fluxes at
intermediate temperatures have been performed by Kanatzidis and coworkers to produce a variety of new ternary and quaternary chalcogenides
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since 1990.32 In 1993, they synthesized several quaternary main group
compounds, ABiP2S7 (A = K, Rb), KMP2Se6 (M = Sb, Bi) and Cs8M4 (P2Se6)5
(M = Sb, Bi).2 Before that, Evain et al reported and reviewed group 5
transition-metal thiophosphates.38 In 1996, the Kanatzidis group extended this
chemistry to Au for synthesizing low-dimensional compounds.36 In 2001, they
reported the synthesis of the new [P2S10]4– anion which contains two PS4 units
connected by disulfide. Recently, Lotsch group has reported four ternary alkali
metal thiophosphates Na4P2S6, Na4P2S6, K4P2S6 and Rb4P2S6.39
The chemistry of the thio and selenophosphate groups is more diverse than
that of the oxophosphate group, because the chalcogenides in most cases
tend to catenate and form polychalcogenide units. Phosphate is usually
monomeric while chalcophosphates often form polymeric substructures,40
such as KPSe6 and RbPSe6.41
One important feature is e.g., the air-sensitivity of chalcophosphates in
comparison to air-stable oxophosphates. This property makes metal
oxophosphates preferred over chalcophosphates in the areas of catalysis,
ceramics and glasses.
Thiophosphate salts are different to the corresponding selenophosphate
salts, for example [PS4]3– and [PSe4]3– units do not form the same structure
type with the same metal counterion; they do not even tend to form
compounds which have the same formula e.g. Rb2AuPS4 and Rb3Au(PSe4)2
which are prepared using molten flux method.36 Often the sulfide and selenide
anions differ in the oxidation state of the phosphorus atom. 42
The most common ternary thiophosphate compounds in the literatures are
those

which

contain

tetra-thiophosphate

(V)

ion

[PS4]3–,

hexa-
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thiometadiphosphate (V) ion [P2S6]2–, and hexa-thiohypodiphosphate (IV) ion
[P2S6]4– (shown in Figure 1.4).39 Previously, they have been synthesized using
direct combination of the elements at temperatures between 500 °C and
800°C.30
The development of poly-chalcophosphate flux synthesis gave rise to a set of
well-characterized [PySz]n– species such as [P2S7]4–, [P2S9]4– (shown in Figure
1.5), [P2S8]4–, [P2S10]4–, [P3S9]3–, [P3S10]5–, [P4S12]4–, and [P4S13]6–.43 The
basicity of the molten alkali metal polychalcophosphate flux is determined by
two main factors, one of them is the A:P:Q ratio (A = alkali metal, Q = S, Se,
Te) in which a higher A:P ratio increases the flux basicity and a lower A:P
ratio decreases the flux basicity. The other one is the alkali metal atom size,
the basicity is increased with larger alkali metal atoms.30 For example in a flux
formed from P2S5, K2S and S, more K2S makes the flux more basic.
Various ternary and quaternary thiophosphate compounds have been
characterized with potential application, e.g., non-linear optical, as phasechange materials being investigated.35
The selenophosphate units [PxSey]n– such as [PSe4]3– and [P2Se6]4– have
interesting properties due to their ability to bond in different modes, although
their

coordination chemistry is not well-known yet.31 [PSe4]3– ligands are

found rarely in solids and examples are Cu3PSe444 and Ti3PSe45. Unusual
coordinating [PSe2]

–

and [PSe5]3– ligands with transition metal have been

isolated using glassy P4Se4 in DMF solution, by Kolis and co-workers.45
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Figure 1.4 Common thiophosphate ions: [PS4]3–, [P2S6]2–, [P2S6]4–.

Figure 1.5 Thiophosphate ions: [P2S7]4– and [P2S9]4– with bridging sulfur
atoms.

1.2.1 Transition metal thiophosphates
Transition metal thiophosphates show broad structural variety. Their physical
and chemical properties have been studied extensively.46
Layered MPS3 (M = Cd, Zn, Mn, Fe, Co, Ni, Hg, Mg, Ca, V, Cr, In, Bi) are
examples for well-studied transition metal thiophosphates with established
solid-state structures1. In mixed metal derivatives such as AgMP2S6 (M = Sc,
V, Cr, In, Bi), AgTi2[PS4]3, Ag2NbTi3P6S25 and ANb2PS10 (A = Na, Ag) as well
as in ternary compounds the most common building block found are the
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tetrahedral [PS4]3– and the ethane-like [P2S6]2– anions.47 In the MPS3 and
M2P2S6 classes, the stability of the divalent transition metal decreases from
Zn to Ti. Trivalent metals have been found to form M4[P2S6]3 (M = Cr, In,
Ga).46
Because

of

the

low-dimensional

character,

early

transition

metal

thiophosphate compounds have interesting electronic and chemical properties
such as super-conductivity and charge-density wave behavior. Later transition
metals tend to form three-dimensional structures in the solid-state.47 In 1997,
Kanatzidis group published an important investigation about chemistry of gold
in molten alkali metal polychalcophosphate fluxes, A2AuPS4 (A = K, Rb, Cs),
and AAuP2S7 (A = K, Rb) have been reported.36 Before that, the only reported
gold thiophosphate compound was the ternary AuPS4. For silver alkali metal
thiophosphates (which will be discussed in this study) the only reported
compound is KAg2PS4.46

1.2.2 Applications
Over the last 20 years, chalcogenide materials have witnessed a great
development and attracted solid state chemists interest, due to the variety of
their potential applications. The synthesis methods of metal chalcogenides
have played a critical role in the improvement of solid state-chemistry
methodologies and have been applied in synthesis new solids. Several metal
chalcogenides have been examined for certain applications in different
aspects such as gas separation, ion exchange, environmental remediation,
and energy storage.48 One of the most important features of the metal
chalcogenides is their wide energy gaps which make them promising
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materials for nonlinear optical (NLO) applications in the infrared (IR) region. It
is important to look for new materials which can provide coherent light with
tunable frequencies. The ongoing development of nonlinear optical (NLO)
crystals as coherent mid-IR sources focuses on various classes of materials
such as ternary and quaternary metal chalcophosphates. In the case of
thiophosphates, the connection of such tetrahedral bulding blocks to metals
gives rise to a broad structural variety where approximately one third of all
known ternary (A/P/S) and quaternary (A/M/P/S) (A = alkali metal, M = metal)
structures are acentric and potential nonlinear optical materials. 49
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CHAPTER 2: Experimental
2.1

Procedures and starting materials

All procedures were carried out under dry argon (99.999 %) environment due
to the air and moisture sensitivity of some of the starting materials (Rb2S,
P2S5). The purities and suppliers of the starting materials and the reagents
used to isolate the crystals are summarized in Table 2.1, rubidium sulfide
was synthesized from the elements in liquid ammonia.50 Dried organic
solvents were used for washing and dissolving excess flux.

Table 2.1 The Starting materials and the regents used for the synthesis.

2.2

Substance

Purity, Supplier

Rubidium

99.75 %, Alfa Aesar

Phosphorus pentasulfide

99%, Sigma Aldrich

Sulfur

99.99 %, Alfa Aesar

Ammonia

99.998 %, AHG

Diethyl ether

99.9 % , Sigma Aldrich

N,N-Dimethylformamide

99.9 %, Fisher

Ethanol

99.8 % , Sigma Aldrich

Optical microscopy

The optical microscope used in this work is a Leica M60 modular
stereomicroscope with 6.3:1 zoom. The scale bar was calibrated using
caliper.
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2.3

Powder X-ray diffraction (PXRD)

The powder diffraction patterns were measured using a STOE STADI MP
Powder Diffractometer, equipped with a position sensitive detector covering
2θ range from 10 to 90 degree using Cu-Kα1 radiation. The measurements
were done using transmission scan type in which a small amount of fine
powder of the sample was placed in the transmission sample holder and held
spinning through the data analysis.

2.4

Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS)

Scanning electron microscopy (SEM) investigations were carried out in a FEI
ESEM Quanta 600 FEG – Environmental Scanning Electron Microscope
operating at a 10 kV accelerating voltage. The Energy Dispersive
Spectroscopy (EDS) (EDS Inc., N.J, USA) is a 40 mm 2 Silicon Drift detector
with 135.0 eV resolutions on MnKα. EDS Genesis software is used to collect
signals for the analysis. The single crystals were picked out under optical
microscope. A 10 mm diameter aluminum pin (SEM holder) was used as a
sample holder, and then a piece of double-side carbon tape was fixed to the
aluminum SEM holder. The crystals were fixed to the carbon tape using a
needle. The sample was transferred to a vacuum chamber of the electron
microscope for measurement.

2.5

Single crystal X-ray diffraction

Intensity data of the single-crystals were recorded using an imaging plate
diffraction system (IPDS II, Stoe & Cie., Darmstadt, Mo-K radiation, graphite

32

monochromator) at 150 K. The single crystals were picked out under optical
microscope. The raw data were corrected for background, polarization, and
the Lorentz factor. The microscopic descriptions of the crystal shapes, which
were later used in the numerical absorption corrections,55 were optimized
using sets of symmetrically equivalent reflections.56 The structures were
solved with direct methods and refined using SHELXL-97 program.59
Graphics of the structure were developed using the program Diamond 3.2i. 60

2.6

Thermogravimetric analysis (TGA) and Differential Scanning
Calorimetry (DSC)

The TGA and DSC measurements were performed on a NETZSCH STA 449
F3 Jupiter thermogravimetric analyzer using Al crucibles (25 µL)

with

punched lids under N2 flow (20 mL/min) with heating rate 20 K/min and
heating profile (30 – 600 – 30 °C) for two cycles. The sample amount was ca.
10 mg.

2.7

Raman and FTIR spectroscopy

Raman bands were collected by using Raman microscope (Hermo iS10 FTIR
spectrometer) equipped with He-Ne-laser (473 nm). A resolution of 50 cm –1
was used. The instrument was calibrated by using the silicon standard at two
deferent resolutions (10 cm–1 – 100 cm–1). The sample was transferred to a
glass slide and pressed in-between to glass slides. The flat powdered sample
was used in the experiment.
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2.8

Ultraviolet visible spectroscopy (UV-VIS)

UV-Vis diffuse reflectance spectra were recorded at room temperature with a
VARIAN model UV-Cary 6000i double-beam, double monochromator
spectrophotometer. The Praying Mantis accessory was used for recording
diffuse reflectance spectra of solid powder samples. The measurements were
analyzed in range (200 nm - 800 nm) with scan rate at 200 nm/min, and the
attenuator was preferred in the analysis to make the beam intensity in the
sample chamber and beam balancer equivalent. Sample were grounded to a
fine powder and filled into the sample holder.

2.9

Glove box

The LABmaster sp glovebox (MBRAUN) was used for all manipulations under
dry

argon

(99.999 %)

atmosphere.

The

LABmaster

glovebox

catalyst/molecular sieve was frequently regenerated and oxygen/moisture
levels in the glovebox were < 0.1 ppm.

2.10 Synthesis of starting materials
2.10.1 Synthesis of alkali metal sulfide M2S (M = Rb)
Rubidium sulfide (Rb2S) was prepared in liquid ammonia by reacting
elemental sulfur and metallic Rubidium in a 1:2 ratio according to the literature
procedure. 51
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2.11 Syntheses of new compounds
2.11.1 Synthesis of RbAg5(PS4)2

RbAg5(PS4)2 (1) was prepared by direct stoichiometric combination. A mixture
of 53.7 mg (0.264 mmol) of Rb2S, 118 mg (0.53 mmol) of P2S5, 42 mg (1.32
mmol) of S and 284 mg (2.64 mmol) of Ag was loaded into a fused silica tube
in a Ar-filled glovebox then flame-sealed under vacuum (10-3 mbar). The
reaction was heated to 600 °C over 6 h and kept at this temperature for 3
days. Cooling to 400 °C (2 °C/h) followed by cooling to 50 °C (10 °C/h) gave
yellow crystals of 1. A semiquantitative energy-dispersive X-ray (EDX)
analysis of yellow single crystals confirmed the presence of all four elements
(Rb, Ag, P, and S) in an approximate atomic ratio of 1:5:2:8, which is identical
to RbAg5(PS4)2. 1 is stabile in air and water and does not dissolve in some
organic solvent such as DMF, methanol, ethanol, acetone and ether.
1 crystallizes in the orthorhombic space group Pbca. The powder X-ray
diffraction pattern of 1 was in a good agreement with the simulated pattern.
The

Raman

spectrum

shows

a

sharp

peak

at

415

cm–1.

The

thermogravimetric (TGA) analysis shows the thermal stability of 1 and no
weight loss until 600 °C. Differential scanning calorimetry (DSC) analysis
shows melting at 569 °C and crystallization at 543 °C.
UV-VIS spectroscopy shows that 1 has a band gap of 2.4 eV.
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2.11.2 Synthesis of Rb4P2S10

Yellow single crystals of Rb4P2S10 (2) have been initially obtained from a
mixture of Rb2S, P2S5, S and Ag. 277.7 mg (1.36 mmol) of Rb2S, 75.9 mg
(0.34 mmol) of P2S5, 109 mg (3.41 mmol) of S and 36.8 mg (0.34 mmol) of Ag
were loaded into a fused silica tube in an Ar-filled glovebox then flame-sealed
under vacuum (1 X 10-3 mbar). The reaction was heated to 550 °C over 6 h
and kept at this temperature for 4 days followed by cooling to 50 °C (5 °C/h).
Pure Rb4P2S10 was obtained by adding 4 extra equivalents of S.34 A mixture
of 280 mg (1.38 mmol) of Rb2S, 153.4 mg (0.69 mmol) of P2S5, 66.6 mg
(2.07mmol) of S were loaded into a fused silica tube in an Ar-filled glovebox
then flame-sealed under vacuum (10–3 mbar). The reaction was heated to 500
°C over 6 h and kept at this temperature for 2 days followed by cooling to 50
°C (5 °C/h), then the crystals are isolated by washing with ethanol and diethyl
ether.
A semiquantitative energy-dispersive X-ray (EDX) analysis of yellow single
crystals confirmed the presence of all three elements (Rb, P, and S) in an
approximate atomic ratio of 2:1:5, which is identical to Rb4P2S10.
2 is air-sensitive and decomposes in water. It also dissolves in DMF to form a
blue green solution.
2 crystallizes in the monoclinic space group P21/c. The powder X-ray
diffraction pattern of Rb4P2S10 was in a good agreement with the simulated
pattern. The thermogravimetric (TGA) analysis shows the thermal stability of 2
and no weight loss until 600 °C. Differential scanning calorimetry (DSC)
analysis shows melting at 495 °C and crystallization at 433 °C.
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Raman spectrum of 2 is quite complicated. There are sharp peaks at 486 and
396 cm–1.
UV-VIS spectroscopy shows that 2 has a band gap of 2.3 eV.

2.11.3 Synthesis of Rb3Ag9(PS4)4

Rb3Ag9(PS4)4 (3) was prepared by direct stoichiometric combination.

A

mixture of 81.6 mg (0.40 mmol) of Rb2S, 119 mg (0.54 mmol) of P2S5, 38.6
mg (1.20 mmol) of S and 260 mg (2.41 mmol) of Ag, was loaded into a fused
silica tube in an Ar-filled glovebox then flame-sealed under vacuum (10-3
mbar). The reaction was heated to 650 °C over 6 h and kept at this
temperature for 3 days. Cooling to 400 °C (2 °C/h) followed by cooling to 50
°C (10 °C/h) gave yellow crystals of 3. A semiquantitative energy-dispersive
X-ray (EDX) analysis of yellow single crystals confirmed the presence of all
four elements (Rb, Ag, P, and S) in an approximate atomic ratio of 3:9:4:16,
which is identical to Rb3Ag9(PS4)4 .
3 is stabile in air and water and does not dissolve in some organic solvent
such as DMF, methanol, ethanol, acetone and ether.
3 crystallizes in the orthorhombic space group Pbcm. The powder X-ray
diffraction pattern of 3 was in a good agreement with the simulated pattern.
The Raman spectrum shows a sharp peak at 415 cm-1.
The thermogravimetric (TGA) analysis shows the thermal stability of 3 and no
weight loss until 600 °C. Differential scanning calorimetry (DSC) analysis
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shows melting at 514 °C and crystallization at 443 °C.
UV-VIS spectroscopy shows that Rb3Ag9(PS4)4 have a band gap of 2.6 eV.

2.11.4 Synthesis of Rb2AgPS4

Rb2AgPS4 (4) was prepared by direct stoichiometric combination. A mixture of
231 mg (0.264 mmol) of Rb2S, 126.8 mg (0.53 mmol) of P2S5, 18.3 mg (1.32
mmol) of S and 123 mg (2.64 mmol) of Ag, was loaded into a fused silica tube
in a Ar-filled glovebox then flame-sealed under vacuum (10-3 mbar). The
reaction was heated to 600 °C over 6 h and kept at this temperature for 4
days. Cooling to 400 °C (2 °C/h) followed by cooling to 50 °C (30 °C/h) gave
light yellow crystals of 4. A few dark grey crystals of Ag3PS4 were observed
and their composition is confirmed by EDX. The sample was washed by DMF.
A semiquantitative energy-dispersive X-ray (EDX) analysis of single crystals
confirmed the presence of all four elements (Rb, Ag, P, and S) in an
approximate atomic ratio of 2:1:1:4, which is identical to Rb2AgPS4. 4 seems
to be stable in the air but it is decomposed in water.
Rb2AgPS4 crystallizes in the triclinic space group P-1. The powder X-ray
diffraction pattern of 4 was in a good agreement with the simulated pattern.
The Raman spectrum shows a sharp peak at 415 cm-1. In the
thermogravimetric (TGA) analysis, TGA plot shows that there is no weight
loss. Differential scanning calorimetry (DSC) analysis shows different
behaviors in two heating cycles. UV-VIS spectroscopy shows that 4 have a
band gap of 2.6 eV.
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CHAPTER 3: Results and Discussion
3.1

RbAg5(PS4)2

A new rubidium-silver-thiphosphate (RbAg5(PS4)2) (1) was prepared from the
stoichiometric reaction of Rb2S, Ag, P2S5 and S by which the alkaline
polythiophosphate is formed in situ. The reactants were weighted and filled
into a fused silica tube, inside the Ar-filled glovebox and sealed under vacuum
Afterwards, the sample was heated inside a computer-controlled furnace
according to the heating profile shown in Figure 3.1. At the end, yellow
crystals have been obtained. Rb2S was synthesized by reacting Rb with S in
appropriate ratio in liquid Ammonia. The purity of synthesized Rb 2S has been
confirmed by powder X-ray diffraction which is shown in Figure 3.2.
A semiquantitative energy-dispersive X-ray (EDX) analysis on selected single
crystals, confirmed the presence of all four elements (Rb, Ag, P, and S) in an
approximate atomic ratio of 1:5:2:8, which is in good agreement with the
single crystal refinement results. EDX spectrum is shown in Figure 3.3, the
atomic ratios are shown in table 3.1 and the SEM of 1 shown in Figure 3.4.

Figure 3.1The heating profile of the reaction.
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Figure 3.2 Powder X-ray diffraction patterns of Rb2S

Figure 3.3 EDX spectrum of RbAg5(PS4)2

Table 3.1 EDX results of RbAg5(PS4)2
Element

Weight% Atomic%

Rb

13.09

06.30

P

06.29

12.33

S

24.81

49.97

Ag

55.80

31.40
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Figure 3.4 The SEM of RbAg5(PS4)2

1 crystallizes in the orthorhombic space group Pbca with cell parameters of
a = 12.656(3) Å, b = 12.644(3) Å, c = 17.677(4) Å. The “3D” structure consists
of an anionic [Ag5P2S8]– framework (which is composed of PS4 tetrahedra,
AgS4 and AgS3 distributed infinitely) and isolated Rb+ cations. The unit cell is
shown in Figure 3.5. An anionic chain extends along a axis, is shown in Figure
3.7 and the molecular structure is shown in Figure 3.6.

Figure 3.5 The unit cell of RbAg5(PS4)2
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Figure 3.6 The molecular structure

Figure 3.7 An anionic chain running

of RbAg5(PS4)2

along a axis

The crystal structure data and refinement details of 1 are shown inTable 3.2.
An anionic chain running along a axis has been built up from tetrahedral PS43–
connected by Ag atoms, in which the opposite edges of two tetrahedral PS43–
units are connected by three Ag+ cations alternately, which formed eightmembered rings of P(SAgS)2P (Figure 3.7). The structure contains two
distinguished P coordination environments. Both are nearly regular PS4
tetrahedra. P(1)S4 with an average P–S bond length of 2.039 Å from 2.026
and 2.051 Å and an average S–P–S angle of 109.46° from 106.7° and 115.9°.
P(3)S4 with an average P–S bond length of 2.048 Å from 2.024 and 2.084 Å
and an average S–P–S angle of 109.46° from 105.9° to 114.65°. The P–S
distances average is in the same range of The P–S distances average
(2.0519 Å) in KAg2PS446 which is the only known quaternary alkali metalsilver-thiphosphate compound.
There are two different coordination of Ag atoms (Figure 3.7); one of them is
distorted AgS4 tetrahedra for Ag1, Ag2, Ag4 and Ag5 with an average Ag-S
distance of 2.59 Å from 2.46 to 2.807 Å and an average S–Ag–S angle of
108.28° from 92.98° to 145.15°, the other one is Ag(3)S3 distorted trigonal with
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an average Ag-S distance of 2.60 Å and an average S–Ag–S angle of
118.17°. The presence of AgS4 and AgS3 fragments is also observed in
Ag2Nb[P2S6][S2].46 The anionic chains are joined together through AgS4 or
AgS3 connecting two neighboring chains (Figure 3.8).
The short Ag–Ag distances are remarkable which confirms some metal-metal
bonding since no steric effects or sulfide bridging ligands are present. The
Ag–Ag short bonds (Ag(3) – Ag(1) 3.009 Å, Ag(2) – Ag(3) 3.150

Å)

are

classical d10–d10 interactions. The theoretical bond is formed by the
delocalization of outer electrons of each silver atom.52 Ag–Ag contacts are
also observed in Cs2Ag2P2Se6 with The Ag+–Ag+ distance of 2.919(3) Å while
no Ag+–Ag+ contacts are observed in K2Ag2Se6 as the Ag-Ag distances are
long at 3.715 Å and 3.869 Å31, which are the only known quaternary alkali
metal-silver- selenophosphate compounds. d10–d10 interactions are also
observed for gold cations in KAu5P2S8.48

(a)

(b)

Figure 3.8 Distribution of the anionic chains along a axis, (a) “2D” view and
(b) “3D” view.
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Table 3.2 Crystal data and structure refinement for RbAg5P2S8 at 293(2) K.
Empirical formula

RbAg5P2S8

Formula weight

943.24

Temperature

293(2) K

Wavelength

0.71073 Å

Crystal system

orthorhombic

Space group

Pbca
a = 12.656(3) Å, α = 90.00°

Unit cell dimensions

b = 12.644(3) Å, β = 90.00°
c = 17.677(4) Å, γ = 90.00°

Volume

2828.7(10) Å3

Z

8

Density (calculated)

4.430 g/cm3

Absorption coefficient

11.589 mm-1

F(000)

3440

θ range for data collection

2.55 to 29.21°

Index ranges

-17<=h<=15, -14<=k<=17, -5<=l<=22

Reflections collected

5763

Independent reflections

3183 [Rint = 0.0622]

Completeness to θ = 25.00°

80.9%

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

3183 / 0 / 140

Goodness-of-fit

2.280

Final R indices [>2σ(I)]

Robs = 0.1093, wRobs = 0.2997

R indices [all data]

Rall = 0.1230, wRall = 0.3096

Largest diff. peak and hole

6.375 and -6.970 e·Å-3

R = Σ||Fo|-|Fc|| / Σ|Fo|, wR = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}a1/2 and calc
w=1/[σ2(Fo2)+(0.1000P)2+0.0000P] where P=(Fo2+2Fc2)/3

Rb+ ions are located inside the channels with super-coordination of 8 Rb–S
(Figure 3.6). The atomic coordinates, selected bond lengths and angles for 1
are given in Table 1, Table 2 and Table 3 respectively in the appendix.The
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structure

was

investigated

using

powder

X-ray diffraction

at

room

temperature. The experimental pattern shows a good agreement with the
simulated pattern obtained from single crystal data shown in Figure 3.9.
The Raman spectrum (Figure 3.10) shows a sharp peak at 415 cm-1 which is
assigned to the stretching mode of PS43– units (symmetric P–S vibration)
which are the only vibrationally active species in 1.58 The vibrations above 500
cm-1 are assigned to asymmetric stretching vibration, and the peaks at 302
cm-1 and below are assigned to the bending vibration.53
1 exhibits a well-defined energy gap of 2.46 eV which is in a good agreement
with its yellow color (Figure 3.11).
Thermogravimetric analysis (TGA) given in Figure 3.12, shows the thermal
stability of 1. The analysis has been performed at the temperatures of 30–
600–30 °C for two cycles, and no weight loss was recorded. Powder X-ray
diffraction analysis for the residual after TGA shown in Figure 3.14, also
confirmed that. Differential scanning calorimetry (DSC) analysis shows

Figure 3.9 Powder X-ray diffraction patterns of RbAg5(PS4)2
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Figure 3.10 Raman spectrum of RbAg5(PS4)2

Figure 3.11 UV spectrum of RbAg5(PS4)2

that 1 melts congruently at 569 °C and crystallizes at 543 °C (Figure 3.13).
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Figure 3.12 TGA for RbAg5(PS4)2

Figure 3.13 DSC for two heating-cooling cycles C1 and C2 (30–600–30 °C)
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Figure 3.14 Powder X-ray diffraction analysis for RbAg5(PS4)2 after TGA.

3.2

Rb4P2S10

A new rubidium thiophosphate Rb4P2S10 (2) was prepared by rational
synthesis in which stoichiometric amounts of Rb2S and P2S5 with extra 4
equivalents of S react to form alkaline polythiophosphate in situ. The
reactants were filled into a fused silica tube inside a glovebox before sealed
under vacuum and placed in a computer-controlled furnace. The ampoule was
kept there according to the heating profile shown in Figure 3.15. At the end,
yellow crystals have been obtained. Rb2S was synthesized according to the
procedure described in section 3.1.
A semiquantitative energy-dispersive X-ray (EDX) analysis of single crystals
confirmed the presence of all three elements (Rb, P, and S) in an approximate
atomic ratio of 2:1:5, which is which was in a good agreement with the single
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crystal refinement results. The SEM of 2 is shown in Figure 3.16, EDX
spectrum is shown in Figure 3.17 and the atomic ratios are shown in table 3.3.

Figure 3.15 The heating profile of the reaction.

Figure 3.16 The SEM of Rb4P2S10

Figure 3.17 EDX spectrum of Rb4P2S10
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Table 3.3 EDX results of Rb4P2S10
Element

Weight% Atomic%

Rb

46.25

24.29

P

08.99

13.02

S

44.77

62.68

2 which is isostructural to Cs4P2S10,34 crystallizes in the monoclinic space
group P21/c with cell parameters of a = 17.01 Å, b = 6.91 Å, c = 23.18 Å, α =
90°, β = 94.38°, γ = 90°. The “3D” structure consists of [P2S10]4– anions
distributed infinitely and separated by Rb+ cations. The unit cell is shown in
Figure 3.18, and the molecular structure is shown in Figure 3.19. The crystal
structure data and refinement details of 2 are given in Table 3.4.
In this structure each Rb+ is surrounded by 8S atoms at least to form a super
coordination polyhedra. Each [P2S10]4– unit consists of two PS4 tetrahedra
connected by two sulfur atoms which formed tetrasulfide chain in the center of
the unit. 2 possess two crystallographically distinguished [P2S10]4– molecules,
each one has different conformation of the central S–S bond shown in Figure

Figure 3.18 The unit cell of Rb4P2S10
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Figure 3.19 The molecular structure of Rb4P2S10

Figure 3.20 (a) Molecule 1 of [P2S10]4–, (b) Molecule 2 of [P2S10]4–.

3.20. The dihedral angle in molecule 1 is 0° while it has a value of 93.4° in
molecule 2. The S–S bond lengths in molecule 1 is conjugated (S14–S13
2.137 Å, S13–S13 2.040 Å and S13–S14 2.137 Å) while the S-S bond lengths
in molecule 2 is relatively consistent (S3–S5 2.55 Å, S5–S7 2.056 Å and S7–
S4 2.041 Å). The difference in bond lengths is supposed to be partially
caused by the lone pair repulsion which becomes clear when the dihedral
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Table 3.4 Crystal data and structure refinement for Rb4P2S10 at 150(2) K.
Empirical formula

Rb4P2S10

Formula weight

724.42

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system

monoclinic

Space group

P21/c
a = 17.010(3) Å, α = 90.00°

Unit cell dimensions

b = 6.9100(14) Å, β = 94.38(3)°
c = 23.183(5) Å, γ = 90.00°

Volume

2717.0(9) Å3

Z

6

Density (calculated)

2.656 g/cm3

Absorption coefficient

12.044 mm-1

F(000)

2028

θ range for data collection

2.55 to 29.21°

Index ranges

-23<=h<=22, -9<=k<=8, -31<=l<=31

Reflections collected

23178

Independent reflections

7196 [Rint = 0.1002]

Completeness to θ = 25.00°

98.1%

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

7196 / 0 / 218

Goodness-of-fit

1.028

Final R indices [>2σ(I)]

Robs = 0.0592, wRobs = 0.1336

R indices [all data]

Rall = 0.0937, wRall = 0.1527

Largest diff. peak and hole

4.684 and -3.397 e·Å-3

R = Σ||Fo|-|Fc|| / Σ|Fo|, wR = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}1/2 and calc
w=1/[σ2(Fo2)+(0.0505P)2+43.6976P] where P=(Fo2+2Fc2)/3
angle has a value of 0°, and partially caused by π bonding which becomes
clear when the dihedral angle has a value of 90°.34 The S–P–S angles show
slightly distortion [PS4] tetrahedra with angles range from 93.26° to 116.51°,
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and an average angle of 109.15° for P1, 109.19° for P2 and 109.18° for P3.
The P–S distances range from 1.98 Å to 2.17 Å with an average distance of
2.03 Å for P1, 2.04 Å for P2 and 2.03 Å for P3. The average distance of
terminal P–S bonds are shorter (2.02 Å) than the average distance of P–S
bonds in which the S atom is used to connect P atom with the bridging S 2
(2.163 Å) due to the long [S4]2– chain, which is also observed in the isostrcure
Cs4P2S10 .34 The atomic coordinates, selected bond lengths and angles for 2
are given in Table 4, Table 5 and Table 6 respectively in the appendix.
The structure was investigated using powder X-ray diffraction at room
temperature. The experimental pattern shows a good agreement with the
simulated pattern obtained from single crystal data shown in Figure 3.21.
The Raman spectrum of 2 shown in Figure 3.22 is quite complicated.
Comparing with the isostructure Cs4P2S1034 the peaks at 630 and 602 cm–1
can be assigned to P–S, the peaks at 485, 468 and 440 cm–1 (the sharp peak
with two small shoulders) can be assigned to the stretching mode of S–S
bond in the S42– chain. The well-defined peak at 393 cm–1 should be assigned
to the stretching mode of PS43– units (symmetric P–S vibration). The peak
at 380 cm–1 maybe assigned to P–S deformation modes.36 The peaks below
300 cm–1 can be assigned to S–P–S or S–S–S bending modes.34 This spectra
is a good tool to distinguish the [P2S10]4– anion from other thiophosphate
anions.34
Rb4P2S10 exhibits a well-defined energy gap of 2.34 eV which is in a good
agreement with its yellow color (Figure 3.23).
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Figure 3.21 Powder X-ray diffraction analysis for Rb4P2S10.

Figure 3.22 Raman spectrum of Rb4P2S10
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Figure 3.23 UV spectrum of Rb4P2S10

The thermogravimetric analysis (TGA) given in Figure 3.24 shows the thermal
stability of 2. The analysis has been performed at the temperatures of 30–
600–30 °C, and no weight loss was recorded. Powder X-ray diffraction
analysis for the residual after TGA (Figure 3.25) also confirmed that.
Differential scanning calorimetry (DSC) analysis shows that 2 melts
congruently at 495 °C and crystallizes at 433 °C (Figure 3.24).
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Figure 3.24 TGA and DSC analysis for Rb4P2S10

Figure 3.25 Powder X-ray diffraction analysis for Rb4P2S10 after TGA.
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3.3 Rb3Ag9(PS4)4
A new rubidium-silver-thiphosphate (Rb3Ag9(PS4)4) (3) was prepared from the
stoichiometric reaction of Rb2S, Ag, P2S5 and S by which the alkaline
polythiophosphate formed in situ. The reactants were weighted and filled into
a fused silica tube, inside the Ar-filled glovebox and sealed under vacuum
Afterwards, the sample was heated inside a computer-controlled furnace
according to the heating profile shown in Figure 3.26. At the end, yellow
crystals have been obtained. Rb2S was synthesized according to the
procedure described in section 3.1.
A semiquantitative energy-dispersive X-ray (EDX) analysis on selected single
crystals, confirmed the presence of all four elements (Rb, Ag, P, and S) in an
approximate atomic ratio of 3:9:4:16, which is in good agreement with the
single crystal refinement results. The SEM of 3 is shown in Figure 3.27, EDX
spectrum is shown in Figure 3.28 and the atomic ratios are shown in table 3.5.
3 crystallizes in the orthorhombic space group Pbcm with cell parameters of a
= 6.3424(5) Å, b = 12.6270(14) Å, c = 36.260(3) Å. The crystal structure can
be described as consisting of [Ag9(PS4)4]3– 3D polyanionic network hosting
Rb+ cations inside the channels running through the framework. The crystal
data and structure refinement refinement details of 3 are given in Table 3.6.

Figure 3.26 The heating profile of Rb3Ag9(PS4)4
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Figure 3.27 The SEM of Rb3Ag9(PS4)4

Figure 3.28 EDX spectrum of Rb3Ag9(PS4)4

Table 3.5 EDX results of Rb3Ag9(PS4)4
Element

Weight% Atomic%

Rb

12.79

08.69

P

06.57

12.32

S

27.98

50.65

Ag

52.66

28.34
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The atoms in the unit cell are distributed over 2 Rb, 5 Ag, 3 P and 9 S
crystallographically independent positions. All atomic sites are fully occupied
except Ag2. Ag2 was refined as split position on two sites, Ag2a and Ag2b,
with occupancy factor of 0.35 and 0.15, respectively. To simplify the crystal
structure description, Ag2a and Ag2b atoms were replaced by a dummy atom
Ag2 with 0.5 (= 0.35 + 0.15) occupancy factor. The unit cell projection along
(100) direction is shown in Figure 3.29. The polyanionic network [Ag9(PS4)4]–3
is built up of isolated (PS4) tetrahedral units connected to each other via Ag
atoms.
There

are

3

crystalloghraphically

different

PS4 units

with

different

connectivities to Ag atoms. All of PS4 units are nearly regular tetrahedra. The
Ag1, Ag3, Ag4 and Ag5 atoms are all 4-fold coordinated by S atoms, in their
first coordination shell, forming distorted tetrahedra. The Ag2 site is 3-fold
coordinated by S atoms resulting in distorted trigonal arrangement. P(3)S4
with an average P-S distance of 2.047 Å and an average S-P-S angle of
109.48°, is connected to distorted tetrahedral Ag(5)S4 and Ag(3)S4. Ag(5)S4
has an average Ag-S distance of 2.58 Å and an average Ag-S-Ag angle of

Figure 3.29 The unit cell of Rb3Ag9(PS4)4.
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107.92°. Ag(3)S4 has an average Ag-S distance of 2.59 Å and an average AgS-Ag angle of 111.17°. The connectivity between P(3)S4 and AgS4 units is
through shared S vertices. They are S7, S5 and S6 by which each corner of

Table 3.6 Crystal data and structure refinement for Rb3Ag9P4S16 at 295(2) K.
Empirical formula

Rb3Ag9P4S16

Formula weight

1864.08

Temperature

295(2) K

Wavelength

0.71073 Å

Crystal system

orthorhombic

Space group

Pbcm
a = 6.3424(5) Å, α = 90.00°

Unit cell dimensions

b = 12.6270(14) Å, β = 90.00°
c = 36.260(3) Å, γ = 90.00°

Volume

2903.9(5) Å3

Z

4

Density (calculated)

4.264 g/cm3

Absorption coefficient

12.299 mm-1

F(000)

3440

θ range for data collection

3.21 to 24.99°

Index ranges

-6<=h<=7, -14<=k<=13, -42<=l<=37

Reflections collected

7897

Independent reflections

2576 [Rint = 0.0537]

Completeness to θ = 25.00°

98.7%

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2576 / 0 / 159

Goodness-of-fit

0.959

Final R indices [>2σ(I)]

Robs = 0.0490, wRobs = 0.0938

R indices [all data]

Rall = 0.0835, wRall = 0.1034

Largest diff. peak and hole

2.407 and -1.885 e·Å-3

R = Σ||Fo|-|Fc|| / Σ|Fo|, wR = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}1/2 and calc
w=1/[σ2(Fo2)+(0.0495P)2+0.0000P] where P=(Fo2+2Fc2)/3
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the PS4 tetrahedra is connected to 2 Ag Atoms. Ag(5)S4 and Ag(3)S4 are
connecting together through S3, S5, S6 and S7 to form 2 Ag(4)S4 eightmembered rings (Figure 3.30). P(2)S4 is connected to tetrahedral Ag(1)S4,
Ag(4)S4 and trigonal Ag(2)S3. Ag(2) atoms in the structure appear as silver
dumbbells (Figure 3.31). Ag(2) is disordered over two positions and only the
major component is shown. The connectivity between P(2)S4 and AgS4 and
AgS3 units is through shared S vertices. They are S8 and S9 by which each
corner of the PS4 tetrahedra is connected to the 3 Ag Atoms (Ag(1), Ag(4) and
Ag(2)). Ag(1)S4, Ag(4)S4 and Ag(2)S3 are connecting through S2, S8 and S9
(Figure 3.32). P(1)S4 with an average P-S distance of 2.045 Å and an average
S-P-S angle of 109.47°, is connected to distorted tetrahedral of Ag(1)S4,
Ag(3)S4, Ag(4)S4, Ag(5)S4 and Ag(2)S3. The connectivity between P(1)S4 and
AgS4 and Ag(2)S3 units is through shared S vertices which are S1,S2, S3, and
S4. Three corners of the PS4 tetrahedra are connected to two Ag Atoms and
one corner is connected to three Ag atoms. Ag(1)S4, Ag(3)S4, Ag(4)S4,
Ag(5)S4 and Ag(2)S3 are connecting through S1,S2, S3, S4, S6, S8 and S9
(Figure 3.32). It is clear that P(2)S4 and P(3)S4 within the anionic framework
are linked by P(1)S4 in which the the P(SAgS)2P eight-membered rings are
formed through bridging Ag atoms (Figure 3.33). The three different
connectivities of PS4 with Ag and S atoms are running periodically along the a
axis in parallel layers of chains in which a layer of chains containing P(2)S4
and a layer of chains containing P(3)S4 is linked by a layer of chains
containing P(1)S4 (Figure 3.34). The atomic coordinates, selected bond
lengths and angles for 2 are given in Table 7, Table 8 and Table 9
respectively in the appendix.
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Figure 3.30 P(3)S4 connectivity with AgS4 units

Figure 3.31 P(2)S4 connectivity with AgS4 and AgS3 and units.

In this structure there are two crystallographically distinct Rb+ cations Rb1 and
Rb2 situated in channels between the anionic chains. Rb1 surrounded by nine
S atoms to form super coordination with an average Rb-S distance of 3.38 Å.
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Figure 3.32 P(1)S4 connectivity with AgS4 and AgS3 and units.

Figure 3.33 An anionic chain within [Ag9(PS4)4]–3 framework

Rb2 is surrounded by eight S atoms with an average Rb-S distance of 3.44 Å
(Figure 3.35). As in RbAg5(PS4)2 (1), The short Ag–Ag distances are
remarkable which confirms some metal-metal bonding since no steric effects
or sulfide bridging ligands are present. The Ag–Ag short bonds (Ag(1)–Ag(2)
3.025 Å, Ag(2)–Ag(4) 3.187 Å) is classical d10–d10 interactions. The theoretical
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Figure 3.34 parallel layers of anionic chains running along a axis.

Figure 3.35 Rb+ cations coordination.

bond is formed by the delocalization of outer electrons of each silver atom.52
The structure was investigated using powder X-ray diffraction at room
temperature. The experimental pattern shows a good agreement with the
simulated pattern obtained from single crystal data shown in Figure 3.36.

64

Figure 3.36 Powder X-ray diffraction analysis for Rb3Ag9(PS4)4.

The Raman spectrum (Figure 3.37) shows a sharp peak at 415 cm-1 which is
assigned to the stretching mode of PS43– units (symmetric P–S vibration)
which are the only vibrationally active species in 3.58 The vibrations above
500 cm-1 are assigned to asymmetric stretching vibration, and the peaks at
302 cm-1 and below are assigned to the bending vibration.53
3 exhibits a well-defined energy gap of 2.61 eV which is in a good agreement
with its yellow color (Figure 3.38).
Thermogravimetric analysis (TGA) given in Figure 3.39, shows the thermal
stability of 3. The analysis has been performed at the temperatures of 30–
600–30 °C for two cycles, and no weight loss was recorded. Powder X-ray
diffraction analysis for the residual after TGA shown in Figure 3.40, also
confirmed that. Differential scanning calorimetry (DSC) analysis shows that 3
melts congruently at 514 °C and crystallizes at 443 °C (Figure 3.41).
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Figure 3.37 Raman spectrum of Rb3Ag9(PS4)4.

Figure 3.38 UV spectrum of Rb3Ag9(PS4)4
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Figure 3.39 TGA of Rb3]Ag9(PS4)4[

Figure 3.40 Powder X-ray diffraction analysis for Rb3]Ag9(PS4)4[ after TGA.
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Figure 3.41 DSC analysis of Rb3Ag9(PS4)4.

3.4

Rb2AgPS4

A new rubidium-silver-thiphosphate (Rb2AgPS4) (4) was prepared from
stoichiometric reaction of Rb2S, Ag, P2S5 and S by which the alkaline
polythiophosphate formed in situ. The reactants were weighted and filled into
a fused silica tube, inside the Ar-filled glovebox and sealed under vacuum
Afterwards, the sample was heated inside a computer-controlled furnace
according to the heating profile shown in Figure 3.42. At the end, yellow
crystals have been obtained. Rb2S was synthesized according to the
procedure described in section 3.1.
A semiquantitative energy-dispersive X-ray (EDX) analysis on selected single
crystals, confirmed the presence of all four elements (Rb, Ag, P, and S) in an
approximate atomic ratio of 2:1:1:4, which is in good agreement with the
single crystal refinement results. The SEM of 4 shown in Figure 3.43, EDX

68

Figure 3.42 The heating profile of the reaction.

Figure 2.43 SEM result for Rb2AgPS4

spectrum is shown in Figure 3.44 and the atomic ratios are shown in Table
3.7. 4 crystallizes in the triclinic P-1 space group with cell parameters of a =
6.6000(13) Å, b = 6.8558(14) Å, c = 10.9667(22) Å, α = 72.001(16)°, β =
72.275(16)° and γ = 68.617(15)°. The “3D” structure consists of anionic
[AgPS4]–2 chains distributed infinitely separated by Rb+ cations. The unit cell is

Figure 3.44 EDX spectrum of Rb2AgPS4.
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Table 3.7 EDX results of Rb2AgPS4
Element

Weight% Atomic%

Rb

40.94

25.80

P

06.83

11.88

S

31.33

50.61

Ag

23.48

11.72

shown in Figure 3.45. The anionic chain extends along a axis, is shown in
Figure 3.46 and the molecular structure is shown in Figure 3.47.

Figure 3.45 The unit cell of Rb2AgPS4.

Figure 3.46 The anionic chain of [AgPS4]–2
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Figure 3.47 The molecular structure of Rb2AgPS4

The crystal structure data and refinement details of 4 are given in Table 3.8.
The anionic frame work is built up from corner-sharing of alternating PS4 and
AgS4 tetrahedra to form eight-membered rings of P(SAgS)2P (Figure 3.46).
PS4 is a regular tetrahedron with an average P-S distance of 2.048 Å and an
average S-P-S angle of 109.4° The AgS4 tetrahedron is severely distorted
with an average Ag-S distance of 2.61 Å for bond length from 2.472 and 2.836
Å and an average S-Ag-S angle of 108.03° for angles from 76.36 to 128.17°.
In this structure there are two crystallographically distinct Rb+ cations Rb1 and
Rb2 situated between the anionic fragments. Rb1 is surrounded by 7 S atoms
with an average Rb-S distance of 3.38 Å, and Rb2 is surrounded by 6 S
atoms with an average Rb-S distance of 3.44 Å (Figure 3.48). 4 is
isostructural to Cs2Ag(AsS4).54
The atomic coordinates, selected bond lengths and angles for Rb2AgPS4 are
given in Table 10, Table 11 and Table 12 respectively in the appendix.
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Table 3.8 Crystal data and structure refinement for Rb2AgPS4 at 150(2) K.
Empirical formula

Rb2AgPS4

Formula weight

125.15

Temperature

150(2) K

Wavelength

0.71073 Å

Crystal system

Triclinic

Space group

P-1
a = 6.6000(13) Å, α = 72.001(16)°

Unit cell dimensions

b = 6.8558(14) Å, β = 72.275(16)°
c = 10.967(2) Å, γ = 68.617(15)°

Volume

2717.0(9) Å3

Z

2

Density (calculated)

429.02(16) Å3

Absorption coefficient

14.684 mm-1

F(000)

400

θ range for data collection

2.000 to 29.107°

Index ranges

-9<=h<=8, -9<=k<=9, -14<=l<=14

Reflections collected

4158

Independent reflections

2115 [Rint = 0.0440]

Completeness to θ = 25.00°

94%

Refinement method

Full-matrix least-squares on F2

Data / restraints / parameters

2115 / 0 / 73

Goodness-of-fit

1.074

Final R indices [>2σ(I)]

Robs = 0.0350, wRobs = 0.0848

R indices [all data]

Rall = 0.0427, wRall = 0.0893

Largest diff. peak and hole

2.122 and -1.559 e·Å-3

R = Σ||Fo|-|Fc|| / Σ|Fo|, wR = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}1/2 and
w=1/[σ2(Fo2)+(0.0543P)2] where P=(Fo2+2Fc2)/3.

The structure was investigated using powder X-ray diffraction at room
temperature. The experimental pattern shows a good agreement with the
simulated pattern obtained from single crystal data shown in Figure 3.49.

72

Figure 3.48 Rb+ cations coordination.

Figure 3.49 Powder X-ray diffraction patterns of Rb2AgPS4.
4 exhibits an energy gap of 2.66 eV which is in a good agreement with its
light- yellow color (Figure 3.50). The Raman spectrum (Figure 3.51) shows a
sharp peak at 415 cm-1 which is assigned to the stretching mode of PS43–
units

(symmetric P–S vibration) which are the only vibrationally active
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species in 4.58 The vibrations above 500 cm-1 are assigned to asymmetric
stretching vibration, and the peaks at 302 cm-1 and below are assigned to
the bending vibration.53
Thermogravimetric analysis (TGA) for 4 shown in Figure 3.52, the analysis
has been performed at the temperatures of 30–600–30 °C for two cycles, and
no weight loss was recorded. Differential scanning calorimetry (DSC) analysis
shows that there are two endothermic peaks at 465°C and 482°C and one
exothermic peak at 402 °C in the first cycle and one endothermic peak at 465
°C in the second cycle (Figure 3.53).
Powder X-ray diffraction analysis for the residual after TGA revealed that most
of the compound had undergone a phase transformation (Figure 3.54).

Figure 3.50 UV spectrum of Rb2AgPS4.
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Figure 3.51 Raman spectrum of Rb3Ag9(PS4)4.

Figure 3.52 TGA for Rb2AgPS4
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Figure 3.53 DSC for two heating-cooling cycles C1 and C2 (30–600–30 °C)

Figure 3.54 Powder X-ray Diffraction analysis for Rb2AgPS4 after TGA.
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CHAPTER 4: Conclusion and Outlook
This

thesis

discusses

the

synthesis

and

characterization

of

metal

chalcogenides and the main aim of the project was to investigate and apply
exploratory techniques for the synthesis of new alkali metal thiophosphate
compounds. Four new alkali metal thiophosphate compounds have been
synthesized successfully, one ternary and three quaternary thiophosphates.
RbAg5(PS4) (1), Rb4P2S10 (2), Rb3Ag9(PS4)4 (3) and Rb2AgPS4 (4) were
prepared by reactions of Rb2S, Ag, P2S5 and S in different ratios. Reactants
were mixed in a fused silica tube in inert atmosphere, sealed under vacuum
and heated according to appropriate heating profiles. At the end crystals were
isolated. Rubidium sulphide (Rb2S) has been prepared in liquid ammonia and
its purity was confirmed by PXRD. EDX analysis of single crystals for all
samples presented atomic ratios which are in a good agreement with the
single crystals refinement results. The crystal structures feature 3D anionic
frameworks containing PS4 tetrahedra, which are arranged in different
manner, charge balanced by Ag and alkali metal cations. These compounds
show interesting structural diversity and physical properties. Some of the
samples melt congruently and some melt incongruently which leads to phase
conversion to new materials. PXRD analysis were in a good agreement with
the simulated data which obtained from single crystals. The synthesized
compounds

were

further

characterized

by

Raman

and

uv-visible

spectroscopy, where the Raman spectra indicate the presence of PS4
vibrations and most intensive mode

1

was observed for all samples.

Prepared compounds are semiconductors with band gap between 2.3 eV to
2.6 eV and most of them are thermally stable up to 600 °C. RbAg2PS4 was
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also prepared and the EDX results show an atomic ratio of 1:2:1:4. The
results presented in this thesis illustrated the structural diversity of the
quaternary system Rb/Ag/P/S. Figure 4.1 summarizes the results obtained.

Figure 4.1 Overview of all new componds prepared.
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APPENDIX
Table 1 Atomic coordinates (x104) and equivalent isotropic displacement
parameters (Å2x103) for RbAg5P2S8 at 293(2) K with estimated standard
deviations in parentheses.
Label

x

y

z

Occupancy

Ueq*

Ag(1)

-2596(2)

7667(2)

1192(2)

1

42(1)

Ag(2)

29(1)

10183(1)

1287(1)

1

34(1)

Rb(1)

-368(2)

7658(1)

2506(2)

1

26(1)

Ag(4)

147(2)

5215(2)

1161(2)

1

45(1)

P(3)

-2539(2)

5246(2)

2492(2)

1

12(1)

S(6)

-2945(3)

6794(2)

2496(2)

1

18(1)

Ag(3)

-2007(2)

10662(2)

321(2)

1

83(1)

S(9)

822(3)

8440(2)

634(2)

1

23(1)

S(10)

-1820(3)

9569(2)

1520(2)

1

20(1)

P(1)

-172(3)

7535(2)

-15(2)

1

15(1)

S(12)

-1084(3)

6562(3)

644(3)

1

25(1)

S(13)

965(3)

9971(3)

2561(2)

1

20(1)

S(14)

1895(3)

4543(2)

1544(2)

1

21(1)

S(15)

1165(3)

11446(3)

562(3)

1

26(1)

S(16)

-4286(3)

8415(3)

686(3)

1

37(2)

Ag(6)

2398(2)

7504(2)

1175(2)

1

56(1)

*

Ueq is defined as one third of the trace of the orthogonalized Uij tensor.
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Table 2 Selected bond lengths [Å] for RbAg5P2S8 at 293(2) K with estimated
standard deviations in parentheses.
Label

Distances

Label

Distances

Ag(1)-S(16)

2.504(4)

P(3)-S(10)#1

2.084(5)

Ag(1)-S(12)

2.560(4)

S(6)-Ag(6)#2

2.552(4)

Ag(1)-S(6)

2.593(4)

S(6)-Rb(1)#2

3.255(4)

Ag(1)-S(10)

2.662(3)

Ag(3)-S(9)#6

2.528(5)

Ag(1)-Ag(3)

3.009(4)

Ag(3)-S(10)

2.542(5)

Ag(2)-S(10)

2.500(3)

Ag(3)-S(12)#7

2.732(5)

Ag(2)-S(15)

2.502(4)

S(9)-P(1)

2.051(5)

Ag(2)-S(13)

2.558(4)

S(9)-Ag(6)

2.509(4)

Ag(2)-S(9)

2.682(3)

S(9)-Ag(3)#6

2.528(5)

Ag(2)-Ag(3)

3.150(4)

S(10)-P(3)#7

2.084(5)

Rb(1)-S(6)#4

3.255(4)

P(1)-S(16)#8

2.026(5)

Rb(1)-S(13)

3.378(4)

P(1)-S(15)#6

2.043(5)

Rb(1)-S(6)

3.440(4)

P(1)-S(12)

2.050(5)

Rb(1)-S(13)#5

3.481(4)

S(12)-Ag(3)#1

2.732(5)

Rb(1)-S(14)#3

3.498(4)

S(13)-P(3)#3

2.024(4)

Rb(1)-S(10)

3.500(4)

S(13)-Ag(4)#3

2.679(4)

Rb(1)-S(16)#4

3.607(7)

S(13)-Rb(1)#3

3.482(4)

Rb(1)-S(12)

3.683(5)

S(14)-P(3)#4

2.050(5)

Rb(1)-S(9)

3.767(5)

S(14)-Ag(6)#9

2.807(4)

Ag(4)-S(14)

2.464(4)

S(14)-Rb(1)#5

3.498(4)

Ag(4)-S(12)

2.482(4)

S(15)-P(1)#6

2.043(5)

Ag(4)-S(16)#1

2.660(4)

S(15)-Ag(6)#10

2.504(4)

Ag(4)-S(13)#5

2.679(4)

S(15)-Rb(1)#3

3.877(5)
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Label

Distance

Label

Distance

P(3)-S(6)

2.024(4)

S(16)-P(1)#11

2.026(5)

P(3)-S(13)#5

2.024(4)

S(16)-Ag(4)#7

2.660(4)

Ag(6)-S(6)#4

2.552(4)

S(16)-Rb(1)#2

3.607(7)

Ag(6)-S(14)#10

2.807(4)

Ag(6)-S(15)#9

2.504(4)

P(3)-S(14)#2

2.050(5)

Symmetry transformations used to generate equivalent atoms:
(1) -x-1/2,y-1/2,z (2) x-1/2,y,-z+1/2 (3) -x,y+1/2,-z+1/2 (4) x+1/2,y,-z+1/2 (5) x,y-1/2,-z+1/2 (6) -x,-y+2,-z (7) -x-1/2,y+1/2,z (8) x+1/2,-y+3/2,-z (9) -x+1/2,y1/2,z (10) -x+1/2,y+1/2,z (11) x-1/2,-y+3/2,-z

Table 3 Selected bond angles [°] for RbAg5P2S8 at 293(2) K with estimated
standard deviations in parentheses.
Label

Angles

S(16)-Ag(1)-S(12)

135.17(18) S(10)-Ag(2)-S(15)

145.15(13)

S(16)-Ag(1)-S(6)

109.42(17) S(10)-Ag(2)-S(13)

104.79(13)

S(12)-Ag(1)-S(6)

103.40(12) S(15)-Ag(2)-S(13)

104.58(12)

S(16)-Ag(1)-S(10)

92.98(12)

S(10)-Ag(2)-S(9)

99.56(11)

S(12)-Ag(1)-S(10)

107.46(12) S(15)-Ag(2)-S(9)

95.13(14)

S(6)-Ag(1)-S(10)

89.55(11)

S(13)-Ag(2)-S(9)

96.88(12)

S(14)-Ag(4)-S(12)

154.28(14)

S(6)-P(3)-S(14)#2

109.1(2)

S(14)-Ag(4)-S(16)#1

99.18(14)

S(13)#5-P(3)-S(14)#2

108.0(2)

S(12)-Ag(4)-S(16)#1

102.34(17)

S(6)-P(3)-S(10)#1

107.5(2)

S(14)-Ag(4)-S(13)#5

101.53(14)

S(13)#5-P(3)-S(10)#1

105.9(2)

S(12)-Ag(4)-S(13)#5

93.43(13)

S(14)#2-P(3)-S(10)#1

111.7(2)

S(16)#1-Ag(4)-S(13)#5 87.30(14)

S(9)#6-Ag(3)-S(10)

138.27(16)

S(6)-P(3)-S(13)#5

S(9)#6-Ag(3)-S(12)#7

118.53(15)

114.61(19)

Label

Angles
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Label

Angle

Label

Angle

P(3)#7-S(10)-Ag(1)

114.03(17)

S(10)-Ag(3)-S(12)#7

97.72(16)

S(16)#8-P(1)-S(15)#6

115.9(3)

S(15)#9-Ag(6)-S(9)

131.65(17)

S(16)#8-P(1)-S(12)

106.7(2)

S(9)-Ag(6)-S(6)#4

112.40(14)

S(15)#6-P(1)-S(12)

107.5(2)

S(15)#9-Ag(6)-

111.09(14)

S(16)#8-P(1)-S(9)

108.6(2)

S(14)#10

S(15)#6-P(1)-S(9)

106.88(19) S(9)-Ag(6)-S(14)#10

84.76(12)

S(12)-P(1)-S(9)

111.2(3)

S(6)#4-Ag(6)-S(14)#10

99.39(14)

S(15)#9-Ag(6)-S(6)#4

109.54(13) S(15)#9-Ag(6)-Rb(1)#4

75.17(12)

S(9)-Ag(6)-Rb(1)#4

146.05(12)

Symmetry transformations used to generate equivalent atoms:
(1) -x-1/2,y-1/2,z (2) x-1/2,y,-z+1/2 (3) -x,y+1/2,-z+1/2 (4) x+1/2,y,-z+1/2 (5) x,y-1/2,-z+1/2 (6) -x,-y+2,-z (7) -x-1/2,y+1/2,z (8) x+1/2,-y+3/2,-z (9) -x+1/2,y1/2,z (10) -x+1/2,y+1/2,z (11) x-1/2,-y+3/2,-z
Table 4 Atomic coordinates (x104) and equivalent isotropic displacement
parameters (Å2x103) for Rb4P2S10 at 150(2) K with estimated standard
deviations in parentheses.
Label

x

y

z

Occupancy

Ueq*

Rb(1)

534(1)

512(2)

1671(1)

1

31(1)

Rb(2)

972(1)

2114(2)

4618(1)

1

18(1)

Rb(3)

3522(1)

1497(2)

7(1)

1

30(1)

Rb(4)

4014(1)

2909(2)

2847(1)

1

28(1)

Rb(5)

6522(1)

3147(2)

3572(1)

1

29(1)

Rb(6)

7632(1)

2982(2)

1380(1)

1

25(1)

S(1)

706(2)

1127(4)

3213(1)

1

26(1)

S(2)

794(2)

7031(3)

4590(1)

1

18(1)

S(3)

1010(2)

5907(3)

780(1)

1

17(1)

S(4)

1118(2)

4916(4)

2609(1)

1

26(1)
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Label

x

y

z

Occupancy

Ueq*

S(5)

1838(2)

4632(3)

1350(1)

1

20(1)

S(6)

1875(2)

274(3)

687(1)

1

17(1)

S(7)

1882(2)

6241(3)

2098(1)

1

27(1)

S(8)

2277(2)

1102(3)

2400(1)

1

21(1)

S(9)

2429(2)

3198(3)

3696(1)

1

17(1)

S(10)

2640(2)

6481(3)

56(1)

1

22(1)

S(11)

3937(2)

3282(4)

1389(2)

1

30(1)

S(12)

4849(2)

4995(4)

4051(2)

1

32(1)

S(13)

5470(3)

4080(6)

29(3)

1

85(2)

S(14)

5722(3)

4615(6)

932(2)

1

64(2)

S(15)

5746(2)

2784(4)

2126(2)

1

36(1)

P(1)

1646(2)

7826(3)

238(1)

1

13(1)

P(2)

1708(2)

2413(3)

3008(1)

1

14(1)

P(3)

5062(2)

2498(4)

1372(2)

1

29(1)

*

Ueq is defined as one third of the trace of the orthogonalized Uij tensor.

Table 5 Selected bond lengths [Å] for Rb4P2S10 at 150(2) K with estimated
standard deviations in parentheses.
Label

Distance

Label

Distance

Rb(1)-S(8)

3.325(2)

Rb(6)-S(7)#8

3.759(2)

Rb(1)-S(6)

3.352(2)

Rb(6)-S(15)

3.761(3)

Rb(1)-S(4)#1

3.400(3)

S(1)-P(2)

2.010(3)

Rb(1)-S(1)

3.588(2)

S(1)-Rb(6)#8

3.633(3)

Rb(1)-S(2)#1

3.708(2)

S(1)-Rb(1)#10

3.713(3)

Rb(1)-S(1)#1

3.713(3)

S(2)-P(1)#5

2.009(3)

Rb(1)-S(5)

3.718(2)

S(2)-Rb(2)#11

3.525(2)

Rb(1)-S(7)#2

3.821(3)

S(2)-Rb(2)#4

3.685(2)

Rb(1)-S(4)

3.826(3)

S(2)-Rb(6)#9

3.685(3)
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Label

Distance

Label

Distance

Rb(1)-S(3)#2

3.913(2)

S(2)-Rb(1)#10

3.708(2)

Rb(2)-S(1)

3.326(2)

S(3)-S(5)

2.055(3)

Rb(2)-S(6)#3

3.343(2)

S(3)-P(1)

2.171(3)

Rb(2)-S(3)#3

3.403(2)

S(3)-Rb(2)#6

3.403(2)

Rb(2)-S(2)

3.411(2)

S(3)-Rb(2)#10

3.526(2)

Rb(2)-S(9)

3.477(2)

S(3)-Rb(1)#11

3.913(2)

Rb(2)-S(2)#2

3.525(2)

S(4)-S(7)

2.041(3)

Rb(2)-S(3)#1

3.526(2)

S(4)-P(2)

2.171(3)

Rb(2)-S(2)#4

3.685(2)

S(4)-Rb(1)#10

3.400(3)

Rb(2)-S(10)#3

3.848(3)

S(4)-Rb(6)#9

3.707(3)

Rb(3)-S(6)

3.423(2)

S(5)-S(7)

2.056(3)

Rb(3)-S(12)#6

3.441(3)

S(5)-Rb(5)#9

3.694(2)

Rb(3)-S(9)#6

3.445(2)

S(6)-P(1)#2

2.009(3)

Rb(3)-S(11)

3.456(3)

S(6)-Rb(2)#6

3.343(2)

Rb(3)-S(13)#7

3.509(5)

S(6)-Rb(5)#8

3.439(2)

Rb(3)-S(12)#8

3.549(3)

S(7)-Rb(5)#9

3.488(3)

Rb(3)-S(14)#7

3.747(4)

S(7)-Rb(6)#9

3.759(2)

Rb(3)-S(13)

3.761(5)

S(7)-Rb(1)#11

3.821(3)

Rb(3)-S(10)

3.761(2)

S(8)-P(2)

1.988(3)

Rb(3)-S(10)#2

3.782(3)

S(8)-Rb(6)#8

3.548(2)

Rb(4)-S(8)

3.300(2)

S(8)-Rb(5)#8

3.758(2)

Rb(4)-S(12)

3.360(3)

S(9)-P(2)

2.011(3)

Rb(4)-S(11)

3.380(3)

S(9)-Rb(6)#9

3.312(2)

Rb(4)-S(15)#9

3.393(3)

S(9)-Rb(3)#3

3.445(2)
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Label

Distance

Label

Distance

Rb(4)-S(9)

3.464(2)

S(9)-Rb(6)#8

3.609(2)

Rb(4)-S(15)

3.497(3)

S(10)-P(1)

2.001(3)

Rb(4)-S(15)#8

3.565(3)

S(10)-Rb(6)#7

3.346(2)

Rb(4)-S(14)#8

3.633(5)

S(10)-Rb(5)#9

3.577(3)

Rb(5)-S(12)

3.383(3)

S(10)-Rb(3)#11

3.782(3)

Rb(5)-S(6)#9

3.439(2)

S(10)-Rb(2)#6

3.848(3)

Rb(5)-S(11)#8

3.454(3)

S(11)-P(3)

1.993(3)

Rb(5)-S(7)#8

3.488(3)

S(11)-Rb(5)#9

3.454(3)

Rb(5)-S(15)

3.516(3)

S(11)-Rb(5)#8

3.635(3)

Rb(5)-S(10)#8

3.577(3)

S(12)-P(3)#9

2.000(4)

Rb(5)-S(11)#9

3.635(3)

S(12)-Rb(3)#3

3.441(3)

Rb(5)-S(5)#8

3.694(2)

S(12)-Rb(3)#9

3.549(3)

Rb(5)-S(8)#9

3.758(2)

S(13)-S(13)#7

2.040(9)

Rb(6)-S(9)#8

3.312(2)

S(13)-S(14)

2.137(8)

Rb(6)-S(10)#7

3.346(2)

S(13)-Rb(3)#7

3.509(5)

Rb(6)-S(14)

3.521(5)

S(14)-P(3)

2.147(4)

Rb(6)-S(8)#9

3.548(2)

S(14)-Rb(4)#9

3.633(5)

Rb(6)-S(9)#9

3.610(2)

S(14)-Rb(3)#7

3.747(4)

Rb(6)-S(1)#9

3.633(3)

S(15)-P(3)

2.034(4)

Rb(6)-S(2)#8

3.685(3)

S(15)-Rb(4)#8

3.393(3)

Rb(6)-S(4)#8

3.707(3)

S(15)-Rb(4)#9

3.565(3)

P(1)-S(6)#11

2.009(3)

P(1)-S(2)#12

2.009(3)

P(3)-S(12)#8

2.000(4)
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Symmetry transformations used to generate equivalent atoms:
(1) -x,y-1/2,-z+1/2 (2) x,y-1,z (3) x,-y+1/2,z+1/2 (4) -x,-y+1,-z+1 (5) x,y+3/2,z+1/2 (6) x,-y+1/2,z-1/2 (7) -x+1,-y+1,-z (8) -x+1,y-1/2,-z+1/2 (9) x+1,y+1/2,-z+1/2 (10) -x,y+1/2,-z+1/2 (11) x,y+1,z (12) x,-y+3/2,z-1/2

Table 6 Selected bond angles [°] for Rb4P2S10 at 150(2) K with estimated
standard deviations in parentheses.
Label

Angles

Label

Angles

S(7)-S(4)-P(2)

108.11(13)

S(5)-S(3)-P(1)

106.68(12)

S(3)-S(5)-S(7)

106.85(13)

S(13)#7-S(13)-S(14)

93.1(4)

S(4)-S(7)-S(5)

105.24(13)

S(13)-S(14)-P(3)

105.9(2)

S(8)-P(2)-S(1)

115.68(14)

S(10)-P(1)-S(2)#12

115.95(13)

S(8)-P(2)-S(9)

112.59(13)

S(10)-P(1)-S(6)#11

111.55(13)

S(1)-P(2)-S(9)

114.16(13)

S(2)#12-P(1)-S(6)#11

116.51(12)

S(8)-P(2)-S(4)

107.15(12)

S(10)-P(1)-S(3)

107.75(12)

S(1)-P(2)-S(4)

94.59(13)

S(2)#12-P(1)-S(3)

95.69(11)

S(9)-P(2)-S(4)

110.96(13)

S(6)#11-P(1)-S(3)

107.44(12)

S(11)-P(3)-S(15)

116.28(17)

S(11)-P(3)-S(12)#8

110.69(16)

S(12)#8-P(3)-S(15)

116.48(17)

S(12)#8-P(3)-S(14)

107.17(19)

S(11)-P(3)-S(14)

111.2(2)

S(15)-P(3)-S(14)

93.26(18)

Symmetry transformations used to generate equivalent atoms:
(1) -x,y-1/2,-z+1/2 (2) x,y-1,z (3) x,-y+1/2,z+1/2 (4) -x,-y+1,-z+1 (5) x,y+3/2,z+1/2 (6) x,-y+1/2,z-1/2 (7) -x+1,-y+1,-z (8) -x+1,y-1/2,-z+1/2 (9) x+1,y+1/2,-z+1/2 (10) -x,y+1/2,-z+1/2 (11) x,y+1,z (12) x,-y+3/2,z-1/2
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Table 7 Atomic coordinates (x104) and equivalent isotropic displacement
parameters (Å2x103) for Rb3Ag9P4S16 at 295(2) K with estimated standard
deviations in parentheses.
Label

x

y

z

Occupancy

Ueq*

Rb(1)

5686(2)

2353(1)

1165(1)

1

21(1)

Rb(2)

720(2)

4604(2)

2500

1

22(1)

Ag(1)

198(2)

2428(1)

586(1)

1

45(1)

Ag(2)

937(10)

4359(5)

109(2)

0.5

97(2)

Ag(3)

392(2)

2121(1)

1869(1)

1

42(1)

Ag(4)

4897(2)

4832(1)

625(1)

1

30(1)

Ag(5)

5318(2)

4749(1)

1874(1)

1

32(1)

P(1)

112(4)

4767(2)

1216(1)

1

11(1)

P(2)

5247(6)

2500

0

1

12(1)

P(3)

5184(6)

2149(3)

2500

1

11(1)

S(1)

756(4)

3186(2)

1234(1)

1

17(1)

S(2)

1167(4)

5377(2)

722(1)

1

18(1)

S(3)

1566(4)

5497(2)

1648(1)

1

18(1)

S(4)

3049(4)

54(2)

1253(1)

1

16(1)

S(5)

1605(6)

7293(3)

2500

1

17(1)

S(6)

4043(4)

2818(2)

2029(1)

1

18(1)

S(7)

4178(6)

593(3)

2500

1

15(1)

S(8)

3375(4)

1545(2)

312(1)

1

20(1)

S(9)

7173(4)

3467(2)

308(1)

1

20(1)

*

Ueq is defined as one third of the trace of the orthogonalized Uij tensor.
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Table 8 Selected bond lengths [Å] for Rb3Ag9P4S16 at 295(2) K with estimated
standard deviations in parentheses.
Label

Distances

Label

Distances

Rb(1)-S(1)

3.308(3)

Ag(2)-S(9)#8

2.735(7)

Rb(1)-S(6)

3.354(3)

Ag(2)-Ag(4)

3.187(7)

Rb(1)-S(4)

3.365(3)

Ag(3)-S(3)#9

2.529(3)

Rb(1)-S(1)#1

3.393(3)

Ag(3)-S(6)

2.544(3)

Rb(1)-S(3)#2

3.406(3)

Ag(3)-S(5)#4

2.623(2)

Rb(1)-S(4)#3

3.519(3)

Ag(3)-S(1)

2.678(3)

Rb(1)-S(9)

3.539(3)

Ag(4)-S(2)

2.488(3)

Rb(1)-S(8)

3.571(3)

Ag(4)-S(9)

2.526(3)

Rb(1)-S(2)#2

3.577(3)

Ag(4)-S(4)#3

2.640(3)

Rb(2)-S(5)#4

3.269(4)

Ag(4)-S(8)#3

2.677(3)

Rb(2)-S(3)

3.333(3)

Ag(5)-S(4)#3

2.508(3)

Rb(2)-S(7)#6

3.348(4)

Ag(5)-S(7)#7

2.5263(18)

Rb(2)-S(5)

3.442(4)

Ag(5)-S(6)

2.629(3)

Rb(2)-S(7)#7

3.468(4)

Ag(5)-S(3)

2.689(3)

Rb(2)-S(6)#5

3.528(3)

P(1)-S(3)

2.036(4)

Rb(2)-S(6)

3.528(3)

P(1)-S(1)

2.038(3)

Rb(2)-Ag(5)#5

3.6996(16)

P(1)-S(4)#13

2.042(4)

Rb(2)-Ag(3)#5

3.8863(15)

P(1)-S(2)

2.065(4)

Ag(1)-S(8)

2.509(3)

P(2)-S(8)#11

2.035(3)

Ag(1)-S(9)#8

2.535(3)

P(2)-S(8)

2.035(3)

Ag(1)-S(1)

2.560(3)

P(2)-S(9)#11

2.056(3)

Ag(1)-S(2)#9

2.775(3)

P(2)-S(9)

2.056(3)

Ag(1)-Ag(2)

3.025(7)

P(3)-S(6)#5

2.039(3)
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Label

Distance

Lable

Distance

Ag(2)-Ag(2)#10

2.160(13)

P(3)-S(6)

2.039(3)

Ag(2)-S(8)#11

2.455(6)

P(3)-S(5)#14

2.045(5)

Ag(2)-S(2)

2.569(6)

S(7)-Ag(5)#2

2.5263(18)

P(3)-S(7)

2.066(5)

S(7)-Ag(5)#14

2.5263(18)

S(1)-Rb(1)#8

3.393(3)

S(7)-Rb(2)#4

3.348(4)

S(2)-Ag(1)#13

2.775(3)

S(7)-Rb(2)#14

3.468(4)

S(2)-Rb(1)#3

3.577(3)

S(8)-Ag(2)#11

2.455(6)

S(3)-Ag(3)#13

2.529(3)

S(8)-Ag(4)#2

2.677(3)

S(3)-Rb(1)#3

3.406(3)

S(9)-Ag(1)#1

2.535(3)

S(4)-P(1)#9

2.042(4)

S(9)-Ag(2)#1

2.735(7)

S(4)-Ag(5)#2

2.508(3)

S(5)-P(3)#7

2.045(5)

S(4)-Ag(4)#2

2.640(3)

S(5)-Ag(3)#13

2.623(2)

S(4)-Rb(1)#2

3.519(3)

S(5)-Ag(3)#6

2.623(2)

S(5)-Rb(2)#6

3.269(4)

Symmetry transformations used to generate equivalent atoms:
(1) x+1,y,z (2) -x+1,y-1/2,z (3) -x+1,y+1/2,z (4) -x,y-1/2,-z+1/2 (5) x,y,-z+1/2
(6) -x,y+1/2,-z+1/2 (7) -x+1,y+1/2,-z+1/2 (8) x-1,y,z (9) -x,y-1/2,z (10) -x,-y+1,z (11) x,-y+1/2,-z (12) -x+1,-y+1,-z (13) -x,y+1/2,z (14) -x+1,y-1/2,-z+1/2
Table 9 Selected bond angles [°] for Rb3Ag9P4S16 at 295(2) K with estimated
standard deviations in parentheses.
Label

Angles

Label

Angles

S(8)-Ag(1)-S(9)#8

132.82(10)

S(8)#11-Ag(2)-S(2)

137.2(3)

S(8)-Ag(1)-S(1)

114.78(10)

S(8)#11-Ag(2)-S(9)#8

121.5(3)

S(9)#8-Ag(1)-S(1)

106.08(9)

S(2)-Ag(2)-S(9)#8

91.65(19)

S(8)-Ag(1)-S(2)#9

84.60(9)

S(3)#9-Ag(3)-S(6)

143.12(10)
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Label

Angle

Label

Angle

S(9)#8-Ag(1)-S(2)#9

108.49(9)

S(3)#9-Ag(3)-S(5)#4

96.15(10)

S(1)-Ag(1)-S(2)#9

103.31(9)

S(6)-Ag(3)-S(5)#4

102.27(10)

S(6)#5-P(3)-S(7)

106.55(15)

S(3)#9-Ag(3)-S(1)

100.15(9)

S(6)-P(3)-S(7)

106.55(15)

S(6)-Ag(3)-S(1)

86.76(9)

S(5)#14-P(3)-S(7)

113.1(2)

S(5)#4-Ag(3)-S(1)

138.61(11)

P(1)-S(1)-Ag(1)

108.06(13)

S(2)-Ag(4)-S(9)

142.75(9)

P(1)-S(1)-Ag(3)

120.07(14)

S(2)-Ag(4)-S(4)#3

108.55(9)

Ag(1)-S(1)-Ag(3)

126.12(10)

S(9)-Ag(4)-S(4)#3

100.58(9)

S(3)-P(1)-S(2)

110.60(16)

S(2)-Ag(4)-S(8)#3

103.04(9)

S(1)-P(1)-S(2)

109.10(15)

S(9)-Ag(4)-S(8)#3

97.15(9)

S(4)#13-P(1)-S(2)

108.00(16)

S(4)#3-Ag(4)-S(8)#3

94.50(9)

S(8)#11-P(2)-S(8)

108.6(2)

S(4)#3-Ag(5)-S(7)#7

133.58(11)

S(8)#11-P(2)-S(9)#11

113.40(11)

S(4)#3-Ag(5)-S(6)

117.42(9)

S(8)-P(2)-S(9)#11

107.22(11)

S(7)#7-Ag(5)-S(6)

103.80(10)

S(8)#11-P(2)-S(9)

107.22(11)

S(4)#3-Ag(5)-S(3)

92.13(9)

S(8)-P(2)-S(9)

113.40(11)

S(7)#7-Ag(5)-S(3)

103.80(10)

S(9)#11-P(2)-S(9)

107.1(2)

S(6)-Ag(5)-S(3)

96.79(9)

S(6)#5-P(3)-S(6)

113.8(2)

S(3)-P(1)-S(1)

109.19(15)

S(6)#5-P(3)-S(5)#14

108.44(15)

S(3)-P(1)-S(4)#13

108.30(16)

S(6)-P(3)-S(5)#14

108.44(15)

S(1)-P(1)-S(4)#13

111.64(15)

Symmetry transformations used to generate equivalent atoms:
(1) x+1,y,z (2) -x+1,y-1/2,z (3) -x+1,y+1/2,z (4) -x,y-1/2,-z+1/2 (5) x,y,-z+1/2
(6) -x,y+1/2,-z+1/2 (7) -x+1,y+1/2,-z+1/2 (8) x-1,y,z (9) -x,y-1/2,z (10) -x,-y+1,z (11) x,-y+1/2,-z (12) -x+1,-y+1,-z (13) -x,y+1/2,z (14) -x+1,y-1/2,-z+1/2
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Table 10 Atomic coordinates (x104) and equivalent isotropic displacement
parameters (Å2x103) for Rb2AgPS4 at 293(2) K with estimated standard
deviations in parentheses.
Label

x

y

z

Occupancy

Ueq*

Ag(1)

3608(1)

4133(1)

9174(1)

1

17(1)

Rb(1)

2530(1)

7296(1)

3992(1)

1

14(1)

Rb(2)

2473(1)

9802(1)

8110(1)

1

20(1)

S(1)

-2540(2)

7690(2)

6003(2)

1

12(1)

S(2)

2100(2)

5597(2)

7161(2)

1

13(1)

S(3)

-2539(2)

8684(2)

8788(2)

1

11(1)

S(4)

-2199(2)

3714(2)

8744(2)

1

11(1)

P(1)

-1329(2)

6441(2)

7658(2)

1

9(1)

*

Ueq is defined as one third of the trace of the orthogonalized Uij tensor.

Table 11 Selected bond lengths [Å] for Rb2AgPS4 at 293(2) K with estimated
standard deviations in parentheses.
Label

Distances

Label

Distances

Ag(1)-S(2)

2.4724(14)

Rb(2)-S(1)#0

3.4967(15)

Ag(1)-S(3)#0

2.5667(13)

Rb(2)-S(4)#0

3.5421(15)

Ag(1)-S(4)#0

2.5829(14)

Rb(2)-S(3)#0

3.8686(15)

Ag(1)-S(4)#0

2.8364(14)

S(1)-P(1)

2.0229(18)

Rb(1)-S(2)

3.2638(14)

S(1)-Rb(1)#0

3.4142(15)

Rb(1)-S(4)#0

3.3650(15)

S(1)-Rb(1)#0

3.4416(15)

Rb(1)-S(1)

3.3689(15)

S(1)-Rb(2)#0

3.4967(15)

Rb(1)-S(1)#0

3.4143(15)

S(2)-P(1)

2.0600(18)

Rb(1)-S(3)#0

3.4205(14)

S(2)-Rb(1)#0

3.4337(15)

Rb(1)-S(2)#0

3.4337(15)

S(2)-Rb(2)#0

3.7169(16)

Rb(1)-S(1)#0

3.4416(15)

S(3)-P(1)

2.0529(17)

Rb(2)-S(4)#0

3.3169(14)

S(3)-Ag(1)#0

2.5667(13)
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Label

Distance

Label

Distance

Rb(2)-S(3)#0

3.3577(16)

S(3)-Rb(2)#0

3.3577(16)

Rb(2)-S(2)

3.4614(16)

S(3)-Rb(1)#0

3.4206(14)

Rb(2)-S(3)

3.4763(16)

S(3)-Rb(2)#0

3.8686(15)

S(4)-Rb(1)#0

3.3649(15)

S(4)-P(1)

2.0575(16)

S(4)-Rb(2)#0

3.5421(15)

S(4)-Ag(1)#0

2.5829(14)

S(4)-Rb(2)#0

3.3169(14)

S(4)-Ag(1)#0

2.8364(14)

Symmetry transformations used to generate equivalent atoms:
(1) x+1,y,z (2) -x+1,y-1/2,z (3) -x+1,y+1/2,z (4) -x,y-1/2,-z+1/2 (5) x,y,-z+1/2
(6) -x,y+1/2,-z+1/2 (7) -x+1,y+1/2,-z+1/2 (8) x-1,y,z (9) -x,y-1/2,z (10) -x,-y+1,z (11) x,-y+1/2,-z (12) -x+1,-y+1,-z (13) -x,y+1/2,z (14) -x+1,y-1/2,-z+1/2

Table 12 Selected bond angles [°] for Rb2AgPS4 at 293(2) K with estimated
standard deviations in parentheses.
Label

Angles

Label

Angles

S(2)-Ag(1)-S(3)#0

128.17(5)

S(1)-P(1)-S(3)

109.47(7)

S(2)-Ag(1)-S(4)#0

113.55(4)

S(1)-P(1)-S(4)

111.82(8)

S(3)#0-Ag(1)-S(4)#0

109.91(4)

S(3)-P(1)-S(4)

109.01(7)

S(2)-Ag(1)-S(4)#0

123.55(4)

S(1)-P(1)-S(2)

109.29(7)

S(3)#0-Ag(1)-S(4)#0

76.36(4)

S(3)-P(1)-S(2)

109.76(8)

S(4)#0-Ag(1)-S(4)#0

96.65(4)

S(4)-P(1)-S(2)

107.46(7)

Symmetry transformations used to generate equivalent atoms:
(1) x+1,y,z (2) -x+1,y-1/2,z (3) -x+1,y+1/2,z (4) -x,y-1/2,-z+1/2 (5) x,y,-z+1/2
(6) -x,y+1/2,-z+1/2 (7) -x+1,y+1/2,-z+1/2 (8) x-1,y,z (9) -x,y-1/2,z (10) -x,-y+1,z (11) x,-y+1/2,-z (12) -x+1,-y+1,-z (13) -x,y+1/2,z (14) -x+1,y-1/2,-z+1/2

