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ABSTRACT

SYNTHESIS AND CHARACTERIZATION OF NOVEL CHALCOPHOSPHATE
MATERIALS

By
Matthew A. Gave

Metal chalcophosphate compounds have received significant attention due to
the presence of some industrially relevant physical properties such as spontaneous
ferroelectric ordering,!-3 reversible phase changes,* nonlinear optical properties,3 and
photoconductivity.6 These compounds contain a chalcogenide (Q = S, Se, or Te) that
is directly bonded to oxidized phosphorous to form various [P,Qy]* anions. The
identity and relative concentration of the metal ion has a dominant effect on the
structure and properties of the resultant compound, and is not simply a requirement
for charge balance.

In this work, several novel chalcophosphate materials are presented, and some
insights are provided into the nature of the molten reactions that form them. The

novel compounds have the general formula MM’ [P,Qy] where M = Cu, Ag2 Tl1,7 K8,

or Cs, M’ =Bi or Hg, and Q = S, or Se. The synthetic conditions required to
produce each compound are detailed and so are the structural features of the
crystallographic refinement. These crystalline compounds are also characterized by
other spectroscopic techniques including Uv/vis and Raman, thermal analysis, and
electronic structure calculations.

The reactions to produce these compounds were characterized by high
temperature nuclear magnetic resonance, and from these data, the presence of a

significant quantity of free radicals in the melts and syntheses of chalcophosphate-



containing materials is demonstrated. Additionally, the melt was found to have
relatively low viscosity, and there was evidence that the species that exist in the
molten liquid have small (several A) radii and may be related to the species that are

observed in the room temperature crystalline compounds.
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LIST OF TERMS AND ABBREVIATIONS

Ferroelectric — Ferroelectricity results when displacement of charged ions results in an
overall dipole moment. This situation arises when ions cooperatively move in the same
direction. This can occur spontaneously, from the inter-ionic forces, or due to the
application of a coercive electric field.

Antiferroelectric — Antiferroelectricity results when the displacement of multiple charged
ions results in a canceling of the dipole moment that would be produced if only one of the
mobile ions were present.

Ferrielectric — Like ferroelectricity, ferrielectricity is a dipole moment that results from
motion of ions. With ferrielectricity, there are multiple ions that move in such a way that
the dipole moment is partially, but not fully, canceled out.

Spontaneous polarization — Spontaneous polarization is when ferro- or ferri- electricity
occurs in the absence of a coercive electric field.

Photoelectric response — When light impinges on material, some electrons are released
from the surface of that material. This effect is the photoelectric response.

SHG - Second harmonic generation is a non-linear optical process that results in the
wavelength of light being halved. Two photons with a given wavelength are effectively
combined into one photon with half of the initial wavelength.

Flux — A flux is an inorganic solvent and is typically solid at room temperature. The
purpose of using a flux is to increase the mobility of the reactants by providing a
relatively non-viscous liquid in which the reactants can diffuse. The composition of the
flux can be tailored to alter the chemical properties of the melt, i.e. Lewis acidity or
basicity

NMR - Nuclear magnetic resonance.

EPR - Electron paramagnetic resonance.

DTA - Differential thermal analysis.

SOJT - Like the first order Jahn Teller distortions, second order Jahn Teller distortions
involve a reduction in orbital degeneracy. The distortion in both cases occurs because
degenerate orbitals are unevenly occupied. For first order distortions, the degeneracy

occurs between orbitals on the same atom. In the second order case, the orbitals are
located on two different, but proximate, atoms.

XX



CHAPTER 1

INTRODUCTION



The earliest example of high temperature synthesis of inorganic materials is from
the Bronze Age, perhaps 4000 B.C. By trial and error, copper was mixed with other
metals such as tin and arsenic and heated over a flame to form new alloys with superior
physical properties. High temperature or solid state chemistry continues to contribute to
the development of new inorganic materials including semiconductors, high performance
refractory ceramics, and superconductors. Despite the long history of solid state
chemistry, discovery of new compounds and materials is still accomplished primarily
with exploratory synthesis; i.e. trial and error variation of the elemental stoichiometry and
heating profile.

Patterns of reactivity in solid state reactions have been derived empirically
following the high temperature synthesis by considering the results of a reaction
retroactively. Though this may be perceived as a limitation to the chemistry that the
chemistry can only be understood by trial-and-error, it is also a tremendous asset because
exploratory synthesis remains crucial to discovering compounds with unimagined
structures and physical properties.

Much as they have been for the past 6 millennia, many solid state materials are
produced through high temperature syntheses. These syntheses may or may not be done
at a high enough temperature to melt any of the reactants. True “solid state™ reactions
that do not involve melting the reactants have pejoratively described as “heat-and-beat”
or “shake-and-bake” methods because this type of synthesis often involves prolonged
times at high temperature, followed by grinding in a mortar and pestle, and repeating this
procedure until a homogenous final product is formed. In binary solid state reactions, the

product compound is formed at the interface between the two solids. In order for the



reaction to go to completion, interfaces between the reactants must be replenished until
no starting material remains.! For this reason, the repeated cycle of heating and grinding
is necessary.

Though this repeat cycle is somewhat limiting because the reactions can take a
significant amount of time to go to completion, it has the benefit of providing convenient
points throughout the reaction where reaction progress can be monitored. For example,

the kinetics of the reaction between NiO and Al,O5 to form NiAl,O4 are known to obey

elementary reaction kinetics.! This determination was feasible because it was possible to
identify and quantitate the reactants and the products at various points in the reaction
progress.

In syntheses where the reactants are in the molten state, the pathway of the
reaction is potentially much different, and the identification of the species present is
inherently much more challenging due to the difficulty of applying spectroscopic or
diffraction-based techniques at high temperature. There is typically no experimental data
about the species that exist at high temperature and this lack of data is a contributing
factor to the poor understanding of the reaction chemistry whenever melting is involved
in the reaction. A few noteworthy reports have been published using high temperature X-
ray diffraction,2-5> Raman®9 electron paramagnetic resonance (EPR),!0-14 and nuclear
magnetic resonance (NMR)15-20 and these experiments provided some information about
the identities of the species present during the course of the reactions at high temperature.

Relative to melt chemistry, reactions in the solution phase may be more
predictable because the molecular reactants tend to remain relatively intact in the course

of the reaction. The primary goal of the solution phase synthesis is to link these building



blocks together and to make other modifications to the molecular structure or other
modifications to the functional groups. For example, a common way to synthesize target
peptides is to sequentially link together the requisite amino acids.2! Because many solid
state reactions either use elemental starting materials or provide sufficient energy to break
apart molecular precursors, there is often little predictability of the high temperature

chemistry. For example, crystalline P4S; is a molecular super tetrahedron composed of

four comer shared PS, tetrahedra and has been used as a reactant in a number of

syntheses,22-24 but this supertetrahedral structural moiety has not been observed in any
solid state product compounds. Presumably, this moiety cannot exist in a high
temperature melt although this hypothesis has not been confirmed experimentally.
Recently, so called flux methodologies have been developed, and offer more
control over solid state syntheses that are molten. Fluxes are solvents in which reactions
may proceed. These tend to be liquids at high temperature but solids near room
temperature. Some recent examples are alkali metal chalcogenide fluxes,25 alkali metal
polychalcophosphate fluxes,26 and alkali metal halide fluxes.228 The composition of
the flux can be varied to tailor the properties of the flux to produce a desired compound.
For example, in reactions utilizing the alkali metal polychalcophosphate flux method, the
amount of excess elemental P relative to the metal and chalcogen can be changed to

affect the stabilization of more oxidized P-containing species (i.e [PQ4]3- with a P>*) or a
less oxidized P-containing species (i.e. [P,Qg]4- with two P4*). With this increased

relative amount of P, the oxidizing chalcogen is putatively used up before all of the P
atoms can be oxidized to the 5+ oxidation state, and instead have only been oxidized to

the 4+ oxidation state. Having such control over the reaction allows for certain aspects of



the structure of the resultant product to be targeted, and therefore the trial-and-error
methodology is somewhat enhanced.

The structures of these compounds contain an assortment of [Pny Z-(Q =S, Se,
Te) anions, and some ability to choose the type of anion present in the final compound
has been demonstrated by varying the reaction stoichiometry, or by related flux
methodologies.!5:26,29 It was proposed that the products formed in these reactions may
be affected by the equilibrium between [P,Qy]* anions, and therefore this particular type
of solid state synthesis may have some resemblance to solution chemistry because of the
presence of a small number of discreet species that exist at high temperature.

Chalcophosphate materials are excellent candidates for the elucidation of
chemical reactivity and reaction mechanisms due to the following: (1) it has been
proposed that the flux stoichiometry affects the dynamic equilibrium between various
chalcophosphate moieties, and this equilibrium is potentially measurable or its effects
observed, 26 (2) many of the reactions result in highly crystalline products that can be
characterized crystallographically and, (3) there is an abundance of 3!P in the melts and
resultant compounds and so 3!P nuclear magnetic resonance can be used to provide
structural information at room temperature and up to ~600 °C.30-32

Various chalcophosphate compounds are interesting not only because of the
possibility of providing some information about the underlying reaction mechanisms of
solid state or melt chemistry but also because of potentially useful physical properties
such as ferroelectric ordering,33-38 reversible glass-to-crystalline phase changes,!5,39-42

and magnetic phenomena.43-45



In this work, several new compounds and their physical properties are presented
and insights into the underlying reaction mechanisms are proposed. In Chapter 2, the
new compounds CuBiP,Seq, AgBiP,Se¢,and AgBiP,S¢ are presented, and the Cu/Bi
antiferroelectric sublattice ordering is discussed.35 In Chapter 3, The new compounds
Tl3Bi3(PS4)4, TIBiP,S;, TIBiP,S¢, TI3Bi(PS4),, o-TIBiP,Seq, and B-TIBiP,Seq are
presented, and the reaction stoichiometries required to produce each as the dominant
crystalline compound are given.#6 In Chapter 4, ultra high field (21 T) NMR
measurements of some of the reported TVBi/P/S compounds are displayed.4” In Chapter
5, the new compounds K3Bi3(PSy4)4, K| sBiy 5(PS4); and KgBi(PS,)4 are presented, and
the modulated crystalline structure of K sBij 5(PS4)3 is detailed.48 In Chapter 6,
materials related to the mineral argyrodite are presented, and the composition dependant
phase change that occurs is compared to the existing Argyrodite materials where the
phase change occurs as a function of temperature. In Chapter 7 the new compound
Cs4P,Se is presented, and this is the first new compound that was discovered by in situ
high temperature NMR syntheses.4® In Chapter 8, evidence for the presence of
significant concentrations of free radicals in chalcogenide-containing melts is given, as
well as discussions into the potential of these radicals to play a significant role in
synthetic reactions.>0 In Chapter 9, the high temperature NMR data are compared in
reference to the available room temperature 3!P NMR data, and some conclusions about
speciation in the melt are drawn. In Chapter 10, solid solutions of Cu3PSe4 S, and

Fe,P,Seq xSy are presented, and the distribution of the chalcogen atoms is discussed.
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CHAPTER 2

ON THE LAMELLAR COMPOUNDS CuBiP,Seq, AgBiP,Seg AND AgBiP,Sq.

ANTIFERROELECTRIC PHASE TRANSITIONS DUE TO COOPERATIVE Cu*
AND Bi3* ION MOTION.
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INTRODUCTION

Alkali metal selenophosphate compounds with group 15 elements such as
AMP,Seg (A =K, Rb, Cs, M = Sb, Bi) exhibit closely related structures with a covalently
bonded anionic [MP,Seg]- framework and alkali metals as counterions.!2 There have
been several discussions in the literature regarding the influence of cation size on the
structure of the anion which highlight the general tendency that for a given stoichiometry,
larger counterions favor lower dimensionality in the the anions.2# Alkali metal
interactions with the 1/,[BiP,Seg]!- framework are predominantly electrostatic in nature.

In the case of KSbP,Segq three different interconvertible forms (a-, f- and amorphous)

were identified.! The conversion from one form to another is connected to the ability of
K* ions to move inside the structure. Given the same ionic charge of coinage metals (i.e.
Cu, Ag) with those of the alkali ions, it is often useful to consider the former as pseudo
alkali ions. Therefore, in general it becomes interesting to explore the relationship of
alkali metal compounds to analogous compounds with Cu and Ag. By substituting the
less electropositive Ag or Cu for an alkali metal, significant changes in the crystal and
electronic structure are expected not only due to the counterion effect4 but also due to the
stronger Ag-Q and Cu-Q interactions compared to the electrostatic A-Q interactions (Q =
chalcogen element). This is clearly manifested in marked reductions in size of the energy
band gap as observed for example in Ay sM; 75GeQ4 (A = Ag, Cu, Na; M =Pb, Eu; Q =
S, Se).5 Exploring coinage metal/alkali metal interactions could allow the manipulation

of structures and the possible tuning of the optical and electronic properties.
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In this context, we targeted for study CuBiP,Se¢, AgBiP,Seg4, and AgBiP,S4. The
first two phases have been described briefly and were claimed to possess
photoconductive properties, however, structural characterization has not been reported.t
Furthermore, Cu and Ag in these types of compounds can become mobile and cause the
materials to undergo unusual phase transitions. This is observed in the related layered
compounds of CulnP,Sg,7-11 CulnP,Seq,12-14 AgAIP,Seq,13 CuCrP,Seq,!2:13 and
CuVP,S4.8:15 These compounds show interesting physical properties such as ferri- and
ferroelectricity with high spontaneous polarization,14:.16,17 as well as strong second

harmonic generation, 10 and photoelectric response.5:18:19

Here we describe CuBiP,Seq, AgBiP,Seq, and AgBiP,S4 which represent the
coinage metal analogs of the ABiP,Qg group. The stronger and more covalent
interactions of Cu* and Ag* ions with the framework [BiP,Seg]!- coupled with their
small size, results in a distinctly different lamellar motif from those of the alkaline metal
counterparts. Interestingly, CuBiP,Seq exhibits temperature induced anti-ferroelectric
phase transitions associated with motion of Cu* ions in the structure whereas AgBiP,Seg

is already at this anti-ferroelectric state at room temperature.

EXPERIMENTAL SECTION
Reagents

Chemicals were used as obtained unless otherwise noted: bismuth chunks
(99.999%, Tellurex Inc., Traverse City, MI.), selenium shot (99.999%, Tellurex Inc.,

Traverse City, MI), sulfur (sublimed flowers, Alfa Aesar, Ward Hill, MA), phosphorous
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(amorphous red, MCB Reagents, Gibbstown, NJ), electrolytic copper dust (Fisher
Scientific, Pittsburgh, PA), and silver powder, prepared as below. Selenium and bismuth
were ground in an agate mortar and pestle to ~100 mesh.
Synthesis

Preparation of Silver Powder: Silver powder was prepared by cutting a silver
coin (31g) into centimeter sized pieces, which were subsequently dissolved in 200mL
concentrated nitric acid by stirring overnight. The solution was then neutralized by
addition of ammonium hydroxide. Finely divided silver particles were obtained after
addition of 10g of sodium borohydride to the solution which were isolated by filtration,
washed with water, and dried in a 100°C oven.

CuBiP;Seg: A mixture of Cu (0.1580 g. 2.5 mmol), Bi (0.5179 g. 2.5 mmol), P
(0.1549 g. 5.0 mmol), and Se (1.1816 g. 15.0 mmol) was loaded into a fused silica tube
and flame-sealed at a reduced pressure of <10 mbar. The mixture was heated to 700°C
over 12h and held for 12h, followed by cooling to 50°C at a rate of 15°C/h. An
inhomogeneous grey metallic ingot (approximately 80% product, 20% BiySe3 / CuzPSey)
was isolated that fractured into graphite like layers composed of air-stable black plates.
Microprobe analysis of single crystals gave an average composition of

Cuj oBij oP22Sesg. Attempts to prepare the related compound CuBiP,Sg compound

were unsuccessful.

AgBiP,Ses: A mixture of Ag (0.2532 g., 2.35 mmol), Bi (0.4918 g., 2.35 mmol),
P (0.1466 g. 4.7 mmol), and Se (1.1205 g. 14.2 mmol) was loaded into a fused silica tube

and flame-sealed at a reduced pressure of <104 mbar, and was heated with the same
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profile as above. An inhomogenous grey metallic ingot (approximately 80% product,
20% AgBiSe,) was isolated that fractured into graphite like layers composed of air-stable
black plates. Microprobe analysis of single crystals gave an average composition of
Ag).1Bij gP oSes 9.

AgBiP,S4: A mixture of Ag (0.1803 g., 1.7 mmol), Bi (0.3463 g., 1.7 mmol), P
(0.1565 g. 5.1 mmol), and S (0.3203 g. 10.0 mmol) was loaded into a fused silica tube
and flame-sealed at a reduced pressure of <104 mbar. The mixture was heated to 850°C
over 12h and kept there for 24h, followed by cooling to 50°C at a rate of 15°C/h. A
homogenous grey metallic-like ingot was obtained, but was coated with amorphous red
phosphorous powder. Upon fracturing, the ingot cleaved in a graphite-like manner to
form black plates. Microprobe analysis gave an average composition of
Ag) oBi} oP2.1S6.0- The phase was pure by powder X-ray diffraction, although it is likely
that some amorphous elemental phosphorous was present. A similar synthesis with Cu

instead of Ag did not result in the compound CuBiP,Sg.

Powder X-ray Diffraction

All samples were assessed for phase purity using powder X-ray diffraction.
Powder patterns were obtained using an Inel CPS 120 powder X-ray diffractometer with
monochromatized Cu Ka radiation (A = 1.540598 A) operating at 40 kV and 20 mA
equipped with a position-sensitive detector with a 26 range of 0 - 120° and calibrated

with a LaBg standard.
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Single Crystal X-ray Diffraction

Intensity data for single crystals of CuBiP,Seq and AgBiP,Seq were collected on

a Bruker SMART platform CCD diffractometer using Mo Ka radiation operating at 40
kV and 40 mA. The crystals were manually isolated from the reaction ampoule.
Individual frames were collected with a 10 s exposure time and a 0.3° omega rotation.
The SMART software was used for data collection, and SAINT software was used for
data extraction and reduction. An analytical absorption correction to the data was
performed and direct methods were used to solve and refine the structures with the
SHELXTL20 software package.

Intensity data for AgBiP,S¢ was collected on a Stoe IPDS II diffractometer with

Mo Ka radiation operating at 50 kV and 40 mA on with a 34 cm image plate. The crystal
used for data collection was manually isolated from the reaction ampoule. Individual
frames were collected with a 60 s exposure time and a 0.5° omega rotation. The X-
SHAPE and X-RED?! software packages were used for data extraction and reduction and
to apply an analytical absorption correction. The SHELXTL software package was used
to solve and refine the structure. The parameters for data collection and the details of the
structural refinement can be found in Table 2-1 and the fractional atomic coordinates for

each compound are shown in In all cases the atoms were refined to full occupancy.
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Table 2-1. Crystallographic data, experimental and refinement Details for the CuBiP,Seg, AgBiP,Seg, and

AgBiP,S.
CuBiP,Seg CuBiP;Seg CuBiP,Seg AgBiP,Seq AgBiP,S¢
Temperature, 298 173 97 298 298
Crystal system Trigonal Rhombohedral Rhombohedral Rhombohedral Triclinic
Space group P-31c R-3 R-3 R-3 P-1
A, A Mo Ka) 0.071073 0.071073 0.071073 0.071073 0.071073
a,A 6.5410(9) 6.5591(10) 6.5532(16) 6.6524(13) 6.3833(13)
b, A 6.5410(9) 6.5591(10) 6.5532(16) 6.6524(13) 7.1439(14)
c,A 13.263(3) 79.385(18) 39.762(13) 39.615(15) 9.5366(19)
a, ® 90 90 90 90 91.89(3)
B,° 90 90 90 90 91.45(3)
Y, ° 120 120 120 120 94.05(3)
Z 2 12 6 6 2
digerzsstizlns, 0.18x0.18 x 0.16x0.15x 0.16 x0.15 x 0.24x0.22 x 031x0.18 x
mm 0.04 0.02 0.02 0.07 0.09
Dy g/cm3 5.462 5.445 5.445 5.595 4377
K, mm-1 42.513 42.381 42.383 41.116 24.26
Rine % 5.8 6.5 5.8 5.8 32
total
reflections/ 1678/220 8151/1626 2947/799 3000/498 4155/2136
independant
ﬁnalo/ng’ 5.5/13.9 9.11212 5.011.7 4.59.9 4292

8 R =E(F| - [FIV/EIF ). Ry = [EW(F| - [F)Z/ZwIF 2112

Table 2-2. Fractional atomic coordinates and U(eq) values for CuBiP,Seq at 298 K with standard
deviations in parenthesis.

atom x y z Ueqa Symmetry
Bi 1.3333 0.6667 0.75 15(1) 2d
Se 1.3322(3) 0.3031(3) 0.6180(1) 20(1) 12i
Cu 1 1 0.75 186(8) 2a
P 1.6667 0.3333  0.6652(6) 10(2) 4f

a U(eq) = (ZinUijai‘aj‘ai'aj)/fi x 1000
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Table 2-3. Fractional atomic coordinates and U(eq) values for CuBiP;Seg at 173 K with standard
deviations in parenthesis.

atom b3 y z U‘,qa Symmetry
Bi(l) _ 0.6667 03333 0.0412(1) 17(1) 6c
Bi(2) 0.3333 -0.3333  0.1222(1) 15(1) 6¢c
Se(l)  0.7200(4) 0.0410(4) 0.1031(1)  19(1) 18f
Se2)  1.0312(4) 0.7015(4) 0.0196(1)  22(1) 18f
Se(3)  0.3503(4) 0.00994) 0.1473(1)  16(1) 18f
Se(4)  1.0271(4) 0.3363(4) 0.0638(1)  20(1) 18f
P(1) 13333 0.6667 0.0558(1) 152) 6
P(2) 0.6667 0.3333 0.1385(1) 11(2) 6¢
P(3) 0.6667 03333 0.11041) 13(2) 6c
P(4) 13333 0.6667 0.0275(1)  14(2) 6c
Cu(l) 2 1 0.1369(2) 91(4) 6¢
Cu(2) 0 0 0.04303)  178(9) 6c

a U(eq) = (Ei}:jUija.i‘aj‘ai'aj)B x 1000

Table 2-4. Fractional atomic coordinates and U(eq) values for CuBiP,Seg at 97 K with standard deviations
in parenthesis.

atom X y z Ueqa Symmetry
Bi 0 0 0.0907(1) _ 10(1) 6c
Se(1) 0.3761(2) 0.3877(2) 0.1273(1)  12(1) 18f
Se(2) 0.3389(2) 1.02302) 0.0386(1)  9(1) 18f
Cu(l) 0.3333 0.6667 0.0535(1)  13(1) 6¢
Cu(2) 03333 06667 0.0761(13) 47(9) 6¢
P(1) 0.6667 0.3333 0.1128(1) 9(1) 6¢
P2) 06667 13333  00561(1)  7(1) 6c

a U(eq) = (XiZjUijai*aj"ai‘aj)B x 1000

Table 2-S. Fractional atomic coordinates and U(eq) values for AgBiP,S¢ at 298 K with standard
deviations in parenthesis.

atom X y z U‘,qa Symmetry
Bi 0 0 0.0880(1) _ 23(1) 6c
Se(1)  0.37492) 0.3761(2) 0.1278(1)  26(1) 18f
Se(2)  0.3431(2) 0.03282) 0.037%(1)  24(1) 18f
P(1) 0.6667 0.3333  0.0555(2) 18(1) 6c
PQ2) 0.6667 03333  0.11232)  18(1) 6c
Ag(l) 03333 -03333  00723(1)  64(1) 6c

8 U(eq) = (ZiZ;Ujj2{*j*2; 2;)/3 x 1000
Electron Microscopy
A JEOL JSM-35C scanning electron microscope equipped with a Tracor Northern
energy dispersive spectroscopy detector was used for quantitative microprobe analysis.

Data were collected using an accelerating voltage of 25 kV and a collection time of 60 s.
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Differential Thermal Analysis

Differential thermal analyses were performed with a Shimadzu DTA-50 thermal
analyzer. A portion of the ingot obtained from the reaction weighing ~ 25mg was finely
ground and sealed in a quartz ampoule under reduced pressure. An equivalent mass of
alumina was sealed in an identical ampoule to serve as a reference. The samples were
heated to 800 °C at a rate of 10 °C/min, cooled to 150 °C at a rate of 10 °C/min, reheated
to 800 °C at a rate of 10 °C/min, and then cooled to room temperature at a rate of 10

°C/min.

Solid State UV/Vis Spectroscopy

Optical band gaps were determined using Kubelka-Munk theory?2-24 on data
collected by diffuse reflectance UV/Vis spectroscopy on finely ground sample portions of
the ingot at room temperature. A background was collected before each scan using

BaSO4. A spectrum was collected for the region of 200-2500 nm with a Shimadzu UV-

3101 PC double-beam, double-monochromator spectrophotometer.

Method of electronic structure calculations

Electronic structure calculations were performed using the self-consistent full-
potential linearized augmented plane wave method (LAPW)25 within density functional
theory (DFT),26:27 using the generalized gradient approximation (GGA) of Perdew,
Burke and Ernzerhof for the exchange and correlation potential 28 The values of the

atomic radii were taken to be: 1.8 a.u. for P atoms, 2.2 a.u. for Se and Cu atoms, and 2.6
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a.u. for Bi atoms, where a.u. is the atomic unit (0.529 A). Convergence of the self-
consistent iterations was performed for 20 k points inside the irreducible Brillouin zone
to within 0.0001 Ry with a cutoff of -6.0 Ry between the valence and the core states.
Scalar relativistic corrections were included and a spin-orbit interaction was incorporated

using a second variational procedure.29 The calculations were performed using WIEN2K

program.30

RESULTS AND DISCUSSION
Syntheses

CuBiP,Seg and AgBiP,Seq formed as black crystal plates that were manually

isolated from the reaction ampoule. It was not possible to obtain pure compounds as the

former always contained Bi,Se; and Cu3PSey4 and the latter AgBiSe, as minor phases.
Presumably, some phosphorous in the reaction to produce AgBiP,Se¢ was either
vaporized or remained attached to the walls of the reaction vessel, thus allowing for the
mixture of the target phase as well as a phosphorous-poor ternary phase. The bulk
samples were grey metallic in appearance and broke into graphite-like layers upon
cracking. In our hands, a procedure given for these compounds in an earlier report could
not be repeated.®

Neither the use of P,Ses nor RbCVLiCl flux were successful in producing pure
phases of the desired compounds. In each attempt, as much as a 20% Bi;Se3/Cu3PSe, or
AgBiSe, impurity was found by powder X-ray diffraction. Attempts to prepare

CuBiP,Seq and AgBiP,Seg by quenching stoichiometric melts to room temperature or in
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ice water were not successful in producing the desired product as a single phase and
resulted only in known binary/ternary compounds. The persistent impurities are likely
the result of their extreme stability.

CuBiP,Seq and AgBiP,Seq are semiconductors with a room temperature energy
gap Eg of 1.2 and 1.4 eV respectively, Figure 2-1A,B. Bi;Se; present in CuBiP,Seg has
a band gap of 0.35 eV and is likely the cause of the high residual absorbance below the
band gap of CuBiP,Seq. The other impurity phase, Cu3PSey, has a band gap of 1.3 eV
and, therefore, the absorption edge is nearly collinear with the absorption edge of
CuBiP,Se¢. AgBiSe, is an impurity in AgBiP,Segq and has a band gap of 0.5 eV which
can be seen at lower energy than the absorption edge of the AgBiP,Seg. The suitable
energy gap and high crystal symmetry could result in stable photoexcited carriers with
high mobility. Preliminary reports suggest that these materials can generate photoexcited
carriers.5 Therefore these systems could be attractive for investigations as possible solar

energy materials. The band gaps of the related KBiP,Seq phases are somewhat larger

than those reported here at 1.6 eV for the a- and 1.3 eV for the - phase.3!
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Figure 2-1 The optical absorption spectra of (A) CuBiP,Seg, (B) AgBiP,Se¢ and (C) AgBiP,S¢. The high
residual absorbance below the band gap in (A) is likely the result of a BipSe3 impurity. The residual
absorbance in (B) is the result of AgBiSey, and the residual absorbance in (C) is likely Bi;S3.

DTA analysis of sample portions of the ingot containing CuBiP,Seq and

AgBiP,Seg melt incongruently at 475 °C and 480 °C, respectively. A broad endothermic
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region in both cases suggested that the title phases form a eutectic mixture with the
corresponding impurity phases. No deviation was observed from the baseline at the
melting points of the impurities. Powder X-ray diffraction of the sample portion after
two heating cycles indicated that the title compounds were obtained in approximately the
same yield and were accompanied by the same impurities.

The synthesis of AgBiP,S¢ could only be accomplished in the presence of an
additional equivalent of phosphorous. In each attempt with the stoichiometric ratio of the
elements, phosphorous was oxidized to the 5+ state and produced ternary compounds
containing [PS4]3- units (e.g. Ag7PSg, AgiPS4). Apparently, the extra equivalent of
phosphorous helps to achieve the P4* containing [P,S¢]4- anions from which AgBiP,S¢
could form. The material was found to melt at 590 °C by DTA. A parallel attempt to
produce CuBiP,S¢ using extra phosphorous in the synthesis was not successful, instead
producing the very stable phases Cu3PS; and BiPS;. A band gap of 1.7 eV was

determined spectroscopically for AgBiP,Sg, Figure 2-1C.

Structure Description

Not surprisingly, the phases reported here do not adopt the same structure as their
alkali containing analogs KBiP,;Ses and RbBiP,Seq which feature pseudo one-
dimensional structures. Because of the smaller size of Cu* and Ag* ions, the [BiP,Seg]!"
anion favors a two-dimensional structure that interacts strongly with the coinage metals
and “traps” them inside it. This structure is similar to other Cu and Ag selenophosphates

containing group 13 metals (e.g. A3+, In3* etc).
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CuBiP,Ses and AgBiP;Ses: These compounds have the lamellar Fe,P,Seg
structure type. This structure is a modification of the Cdl, structure where !/3 of the
metal sites are replaced with a [P,Sec]4- anion with the P-P bond axis along the layer
normal. Each layer has the thickness of one [P»Seg]4- unit, and the structures contain

well defined van der Waals gaps. Because of differences in the stacking sequence (i.e.
positions on the slabs relative to each other) the two compounds are not isomorphous
and, at room temperature, adopt hexagonal and rhombohedral space groups respectively.

The structures are closely related to those of CuCrP,Seg and CulnP,Seg with the
same [P,Seg]4 anion lattice bridged by the metal cations. This Fe,P,Se¢ slab motif is
generally adopted by compounds with transition M2+ metal ions, or a combination of
M*/M3+ ions (e.g. Cw/Al, Ag/In, Cu/Cr etc.) which have no valence electrons (i.e. have a
dosOp0 configuration). When transition M2* metals are replaced with main group
elements, which formally possess ns? configuration (e.g. Pb2*, Sn2*), the lamellar
M,P,Seg structure type changes to a three-dimensional one.32.33  Therefore it is
interesting that in CuBiP,Seq and AgBiP,Seq where an intermediate situation exists i.e.
half the metal sites are Bi>* (6s2) the lamellar Fe,P,Se motif is preserved.

The [P,Seg]* anions in the room temperature structure of CuBiP,Ses and
AgBiP,Se¢ are bridged by an ordered arrangement of alternating coinage metal and
bismuth metal centers, Figure 2-2. Each anion has three coinage metal and three bismuth
ions as its nearest metal neighbors, Figure 2-3. The Cu* ions in CuBiP,Seq have an

octahedral coordination environment of Se atoms, Figure 2-4A. This is unusually high for
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Cu since it is well known that in chalcogenides, Cu prefers low coordination sites such as
tetrahedral, trigonal planar or even linear. In fact, by inspecting the results of the crystal
structure refinement, there is strong evidence that the apparent high coordination
environment of Cu is misleading. As suggested by the very high anisotropic thermal
parameter of Cu* ions, Uy = Uyp = 175(11), and U353 = 209(18), it is likely that this is the
result of dynamic averaging due to atomic motion in an oversized cavity. This suggests
that the actual position of Cu is a disordered arrangement of various off-center positions.

By moving off center, the Cu* ions can achieve a lower coordination environment.
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Figure 2-2 The layered structures of (A) CuBiP,Seg and (B) AgBiP;Seq (room temperature) as viewed
down the [110] direction. Small hollow spheres are Cu(Ag) atoms, large hollow spheres are Bi atoms,

solid black spheres are P, and solid grey spheres are Se.
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Figure 2-3 View of a single CuBiP,Seg layer down the c-axis ([001] direction) showing the ordered

arrangement of the Bi3* and Cu* ions. The same arrangement exists in AgBiP,Seg.

Figure 2-4 The immediate coordination environment of (A) Cu® and (B) Bi3* in CuBiP,Se at room
temperature.
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The Bi site is nearly octahedral with Bi-Se bond lengths of 2.950(2)A, and Se-Bi-
Se bond angles ranging from 88.37(6)° to 91.79(7)°. The so-called 6s? lone pair on Bi is
thus not stereochemically expressed, Figure 2-4. The expression of the lone pair would
be manifested as a distortion of the octahedral Bi-Se coordination. The P-Se distance is
2.187(3) A, and the P-P distance is 2.251(16) A. In contrast to the Cu analog, Ag* ion
disorder is not evident in AgBiP,Seq where these ions are already situated in an off-
center position inside a Se-based octahedron.

The positions of Ag* ions in AgBiP,Seq are distorted from an octahedral

environment by an elongation of three of the Ag-Se bonds, thus shifting the Ag* ions

along the c-axis away from the center of the layer by 0.4 A, Figure 2-5A. All Ag* ions

are ordered at room temperature, in contrast to the disorder observed in CuBiP,Seg,

described above. The Bi site is a slightly distorted octahedron with Bi-Se bond lengths of
2.9487(15) A to 2.9550(15) A and Se-Bi-Se angles ranging from 79.70(5)° to 95.35(4)°,
Figure 2-5B The Bi3* ions are shifted only 0.2A off the center of the octahedron in the
opposite direction along the layer normal of the Ag* ions, Figure 2-5B. The 6s2 lone pair
of Bi seems to be stereochemically expressed, as evidenced by the slight distortion of the
Bi coordination environment from the ideal octahedron. The Ag-Se bond lengths are
2.762(2)A, with presumably weak bonding to the other side of the Se cage 3.032(3)A
away. The P-Se distances range from 2.186(2) A to 2.193(2) A, and the P-P distance is

2.251(9) A.
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Figure 2-5. The immediate coordination environments of (A) Ag™ and (B) Bi3* atoms in AgBiP,Seg at
298K; (C) Cu and (D) Bi atoms in CuBiP,Se¢ at 97K.

Temperature Induced Cu* Sublattice Ordering
The oversized cavity of the Cu* ions in CuBiP,Seq and the possible dynamic

disorder in these cavities prompted us to investigate the possibility of ordering at lower

temperatures. For CuBiP,Seg we refined the structure at three different temperatures (97,

173 and 298 K) and indeed discovered ordering in the form of two well defined anti-

ferroelectric transitions as the Cu* ions move and settle off-center of the octahedral sites,

28



Figure 2-6.
The anti-ferroelectric order of Ag® ions observed in AgBiP,Ses at room
temperature is achieved in CuBiP,Seq as the sample is cooled to <97 K. On its way to

the fully ordered state the system passes through a series of intermediate structures with
some slabs being fully ordered and others disordered. The low temperature structure
(97K) has six layers per unit cell, Figure 2-6C. Adjacent layers are shifted with respect to

each other by 1/3 along the a- or b-axes.
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Figure 2-6. The (A) 298K (B) 173K, and (C) 97K structures of CuBiP,Seg viewed down the [110]
direction. The direction of the displacement of the copper atoms is indicated with a dashed arrow, and the
direction of the bismuth atoms is indicated with a solid arrow. The atoms in the layers marked with a

horizontal line have not yet ordered.

As the temperature is lowered from 298 K to 173 K a new unit cell with a six fold

superstructure along the c-axis was observed. The refinement of the structure at 173 K

suggested an intermediate structure in the phase transition as seen in Figure 2-6B. The
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Cu* ions in six of the twelve “CuBiP,Ses” layers move in a direction parallel to the c-
axis and towards the triangular face of the octahedral Se-cage. This motion is such that

Cu* ions in adjacent slabs move in opposite directions and towards the same van der
Waals gap. This results in an anti-ferroelectric arrangement. In the remaining layers, the
Cu* ions are still disordered within the selenium cage and exhibit a very high thermal
displacement parameter.

At 97 K, the transition of the Cu™ ions to a fully ordered state is nearly complete
with about 85% of the Cu* ions are in a well defined off-center position: 1.16 A away
from the center of the octahedron along the 3-fold axis, Figure 2-5C. The remaining 15%
of Cu* ions are still disordered within the layer as before, but have been omitted for
clarity, Figure 2-6C. Presumably at a lower temperature, all of the Cu* ions would be
ordered.

The Cu' ion motion creates a dipole moment inside the CuBiP,Seq slab and a
new trigonal pyramidal coordination environment with Cu-Se distances of 2.3917(17) A,
Figure 2-5C. The long Cu---Se distances to the opposite side are 3.544(1) A. Within a
single slab, all of the Cu* ions move the same direction, thus generating a dipole along
the direction perpendicular to that layer. At the same time, however, the Bi3* ions within
the same layer displace in a similar manner but in the opposite direction of the Cu* ions,
Figure 2-5D. This motion is possible presumably from the stereochemical expression of
the 6s2 electrons on Bi. The displacement of Bi3* ions is 0.31 A from the octahedral
center and it creates an almost equal but opposite dipole moment. It is interesting that

these ions which bear thrice the charge of the Cut ions move only about one third the
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- distance. This gives rise to a formal antiferrolectric arrangement inside the slab and
results in an intra-slab dipole moment cancellation.

Other examples where temperature dependent Cu atom ordering has been
reported, include CulnP,S¢ (315K),7-11.17  CuCrP,Seg (40K),!13 CulnP,Seq
(240K)8:13,14,17 and CuVP,Seq (20K).8:15 In CulnP,Seq, the motion of Cu* and In3*
ions is such that a net dipole moment remains and a ferroelectric phenomenon is
produced. The Cu* ions in CulnP,Seg move 1.18 A off center in the same direction
along the slab-normal, whereas the In3* ions do not move appreciably. This causes a net

dipole moment in the slab which then induces the corresponding moments in adjacent

slabs to align ferroelectrically.
At 1.16 A the magnitude of the displacement of the Cu* ions at room temperature in
CuBiP,Se¢ is comparable to that in CulnP,Ses. This large Cut ionic displacement in
CuBiP,Seg and in CuBiP,Seq may be attributed to the degree of covalency between the
Cu and Se atoms. The ordering at low temperatures is likely the result of a second order
Jahn-Teller coupling involving the copper d-orbitals, and the selenium orbitals (vide
infra).34-36

A conversion to a disordered arrangement of coinage metal was not evident in
either Ag analog. It is possible, however, that above room-temperature, a disordered
paraelectric phase exists. The reasons for the differences in behavior observed between
CuBiP,Seg (antiferroelectric) and CulnP,Seg (ferroelectric) could be traced to the
existence of the stereochemically active lone pair in Bi3*. The stereochemical expression

of this excess electron density along a particular direction from the Bi3* atom is the
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driving force for shifting it off the octahedron center, a counteraction that cancels the Cu-
induced dipole moment. The inability of In3* to behave similarly obviates the need for a
comparable shift in its octahedral cage, thereby allowing the Cu-induced dipole moments

to induce ferroelectric behavior in CulnP,Seq. This implies that in isostructural

CuMP,Se¢ systems (where M is trivalent metal) we could expect ferroelectric ordering

only when M lacks a ns2 lone pair and presents an exact size fit in the octahedral cage.

Structure of AgBiP,S¢

This compound, though layered, exhibits a different structure type, Figure 2-7.
Half of the [P,S¢]4- units lie with their P-P axis normal to the layer as in the structures
described above whereas the other half are rotated so their P-P bond axis is nearly
parallel to the layer, Figure 2-8. The [P,S¢]4- anion normal to the layer coordinates to
four Ag* and two Bi3* ions. The anions lying parallel coordinate to four Bi3* and two
Ag* ions. This is a contrast to the selenium-containing analog that has only a
perpendicular arrangement of [P,Seg]*- anions thus forming octahedral chalcogenide
cages, which in AgBiP,S¢ are absent. Ag" ions are instead coordinated by a highly
distorted tetrahedron of S atoms within the same layer, and have only weak Ag-S
interactions across the van der Waals gap, Figure 2-9A. The Bi3* ions are coordinated by
six S atoms with bond distances ranging from 2.752(2) to 3.106(2) A, Figure 2-9B. This
is a highly distorted coordination environment for Bi and clearly there is one side of the
coordination sphere that is devoid of S atoms. This suggests the inert lone pair (6s2) of

Bi is strongly stereo-chemically expressed. Of the Bi environments presented herein, this
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coordination geometry has the greatest degree of distortion. The S atoms spanning the
putative lone pair (S3, S5, S6) have large S-Bi-S bond angles of 129.57(6)° to 152.06(6)°.

The S-Bi-S angles that do not span the lone pair have smaller bond angles: 72.86(7)° to

88.77(6).°

Figure 2-8. View of a single layer of AgBiP,Sg. The P-P distance ranges from 2.212(4)A t0 2.225(5)A,
and the P-S distances range from 1.993(3) A to 2.044(3) A.
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(A)

Figure 2-9. The immediate coordination environments of (A) Ag* and (B) Bi3* in AgBiP,Sg.

The inability of AgBiP,S¢ to be isostructural to its Se analog could have its
origins in the large size of Bi for the available S-based octahedral cage as well as its
increased tendency to stereochemically expresses its lone pair of electrons. Being
smaller in size, the S atoms cannot fully satisfy the coordination shell of Bi resulting an a
highly distorted geometry. Differences in the observed bonding environment of Bi3*
ions in the sulfide and selenide containing structures are common as for example in Bi;S;
(distorted octahedral) vis a vis Bi,Se; (perfect octahedral). The large size of Bi3* ions
must play a dominant role to destabilize the Fe,P,Seg structure type given that the
analogous compounds with smaller In3*, AgInP,S¢,!3 is in fact structurally closely

related to AgBiP,Seg and not AgBiP,Se.

Electronic structure calculations

In order to understand the differences between the antiferroelectric (the structure
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at 97K) and paraelectric (the structure at 298K) phases of CuBiP,Seq we performed

electronic structure calculations for both forms. The band structure results show that both
phases are semiconductors, Figure 2-10A,B and Figure 2-11A,B. The paraelectric phase
is a direct band gap semiconductor with an energy gap of ~0.66eV at the I" point and also
has an indirect gap of the same size ~0.66eV with the valence band (VB) maximum along
the H-A direction of the Brillouin zone, Figure 2-10B. The antiferroelectric phase is an
indirect gap semiconductor with a much greater band-gap value of ~1.1eV, Figure 2-10A.
The substantial increase in the gap is due to the restructuring of the top VB states which
are shifted down in energy. There is, however, a modification of all the VB states in
going from the paraelectric to antiferroelectric phase, Figure 2-10B,A. The total energy
comparison shows that the antiferroelectric phase lies lower in energy by ~0.13eV/fu.

than the paraelectric phase (f.u.= CuBiP,Seg ). The VB maximum occurs along the I'-L

direction in the Brillouin zone of the antiferroelectric phase. This phase transition can be

classified as a second order Jahn-Teller distortion (see below).
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Figure 2-10. Band structure of CuBiP;Seg : (A)
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Figure 2-11. Total and partial atomic DOS: (A), (C), (E), (G), (I) antiferroelectric phase and (B), (D), (F),
(H), (J) paraelectric phase.
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In order to understand the atomic nature of the energy states we can inspect the
partial DOS. We find that the VB states between (-4.0eV, 0eV) have strong Cu d and Se
p hybridized character, Figure 2-11C,D,E, and F and to a smaller degree Bi p and Se p
hybridized character, Figure 2-11G,H. This suggests that there are strong covalent
interactions between the Cu-Se and Bi-Se atoms, consistent with the chalcophilic nature
of both metals. The paraelectric to antiferroelectric transition affects all the states (Cu d,
Se p, and Bi p). Namely, the conduction band states in the range (1.0eV, 5.0eV) consist
mostly of Bi p character with small contributions from P p character, Figure 2-11G,H. In
the (-3.0eV, 0eV) energy interval the Bi p states hybridize more extensively with the Se p
states in the antiferroelectric phase than in the paraelectric phase.

The DOS plots suggest that the observed electronic optical absorption observed in

the visible spectrum of CuBiP,Se¢ (and by extension for AgBiP,Seg) are mainly due to

excitations between filled Se based p-orbitals and vacant Bi-based p-orbital states. The
semiconducting energy gap is defined from the band maximum occurring along the I'-L
direction to the bottom of the unoccupied band at the I" point, leftmost arrow in Figure 2-
10A. There is however another closely lying direct energy gap at the I' point which is
only slightly larger at ~1.3 eV, right arrow in Figure 2-10A. It is possible that the
relatively sharp rise in optical absorption observed experimentally at ~1.45 eV (Figure 2-
1A) may involve both direct and indirect transitions given these similarly spaced energy
gaps. In fact, because the direct energy gap is expected to exhibit a greater absorption
probability than the slightly smaller indirect gap, we may expect decent
photoconductivity in these materials and this conclusion is consistent with the previously

reported results.6
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Since experimentally we observe a phase transition from the para- to
antiferroelectric state in the 298-97K temperature interval, we wanted to check the
relative stability of the antiferroelectric and hypothetical ferrielectric phases at OK. The
ferrielectric phase which is not observed is defined by a model in which all Cu* ions in
all layers move in the same direction along the c-axis so that the same Cu-Se bond
distances are achieved as in the antiferroelectric phase. Similarly, all Bi3* ions in every
layer are displaced in the opposite direction to the Cu* ions. We find that the total energy
of the ferrielectric phase is higher by ~0.19 eV/fu. This is consistent with the
experimental results showing that the antiferroelectric phase is the ground state.
Therefore, chemical bonding energetics dominates the Cu ion motion in CuBiP,Sey.

It is interesting to explore the driving force behind the off-center structural
instabilities of Cu(Ag) and Bi3* ions in these compounds. It is known that symmetry-
breaking instabilities can occur as a result of a second-order Jahn-Teller d10-s coupling
between the conduction and valence band states.37 Calculations carried out by Burdett
et. al.34 and Wei et. al.38 for instabilities in the tetrahedral and octahedral symmetries
support this idea. In the tetrahedral and octahedral symmetries the d-s mixing is not
allowed. The mixing is allowed only if distortions from these symmetries occur and is
accompanied by a lowering of energy. In contrast, in CuBiP,Se¢ which have trigonal
symmetry the d-s mixing is allowed even in the paraelectric (undistorted) phase, Figure
2-11J. The band calculation indicated only a small increase in the d-s mixing in the range
(-1.5 eV,-0.5 eV) for the antiferroelectric phase Figure 2-111. More importantly, as can be
seen from the DOS, the states responsible for the lowering in the energy of the

antiferroelectric phase involve mostly d-p mixing which is symmetry-allowed.
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Consequently, a second-order Jahn-Teller effect associated with the d-p mixing is
the driving force for the off-center displacement of Cu*(and Ag*) ions in these
compounds, which create 3 short Cu-Se2 bonds and 3 long Cu-Sel bonds. The
stabilization of the Sel p orbitals is then achieved by shorter Sel-Bi bonds due to the
concomitant Bi displacement in the opposite direction to Cu(Ag). The displacement of
the Bi atom in the opposite direction which tends to cancel the intra-layer dipole moment
is most likely assisted by the stereochemical expression of its 6s2 lone pair. The so-
called lone pair could then occupy the space opposite to the direction of motion.
Interestingly, in CulnP,Seg, which develops a ferroelectric phase, the lack of a lone pair
in In3+ significantly reduces the ion’s ability to shift in the opposite direction which fails
to cancel the incipient dipole moment created by the Cu* ions. The In3* ion moves by
0.2 A which is not adequate to cancel the much larger movement of 1.2 A of the Cu* ions
(i.e. a 6 fold difference). This compares with a 0.3 A shift for Bi3* against a ~4-fold
opposite shift (1.16 A) for Cu*.

Although the above considerations explain well the driving force for intra-layer
ordering, they do not address the issue of why an inter-layer antiferroelectric ordering of
the dipole moments associated with the Cu*(Ag*) and Bi3* displacements are observed.
It is clear that due to the displacement of the Cu*(Ag") and Bi>* ions in opposite
directions, the net dipole moment inside a single CuBiP,Seg slab is considerably reduced,
but perhaps not minimized. There is likely some residual dipole within a layer since the
motion of the Cu* and Bi3* ions does not differ by exactly a factor of three as the

difference in formal charge would dictate. This greatly reduces the dipole-dipole coupling
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between the layers which in general favors an inter-layer ferroelectric coupling.

In order to explore the origin of the antiferroelectric interlayer ordering (as seen in
experiment), we have carried out crystal orbital Hamilton population (COHP)3? analysis
of the Se-Se interlayer bonds. COHP partitions the band structure states into bonding,
nonbonding and antibonding character, whereas the integrated COHP (ICOHP) gives the
energy contribution of a bond to the total energy. We find that in the para and
ferroelectric phases, ICOHP is positive decreasing the total energy (indicating anti-
bonding character), whereas in the antiferroelectric phase ICOHP is small and negative
lowering the total energy. This suggests that the stability of the Se-:-Se interlayer van der
Waals contacts may be responsible for the observed antiferroelectric ordering in these

compounds.

CONCLUDING REMARKS
The coinage metal containing phases reported here are distinctly two-dimensional.
Although the dimensionality is invariant upon switching from copper to silver, substantial

differences exist between CuBiP,Seq and AgBiP,Seg with regard to the behavior of the
two metals in their respective compounds. The coinage metal interaction with the anionic
[BiP,Seg]1- framework is very strong relative to the corresponding alkali metal ABiP,Seg
analogs and, in fact, dominates the properties of the compounds. This includes a dramatic
reduction in the energy gap and a tendency for structural distortion. The [BiP;Seg]!"
framework adopts the lamellar Fe,P,Seg structure type motif which is apparently stable

enough to force the coinage metals, which tend to prefer lower coordination, into

octahedral sites of Se atoms. In turn, the coordination preference of the coinage metal is
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satisfied by a motion towards one of the faces of the Se-based octahedron. The apparent
tendency of the [BiP,Seg]!- framework to adopt the lamellar Fe,P,Seq structure type
suggests that smaller alkali metals such as Na* and Lit may produce isostructural
compounds to CuBiP,Seg and AgBiP,Se¢. A local dynamic hopping mechanism of Cu*t
ions is the basis for the antiferroelectric, second order Jahn-Teller type instability that sets
in with reduced thermal energy. A ferroelectric state in CuBiP,Seg fails to develop
because of counteracting opposite shifts in the Bi3* ion sublattice. Based on this work
we conclude that in the lamellar system CuMP,Seq (M=trivalent metal) several systems

could exhibit ferroelectric or antiferroelectric phenomena depending on the ability of M
to undergo local motion. It would be interesting to explore whether motional frustration

sets in due to competing interactions in mixed metal phases e.g. Culn;_,Bi,P,Seg.
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CHAPTER 3
WIDE COMPOSITIONAL AND STRUCTURAL DIVERSITY IN THE SYSTEM

TVBI/P/Q (Q =S, Se) AND OBSERVATION OF VICINAL P-T1J-COUPLING IN
THE SOLID STATE.
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INTRODUCTION

Bismuth chalcogenide compounds have a great deal of structural diversity due in
part to the flexibility of the coordination environment of Bi and the so-called inert lone
pair effect.1-7 In addition to the common octahedral coordination of Bi, examples of
trigonal pyramidal,8 square pyramidal,® and capped trigonal prismatic!® coordination
have been observed.!!-13 The bismuth chalcogenide building blocks can form various
modules which are subsequently assembled into more complex crystalline arrangements.
Examples of such assemblies can be seen in various homologous series, 1415 as well as in
the large class of minerals known as sulfosalts.16-19 The chalcophosphate anions are a
special class of chalcogenides with a broad reactivity and structural characteristics with

general formula of [PyQ,]* (Q=S, Se). They can be stabilized as alkali metal salts20,21

or a coordinating ligands to a variety of metal centers.22-29 Bismuth can bind to various
chalcophosphate ligands, as for example in the compounds KBiP,S4,30 KBiP,S¢3! and
K3Bi(PS4),32 which contain the [P,S7]%-, [P,Sg]4- and [PS4]3- anions, respectively. Each
anion can be selectively formed by slightly varying the reaction conditions, and a variety
of phases can therefore be rationally synthesized.33 In addition, chalcophosphate
compounds generally are semiconductors with medium to wide energy gaps and can
exhibit fascinating physical properties including pronounced photoconductivity, and
photorefractive properties34.35 pyroelectric and piezoelectric coefficients, and interesting
electro-optic and nonlinear-properties.36 Nevertheless, they are relatively little
investigated compounds.

Thallium is often thought of as a pseudo-alkali metal due to its monovalency and

similar ionic radius to potassium, however, with a lower electronegativity, the
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substitution of the former is expected to yield products that are less ionic in nature, and
therefore likely to feature stronger covalent bonding to the anionic framework. The
effect of increased covalency results in a marked reduction in the size of the forbidden
energy gap37-39 and therefore, the study of this interaction could allow for the tuning of
optical and electronic properties.

Because of the rich structural diversity of chalcophosphate phases and the
possibility of optical and electronic tunability, we targeted the system TI/Bi/P/Q (Q = S,
Se) for investigation. Here, we report six new thallium bismuth chalcophosphate
compounds which have 1-, 2- or 3- dimensional structures and span a range of optical
band gaps. The range of bonding modes of the chalcophosphate [(PxQy]* ligands
combined with the coordinative flexibility of both the TI* and Bi3+ cations allows for
rich structural chemistry in this system.

In previous studies, 3!P solid state NMR has been shown to provide definitive
structural information. Chemical shifts of selenophosphate compounds are strongly
dependent on the type of anion present,0 and 31P-31P dipolar coupling and 3!P chemical
shift anisotropy are dependent on the type of chalcophosphate ion.4! Although NMR
spectroscopy provides information about the types of ions present in a compound, it is
known that crystallographically inequivalent P atoms often have different chemical shifts
even when only a single type of chalcophosphate ion is present. The present work
provides evidence that different chemical shifts in compounds with the same anion do not

arise from distortions within the [P,Qy]* coordination geometry, but instead are
correlated with differences in [P,Qy]* ligand-to-metal ion coordination geometry. To

our knowledge, this work also provides the first example of splittings due to P-T1 J-
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coupling in the solid state and the first example of splitting from two-bond P-T1 J-

coupling.

EXPERIMENTAL SECTION
Reagents

Chemicals were used as obtained unless otherwise noted: bismuth chunks
(Tellurex Inc., Traverse City, MI, 99.999%), selenium shot (Tellurex Inc., Traverse City,
ML, 99.999%), phosphorous (MCB Reagents, Gibbstown, NJ, amorphous red), thallium
metal (ABCR, Karlsruhe, Germany, 99.999%), sublimed sulfur flowers (CCI, Vernon,
CA). Selenium and bismuth were ground in an agate mortar and pestle to ~ 100 mesh.

Phosphorous was freeze dried with benzene.

Synthesis

a-TIBiP,Seq [1]: A mixture of Tl (0.431g, 2.1 mmol), Bi (0.4408g, 2.1 mmol), P
(0.1309g, 4.2 mmol), Se (0.9989g, 12.6 mmol) was loaded into a fused silica ampoule
and flame sealed under a reduced atmosphere of ~ 104 mbar. After shaking to increase
homogeneity, the tube was loaded into a protective ceramic sheath and placed in a
furnace. The mixture was heated to 700 °C over 24 h, held there for 24 h, and then
cooled back to room temperature over a period of 96 h. A homogenous grey metallic
crystalline ingot was isolated that fractured like graphite to give air-stable black plates.
Energy dispersive spectroscopic (EDS) microprobe analysis of single crystals gave an

average composition of Tl; 5Bi; gP| ¢Seg 1.
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B-TIBiP,Seq [11]: A sample portion of [I] was loaded into a fused silica ampoule

and flame sealed under a reduced atmosphere of ~104 mbar. The ampoule was then
heated to 400 °C over 4 h, and held there for 22 d, and then qunched in air. A
homogenous grey metallic crystalline ingot was isolated that fractured like graphite to
give air-stable black plates. EDS Microprobe analysis gave an average composition of
T1, oBij oP2.05¢s5.6-

TIBiP,S¢ [1II]: A mixture of Tl (0.195g, 1.0 mmol), Bi (0.1990g, 1.0 mmol), P
(0.1768g, 5.7mmol), and S (13.4 mmol) was loaded into a fused silica ampoule and flame
sealed under a reduced atmosphere of ~104 mbar. After shaking to increase
homogeneity, the tube was loaded into a protective ceramic sheath and placed in a
furnace. The mixture was heated to 700 °C over 12 h, held there for 24 h, and then
cooled to room temperature over 12 h. An ingot with a silvery surface was obtained that
could be crushed to air stable red plates. EDS Microprobe analysis gave an average
composition of Tl oBi; oP2.2S6.4-

TI3Bi3(PSy)4 [IV]: A mixture of Tl (0.321g, 1.6 mmol), Bi (0.3288g, 1.6 mmol),
P (0.0649g, 2.1 mmol), and S (0.2861g, 8.9 mmol) was loaded into a fused silica ampoule
and treated as described above. The mixture was reacted with the same heating profile as
in [I]. A deep red crystalline ingot was isolated was composed of air-stable red plates.
Microprobe analysis gave an average composition of Tl ;Bij oP; 355 0.

TIBiP,S7 [V]: A mixture of Tl (0.2921g, 1.4mmol), Bi (0.2980g, 1.4 mmol), P
(0.0883g, 2.9mmol) and S (0.3201g, 9.7mmol) was loaded into a fused silica ampoule
and treated as described above. The mixture was heated to 550 °C over 3 h, held there

for 2 h, and then cooled to room temperature over 12 h. A silvery ingot was isolated was
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composed of air-stable red plates. Microprobe analysis gave an average composition of
Tl 0Bi; oP1.9S6.9-

TI3Bi(PSy); [VI]: A mixture of Tl (1.076g, 5.3mmol), Bi (0.3670g, 1.8mmol), P
(0.1083g, 3.5mmol), and S (0.4504g, 14.0mmol) was loaded into a fused silica ampoule
and and treated as described above. The mixture was then allowed to react with the same
heating profile as in [I]. A silvery ingot was isolated that fractured into bright red plates.
Microprobe analysis of several crystals gave an average composition of
Tl31Bij oP1 858.4-

Single crystals of TI3Bi(PS4); with high enough quality to obtain a satisfactory
refinement could not be obtained. Many crystals were screened, and all showed evidence
of twinning in the form of a rotational smearing of higher angle spots perpendicular to
(010), Figure 3-1. Presumably, each crystal that was mounted was a stack of plates with

a slight rotation from one plate to the next.

\

(B) 7

Figure 3-1 (A) The intensity weighted orthorhombic reciprocal lattice of TI3Bi(PS4)3 down b* indicating

the satellite reflections that could not be indexed with integral (hkl). (B) The view down the b* axis of the
orthorhombic and monoclinic cells that were used to attempt to model TI3Bi(PSy)3.
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It was possible to index the data with a monoclinic cell with a = 25.314(5) A, b=
6.660(1) A, ¢ = 17.950(1) A, B = 110.67(3)°>, Z =8, V =2831.6(13) A3. A solution in
the P2;/c space group was found that shows the same zig-zag [Bi(PS4),],3" chains as in
K3Bi(PS4)4.32 The model did not converge as was evidenced by a relatively high
reliability factor (~12%), negative thermal parameters, and high residual peaks of
electron density. Furthermore, the model suggested a positional disorder of the Bi3+ ions
down the chain axis that resulted in a 50% occupation of the Bi3+ ions in each of two
different sites. The space group P2 was also tested to verify that the 50%/50% disorder
was not a result of an artificial symmetry restriction. A significant improvement in
reliability statistics was not obtained.

A view of an intensity weighted reciprocal lattice suggested that the monoclinic
cell might not have been the most appropriate choice, as it was possible to index a
smaller orthorhombic cell that was close to the cell of the potassium analog3? with a
superstructure or modulation vector to describe the remaining reflections. An
orthorhombsic unit cell with a = 8.973(2) A, b = 6.653(1) A, and ¢ = 23.676(5) A was
used to describe the main reflections and the remaining reflections could be indexed
using a modulation vector of (1/2, 0, 1/2). This cell becomes the initial cell when
doubled in the a- and c- crystallographic directions and transformed to the monoclinic
setting. The refinement of the structure in the space group Pnma converged to a final R
value of about 8.8% but a suitable super-space group could not be found that modeled the
satellite reflections. The K-analog has P2;2,2; symmetry, a space group which is a
minimal non-isomorphic subgroup of Pnma. Although a convergent model was obtained

using P2,2,2,, it did not result in a significant decrease in reliability statistics and again,
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it was not possible to find a suitable corresponding super spacegroup. The cell obtained
by doubling the a- and c- axes removes the need for the modulation vector and is the
orthorhombic translation of the above monoclinic cell, but no convergent model using
this doubled cell was found.

T14Biy(PS4)2(P3Ss) [VII]: Though the structure of [VII] was previously

reported,39 the authors made no attempt to optimize the synthesis. Crystals of [VII] were
obtained from a mixture of Tl (0.874, 4.3mmol), Bi (0.3670g, 2.1mmol), P (0.1990g,
6.4mmol), and S (0.4795g, 15.0mmol) was loaded into a fused silica ampoule and flame-
sealed under a reduced pressure of ~ 104 mbar. After shaking to increase homogeneity,
the tube was loaded into a protective ceramic sheath and placed in a furnace. The
mixture was then allowed to react with the same heating profile as in [I]. A homogenous
looking silvery ingot was isolated that fractured into bright red plates. Presumably a
minor amorphous P/S containing by product is present but could not be observed by X-

ray diffraction. EDS Microprobe analysis of several crystals gave an average composition

of Tl 3Bi; oP; 8511.1-

Powder X-ray Diffraction

All samples were assessed for phase purity using powder X-ray diffraction.
Powder patterns were obtained using an Inel CPS 120 powder X-ray diffractometer with
monochromatized Cu Ka radiation (4 = 1.540598 A) operating at 40 kV and 20 mA
equipped with a position-sensitive detector with a 26 range of 0 - 120° and calibrated

with LaBs,
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Single Crystal X-ray Diffraction

Intensity data for single crystals of [I] — [VI] were collected on a Bruker SMART
platform CCD diffractometer using Mo Ka radiation operating at 40 kV and 40 mA. A
full sphere of data was collected and individual frames were acquired with a 10 s
exposure time and a 0.3° omega rotation. The SMART software was used for data
collection, and SAINT software was used for data extraction and reduction. An
analytical absorption correction to the data was performed and direct methods were used
to solve and refine the structures with the SHELXTLA2 software package.

Intensity data for several crystals of [VI] were also collected on a Stoe IPDS II
diffractometer with Mo Ka radiation operating at 50 kV and 40 mA on with a 34 cm
image plate. Individual frames were collected with a 60 s exposure time and a 0.5°
omega rotation. The X-SHAPE and X-RED#3 software packages were used for data
extraction and reduction and to apply an analytical absorption correction. The
SHELXTL and JANA2000%4 software packages were used to solve and refine the
structure. The parameters for data collection and the details of the structural refinement
are given in Table 3-1. Atomic coordinates for [I}-[V] are displayed in Tables 3-2

through 3-6.
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Table 3-1. Crystallographic data, experimental and refinement details for the TI/Bi/P/Se and TV/Bi/P/S

compounds.
1] ] (1] (1v] (vl
a-TIBiP,Seq  B-TIBiPySeq  TIBiP,S¢ TI3Bi3(PS4)4 TIBiP»S7
Crystal system Monoclinic Monoclinic  Monoclinic Monoclinic Monoclinic
Space group P2y/c P2y/c P2 P2/c P2
A, A Mo Ka) 0.071073 0.071073 0.071073 0.071073 0.071073
a A 12.539(3) 12.250(2) 6.5967(12) 20.8189(7) 9.5028(17)
b, A 7.4990(18) 7.5518(15)  7.3749(14) 13.2281(3) 12.290(2)
¢, A 12.248(3) 22.834(5) 9.7911(18) 22.2029(7) 9.0771(16)
a,° 90 90 90 90 90
B,° 113.731(4) 97.65(3) 91.270(3) 117.896(2) 90.561(3)
Y,° 90 90 90 90 90
YA 4 8 2 8 4
Crystal 0.26x0.10x 0.10x0.08x 0.10x0.04 0.20 x 0.08 x 0.20 x 0.08 x
dimensions, mm 0.03 0.03 x 0.03 0.06 0.02
Dealc g/lem3 5.979 6.022 4.656 4614 4.384
p, mm-! 52.879 53.261 36.921 38.764 33.374
Rinp % 53 7 3.1 6.8 44
toal reflections/ 5337495 16039/5255  3068/1367  44454/12396  8406/1522
independent
final R/Rw, %2 4.0/9.8 4.1/7.1 2.3/5.1 4.6/9.9 1.9/4.0

AR = X(IF,| - IF)/ZIFyl. Ry, = [EW(IFy| - IF())2/EwIF12]1/2

Table 3-2. Fractional atomic coordinates and U(eq) values for a-TIBiP,Seg with standard deviations in

parenthesis.

atom X y z Ueqa

Bi 0.1206(1)  0.1500(1) 0.3404(1) 14(1)

Tl 0.4226(1) 0.5757(1) 0.6549(1) 20(1)
Se(1) 0.4128(1) 0.7343(1) 0.4013(1) 13(1)
Se(2) 0.3113(1) -0.0086(1) 0.5730(1) 14(1)
Se(3) 0.1683(1) 0.5097(1) 0.4384(1) 12(1)
Se(4) 0.3379(1) 0.1983(1) 0.3184(1) 13(1)
Se(5) 0.0568(1) 0.3126(1) 0.1124(1) 12(1)
Se(6) 0.1144(1) -0.1790(1) 0.1911(1) 12(1)
P(1) 0.2382(3) 0.6313(3) 0.3154(3) 10(D)
P(2) 0.2395(3) 0.0902(3) 0.6948(3) 10(1)

a U(eq) = (ZiZjUijai*aj*ai-aj)B x 1000
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Table 3-3. Fractional atomic coordinates and U(eq) values for B-TIBiP,Seg with standard deviations in
parenthesis.

atom X y z Ueqa
Bi(1) 0.2013(1) 0.6539(1)  0.0796(1) 12(1)
Bi(2) 0.0618(1) 0.1509(1) 0.1714(1) 13(1)
TI(3) -0.3379(1)  -0.0827(1) 0.0784(1) 15(1)
TI(4) 0.5826(1) 0.4076(1) 0.1744(1) 15(1)
Se(1) -0.0233(1) 0.8216(1)  0.0961(1) 11(1)
Se(2) 0.0517(1) 0.5042(1) 0.2177(1) 10(1)
Se(3) 0.7851(1) 0.7170(1)  0.2023(1) 11(1)
Se(4) 0.0013(1) 0.3103(1) 0.0575(1) 11(1)
Se(5) -0.1821(1) 0.2003(1)  0.1582(1) 11(1)
Se(6) 0.2782(1) 0.4943(2) -0.0345(1) 12(1)
Se(7) 0.4333(1) 0.6952(1)  0.0899(1) 11(1)
Se(8) 0.4579(1) 0.4922(2) 0.2891(1) 13(1)
Se(9) 0.2560(1) 0.8117(1)  0.1926(1) 11(1)
Se(10) 0.1992(1) 1.0057(1)  0.0323(1) 11(1)
Se(11) 0.4689(1) 0.2285(1)  0.0499(1) 11(1)
Se(12) 0.2768(1) 0.3163(1) 0.1541(1) 11(1)
P(1) -0.1448(3) 0.4039(4) 0.0967(2) 10(1)
P(2) 0.9177(3) 0.6268(4)  0.1559(2) 10(1)
P(3) 0.3359(3) 0.1245(4) 0.0927(2) 10(1)
P(4) 0.5979(3) 0.4038(4) 0.3468(2) 10(1)

8 U(eq) = iZjUjjai*aj*a;-2))/3 x 1000

Table 3-4. Fractional atomic coordinates and U(eq) values for TIBiP,S¢q with standard deviations in
parenthesis.

atom X y z Ue(ﬁ

Tl 0.1955(1) 0.1512(1)  0.0002(1) 19(1)

Bi -0.7058(1) 0.4030(1)  -0.5193(1) 13(1)
P(1) -0.3002(4) 0.1370¢5)  -0.1971(3) 10(1)
P(2) -0.1918(5) 0.3652(4)  -0.3242(3) 8(1)
S(1) -0.4433(4) 0.5538(4) -0.6965(3) 12(1)
SQ2) 0.3277(5) -0.2817(4)  0.0071(3) 14(1)
SQ3) -0.8419(5) 0.7509(4)  -0.4855(3) 11(1)
S@4) 0.4177(4) 0.0532(4)  0.3228(3) 10(1)
S(5) 0.0843(5) 0.4454(4)  0.2305(3) 13(1)
S(6) -0.9275(5) 0.4532(4)  -0.2443(3) 11(1)

a U(eq) = (ZiEjUijai*aj*ai-aj)B x 1000

Table 3-5. Fractional atomic coordinates and U(eq) values for Tl3Bi3(PS4)4 with standard deviations in
parenthesis.

atom X y z Ueq?

Bi(1) 0.6636(1)  0.2389(1)  0.3434(1)  28(1)
Bi(2) 0.8190(1)  0.7366(1)  0.6581(1)  26(1)
Bi(3) 0.8705(1)  0.3959(1)  0.0602(1)  25(1)
Bi(4) 0.7078(1)  0.1521(1)  0.0621(1)  27(1)
Bi(5) 0.6485(1)  0.6512(1)  0.9339(1)  28(1)
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Table 3-5 continued

Bi(6) 0.8062(1)  0.6101(1) 0.4352(1)  26(1)
TI(1) 0.5211(1)  0.0410(1)  0.1510(1)  54(1)
TI2) 04113(1)  0.2394(1)  0.3327(1)  82(1)
TI(3) 0.6264(1)  0.4588(1)  0.1431(1)  61(1)
TI4) 0.1379(1)  0.4876(1)  0.1505(1)  55(1)
TI(S) 0.8937(1)  0.1771(2)  0.8316(1)  154(1)
TI(6) 0.9909(1)  0.0377(1)  0.1551(1)  53(1)
S(1) 0.81093)  0.6054(3) 0.0628(2)  28(1)
S(2) 0.9366(3)  0.5496(3) 0.0182(3)  35(1)
S(3) 0.91403)  0.7088(3)  0.5467(3)  43(1)
S4) 0.7853(2)  0.6790(3) 0.9115(2)  24(1)
S(5) 09160(3)  0.4535(3) 0.4887(2) 31(1)
S(6) 0.85503)  0.2831(3)  0.9434(2)  39(1)
S(7) 0.7405(2)  0.0954(3) 0.9312(2) 29(1)
S@8) 0.8604(2)  0.3179(3) 0.5828(2)  24(1)
S(9) 0.5846(3)  0.4968(4)  0.9842(3)  40(1)
S(10) 0.70153)  0.0611(3) 0.4283(2) 31(1)
sa1) 0.6031(3)  0.2556(3) 0.9471(2)  30(1)
S(12) 0.7349(2)  0.1367(3)  0.5836(2)  24(1)
S(13) 0.5954(3)  0.5056(4)  0.5105(3)  38(1)
S(14) 0.6471(3)  0.6384(3) 0.4117(2)  25(1)
S(15) 0.76933)  0.9366(3) 0.0670(2)  34(1)
S(16) 0.6508(3)  0.7528(3) 0.0467(2)  31(1)
S(17) 0.9023(2)  0.5593(3) 0.7246(2)  30(1)
S(18) 0.96393)  0.7893(3) 0.7367(2)  41(1)
S(19) 0.01072)  0.3344(3) 0.1208(2)  28(1)
S(20) 0.08233)  0.5952(4) 0.8008(2)  35(1)
S@21) 0.6924(3)  0.0809(3) 0.2713(2)  29(1)
S(22) 0.8024(3)  0.1535(4) 0.2075(2)  38(1)
S(23) 0.62433)  0.1959(3)  0.1201(2)  29(1)
S(24) 0.72403)  0.3225(3) 0.2644(2)  38(1)
S(25) 0.6951(3)  0.8978(4) 0.7879(2)  36(1)
S(26) 0.7826(3)  0.9244(3) 0.6941(2)  37(1)
S@27) 0.7668(3)  0.8016(3)  0.2470(2)  32(1)
S(28) 0.87273)  0.6225(4) 0.3600(2)  45(1)
S(29) 0.6049(3)  0.8652(4) 0.2899(2)  35(1)
S(30) 0.5044(3)  0.8181(5) 0.3638(2) 43(1)
S(31) 0.57503)  0.0906(3)  0.7950(3)  43(1)
S(32) 0.5174(3)  0.3256(3) 0.7674(2)  33(1)
P(1) 0.8626(2)  0.6560(3) 0.0107(2)  22(1)
PQ2) 0.8443(2)  0.3480(3) 0.4861(2) 22(1)
P(3) 0.6544(3)  0.1094(3)  0.4860(2)  23(1)
P(4) 0.6643(3)  0.6107(3)  0.5090(2)  23(1)
P(5) 0.0149(2)  0.3472(3) 0.2143(2)  25(1)
P(6) 0.7123(3)  0.1866(3)  0.2166(2)  25(1)
P(7) 0.7776(3)  0.8498(3) 0.7718(2)  25(1)
P(8) 0.5054(2) 0.8183(3) 0.2723(2) 27(1)

2 U(eq) = EiZjUjjai*aj*a;-2;)/3 x 1000
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Table 3-6. Fractional atomic coordinates and U(eq) values for TIBiP,S7 with standard deviations in
parenthesis.

atom X y z Ueqa

Bi(1) 0.3411(1) 0.3622(1) 0.1199(1) 22(1)
T1(2) 0.8813(1) 0.1896(1) 0.3771(1) 36(1)
P(1) 0.7782(2) 0.6028(1) 0.5192(2) 14(1)
P(2) 0.6808(2) 0.4630(1) 0.2006(2) 14(1)
S(1)  0.1160(2) 0.2059(1) 0.1128(2) 21(1)
S(2)  0.1211(2) 0.4454(2) 0.2938(2) 21(1)
S(3) 0.4084(2) 0.1718(1) -0.0697(2) 19(1)
S@4)  0.7526(2) 0.4475(1) 0.4212(2) 19(1)
S(5) 0.5061(2) 0.5563(1) 0.1868(2) 20(1)
S(6) 0.1640(2) 0.4712(2) -0.0755(2) 20(1)
S(7) 0.6514(2) 0.3058(1) 0.1486(2) 19(1)

a U(eq) = (ZiZjUijai*aj*ai-aj)IB x 1000

Energy Dispersive Spectroscopy

A JEOL JSM-35C scanning electron microscope equipped with a Tracor
Northern energy dispersive spectroscopy detector was used for quantitative microprobe
analysis. Data were collected using an accelerating voltage of 25 kV and a collection

time of 60s and results were averaged over several sample areas.

Differential Thermal Analysis

Differential thermal analyses were performed with a Shimadzu DTA-50 thermal
analyzer. A ground sample weighing ~25mg was sealed in a quartz ampoule under
reduced pressure. An equivalent mass of alumina was sealed in an identical ampoule to
serve as a reference. The samples were heated to 850 °C at a rate of 10 °C/min, cooled to

150 °C at a rate of 10 °C/min, reheated to 850 °C at a rate of 10 °C/min, and then cooled

to room temperature at a rate of 10 °C/min.
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UV/Vis Spectroscopy

Optical band gaps were determined using Kubelka-Munk theory43-47 on data
collected by diffuse reflectance UV/Vis spectroscopy on finely ground samples at room
temperature. A background was collected before each scan using BaSO4. A spectrum
was collected for the region of 200-2500 nm with a Shimadzu UV-3101 PC double-beam,

double-monochromator spectrophotometer.

NMR Spectroscopy

Room temperature solid-state  NMR spectra were collected on a 94 T
spectrometer (Varian Infinity Plus) using a double resonance magic angle spinning
(MAS) probe. Samples were spun at frequencies ranging from 5 kHz to 15 kHz in
zirconia rotors of 4 mm outer diameter and with a ~50 pL sample volume. Bloch decay
spectra were taken with a 4 ps 90° pulse (calibrated using 85% H3;PO4) and with
relaxation delays ranging from 10 to 5000 s. Each spectrum was processed with < 100
Hz line broadening and up to a 10th order polynomial baseline correction. The spectra
were referenced to 85% H;PO, at O ppm.

Quantitative spectra were collected by ensuring that the pulse delay between
scans was at least 2-5 times T;. All of the compounds except [I] and [III] had T,
relaxation times in the range of 1500-1750 sec, which is typical for the chalcophosphate
compounds previously studied.43

Room temperature solid state NMR spectra of [VI] and [VII] were also collected

on a Bruker DSX300 NMR spectrometer using a double resonance magic angle spinning
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(MAS) probe with zirconia rotors of 4 mm outer diameter. Bloch decay spectra were

collected with a 4.5 ps 90° pulse and a relaxation delay of 2500 s.

RESULTS AND DISCUSSION
Syntheses
It was possible to form a-TIBiP,Seg [I] by direct combination of the elements.

The compound B-T1BiP,Seg¢ [II], however, was not formed directly from the melt but was

instead formed after annealing the a-phase for an extended time (~22 days) below the
melting point. Presumably, the a-compound is the kinetically stable one, whereas the -
phase is thermodynamically stable. The rotation of the chain (vide infra) that accounts
for the difference between the two compounds presumably has a high energy of
activation, and a short (i.e. several hours to several days) anneal time is insufficient to
affect such a conversion. Though the a-MBiP,Se¢ (M = K, TI) phases are isomorphous,
it is interesting to note that B-TIBiP,Seg and B-KBiP,Seg*9 are different structure types,
with the latter being formed after annealing a glass formed by rapid quenching. As in the
case of the K analog, it was possible to form a glass by quenching a stoichiometric melt
of TI/Bi/2P/6Se but after annealing the glass, the a-phase was again isolated. A TI*-
containing compound that is isomorphous to B-KBiP,Seg*? was not found.

Compounds [III] — [IV] have a 1:1 ratio of Tl to Bi. By slightly varying the
reaction conditions, it was possible to prepare each as the dominant crystalline phase.
Based on the experimental information we have gathered thus far, we can produce a
schematic reactivity table that places these compounds in a greater context as shown in

Figure 3-2.

61



T1,Bi,(PS,),(P,S,)

LT TI,Bi,(PS,),
R S (V]
Ratio of
TUBI/P/IS
S N '::Qdo o ?4/)’)706‘ Tq
- -
BiPS, o "TIBIPS,
: [
TI,Bi(PS,),

A\

Figure 3-2. Schematic of the optimized reaction conditions required to produce the known TVBi/P/S
compounds as the dominant crystalline product. The stoichiometric ratio, soak time, and soak temperature
are indicated.

It was initially a challenge to reproduce TIBiP,S7 as Tl;Bi3(PS4)4 often formed.
TIBiP,S5 [IV] was originally discovered reaction conditions identical to those used for a-
TIBiP,Se¢ [I] but with S instead of Se. The intended TIBiP,S¢ stoichiometry was not
produced by this reaction, but rather Tl3Bi3(PS4)4 [IV] was produced as the dominant

crystalline product. Although its presence could not be confirmed with powder X-ray
diffraction, T13Bi3(PS4)4 must have been accompanied by a glassy phase composed of
the two extra equivalents of both P and S. Upon further investigation, it was determined
that the additional P is not necessary to produce compound [IV] in pure form, but that
some additional S is essential. The optimized reaction conditions for producing

compound [IV] were determined to be 3TI/3Bi/4P/17S, that is, an extra equivalent of S.
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It is possible that the extra equivalent of S in the form of S,2- chains reduced the acidity

of the melt wherein compound [IV] could be formed. The metal to chalcogenide ratio is
extremely important in the melt, and changes of as little as 0.2 stoichiometric equivalents
were observed to have the marked effect of producing a completely different crystalline
compound.’0 A stoichiometric combination of 3TI/3Bi/4P/16S did not produce

compound [IV] but gave a product that contained a significant amount of TIBiP,S¢ [III]
along with BiPS4 as a minor phase. In terms of a 1:1 TL:Bi ratio, this results in a

deficiency of both P and S relative to the stoichiometry of the dominant crystalline
compound, suggesting that the S was consumed by oxidizing the metals before P could
be fully oxidized to the 5+ state. To produce compound [III] as the dominant crystalline
product, it was therefore necessary to employ a flux with limited acidity to stabilize the

[P,S6]4 unit. A reaction with the stoichiometric ratio of TI/Bi/6P/14S was subsequently

found to produce compound [III] as the sole crystalline product. Attempts to remove the
glassy impurities by washing with ethylenediamine, methanol, and ether resulted in a
product that was amorphous by powder X-ray diffraction suggesting that compound [III]
decomposes under such conditions.

TIBiP,S; [V] was formed from a stoichiometric mixture of the elements, but with

a heating profile that was both lower in temperature and shorter in time than any of the
other reactions. When slowly cooled, a mixture of TI/Bi/2P/7S produced mainly

compound [IV] but also some BiPS,. Presumably, compound [V] is more kinetically

stable and a more rapid cooling rate is necessary to avoid the more thermodynamically

stable compounds.
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It was also possible to prepare TlBi(PS;),(P,S¢)39 [VII] in pure form by adding
an additional equivalent of P (i.e. 2TU/Bi/3P/7S). The overoxidation of P to 5+ was
prevented by the extra phosphorous, and it was possible to stabilize both the P4+ and P5+

species in the compound.5!

Structure Description
a-TIBiP,Seg [I] and B-TIBiP,Seq [II]: a-TIBiP,Seq [I] is isomorphous with a-
KMPZSe652v53 (M = Sb, Bi), Figure 3-3. The structure is built up of [MP,Seg] layers

that are separated by TI* ions with a mean T1-Se distance of 3.34 A.

Figure 3-3. a-TIBiP;Seg [1] down the [010) direction showing the lamellae separated by a layer of TI* ions

with the double-chain moiety common to [I] and [II] emphasized by the rectangular dotted outline. Small
black spheres are P, large black spheres are T1, large white spheres are Bi, and shaded spheres are Se.

Comparatively, the K* analog has K-Se bond distances averaging 3.36 A. Each TI*

cation is 7-coordi with a di d d hedral geometry, Figure 3-4A,



and each bismuth is 6-coordinate with four different [PS4]3- units, Figure 3-4B. One of
the [P,Segl* anions is tris-chelated to Bi3+ (Se(3), Se(4), Se(5)) with Bi-Se bonds
ranging from 2.8506(14) A to 3.1253(14) A in length. Neighboring BiS¢ are connected

to form a chain along down (010) by bridging Bi-Se(6) bonds at a distance of 3.1253(14)
A.

Figure 34. (A) The coordination of TI* in a-T1BiP;Seg [I] and (B) the coordination of Bi3+ showing tris-
chelation by one [P,Seg]4- and monodentate bonding by each of the other three [P,Seg]*- anions.

Finally, a double chain is assembled through the Bi-Se(2) bond where Se(2) is on a
[P,Segl4 ion in a neighboring chain along the (001) axis. Neighboring double chains are
assembled by the same Bi-Se(2) bond. The layer assembled from the double chains is
separated from an identical layer by TI* ions. The P-P bond distance in the [P,Seg]*-
anion is 2.228(4) A, and the P-Se bond distances range from 2.155(3) A to 2.222(3) A.
There is one Se atorh on the [P,Seg]4- anion that is terminal and interacts only with T+

ions. Table 3- 7 contains selected bond lengths and angles for compound (I].
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Table 3-7. Selected bond lengths and angles for a-TIBiP,Seq with bond lengths (A) and angles (?) with
standard uncertainties in parenthesis.

Bi—Se5 2.8506(14) Se5—Bi—Se4 75.90(4)
Bi—Se4 2.8676(14) Se5—Bi—Se3 86.42(4)
Bi—Se3 2.9148(12) Se4—Bi—Se3 82.88(3)
Bi—Se6 3.0531(13) Se5—Bi—Se6 80.18(4)
Bi—Se6i 3.0919(13) Se4—Bi—Se6 80.89(3)
Bi—Se2 3.1253(14) Se3—Bi—Se6 161.03(4)
Se5—Bi—Se6! 79.78(3)
Tl—Se3 3.2615(14) Se4—Bi—Se6i 146.07(3)
Tl—Sel 3.2814(15) Se3—Bi—Se6l 72.25(3)
Tl—Se4Y 3.3277(14) Se6—Bi—Se6i 117.86(3)
TI—Se4lV  3.3476(14) Se5—Bi—Se2 149.99(4)
TI—SellV  3.3590(13) Se4—Bi—Se2 74.12(4)
TI—SelVi  3.3843(14) Se3—Bi—Se2 91.25(3)
TI—Se2Vii  3.3974(14) Se6—Bi—Se2 93.68(3)
TI—Se2Vili  3,6999(15) Se6i—Bi—Se2 127.80(4)
Sel—P1 2.155(3) Sel—P1—Se6Vil  113.62(12)
Se2—P2 2.160(3) Sel—P1—Se3 114.65(14)
Se3—P1 2.220(3) Se6Vil_P1—Se3  111.94(13)
Se4—P2ii 2.197(3) Se2—P2—SedV  116.69(14)
Ses—p2ii 2.222(3) Se2—P2—Se5V  116.07(14)
Se6—P1ill  2203(3) SedV—P2—Se5V  105.46(12)
P1—p2ii 2.228(4) Se2—P2—P1Y 108.57(13)

Sel—P1—P2ii 108.30(15)
Se6Vili_p1—p2ii  102.37(15)
Se3—P1—P2ii 104.71(13)
Se4V—P2—P1V 103.47(15)
Se5V—P2—P1V 105.32(14)

@) -x, 0.5+y, 0.5-z; (ii) x, 0.5-y, -0.5+z; (iii) x, -1+y, z; (iv) 1-x, 1-y, 1-z; (V) X, 0.5-y, 0.5+z;

(vi) x, 1.5-y, 0.5+z; (vii) x, 1+y, z; (viii) 1-x, 0.5+y, 1.5-z; (ix) x, 1.5-y, -0.5+z; (x) 1-x, -0.5+y, 1.5-z;

(xi) -x, -0.5+y, 0.5-z.

The compound B-TIBiP,Seg [II] crystallizes in the monoclinic spacegroup P2,/c.
The structure is built up from the same chains described as those in a-KBiP,Seg and
a-TIBiP,Seq. The difference between the a- and B-TIBiP,Seq compound is that in the
latter, the layer is broken apart by a rotation about the (010) axis of [BiP;Segls4-

double chains such that 1-dimensionality is preserved, Figure 3-5.

66



Figure 3-5. Assembly of the chain common to both [I] and [II] viewed down the (001) direction.

There are two such chains per unit cell with one centered at the origin, and the other
centered at ¥2 along the c-axis. Each chain is separated along the (100) direction by TI*+
ions, Figure 3-6. TI(1) forms a distorted bicapped octahedron. Seven of the TI-Se
distances are relatively short with an average distance of 3.40A. The remaining
interaction between TI(1) and Se(8) is weak with a bond length of 3.5813(17) A. TI(2) is

also a di d bi d hedron, again with seven short and one longer TI-Se

interaction. The average length of the shorter bonds is 3.34 A, and the longer TI(2)-

Se(12) interaction is 3.7761(15) A, Figure 3-7A.
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Figure 3-6. B-TIBiP,Seg [II] down the (010) axis showing izing the weak inter-chain i
with a dashed line, and double-chain moiety common to [I] and [II] emphasized by rectangular outline.

(A)

Se7

Figure 3-7 (A) The coordination of TI* in B-TIBiP;Seg and (B) the coordination of Bid+ showing the weak
inter-chain Bi-Se interaction with a dashed line.

Each Bi3+* center is tris-chelated by Se atoms with an average Bi-Se bond length
of 2.88 A, Figure 3-7B. Two chains are then connected together to form a double-chain
with a Bi(1)-Se(6) bond length of 3.1259(16) A, and the chains interact weakly with

neighboring double chains with Bi(2)-Se(2) lengths of 3.2419(16) A and Bi(2)-Se(3)
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3.2627(18) A, Figure 3-7B. Table 3-8 contains selected bond lengths and angles for
compound [II].

Table 3-8. Selected bond lengths and angles for - TIBiP;Seg with bond lengths (A) and angles (%) with
standard uncertainties in parenthesis.

Bil—Se7 2.8374(14) Se7—Bil—Se9 76.47(5)
Bil—Se9 2.8406(16) Se7—Bil—Se10 83.56(4)
Bil—Sel0  2.8671(13) Se9—Bil—Sel0 86.70(4)
Bil—Sel 3.0974(14) Se7—Bil—Sel 147.24(3)
Bil—Se6 3.1259(16) Se9—Bil—Sel 79.83(4)
Bil—Sel2  3.1352(14) Se10—Bil—Sel 72.73(4)
Bi2—Sed 2.8717(16) Se7—Bil—Se6 72.68(4)
Bi2—Se2 2.8786(13) Se9—Bil—Se6 149.08(4)
Bi2—Se5 2.9858(14) Se10—Bil—Se6 91.84(4)
Bi2—Sel2  2.9885(14) Sel—Bil—Se6 129.04(4)
Bi2—Selii 3.1226(13) Se7—Bil—Sel2 79.90(4)
Bi2—Se2ill  3.2419(16) Se9—Bil—Sel2 80.29(4)
Bi2—Se3iV  3.2627(18) Sel0—Bil—Sel2 160.93(4)
Sel—Bil—Sel2 117.98(4)
TI1—SeS 3.2565(15) Se6—Bil—Se12 92.23(4)
TII—Sel0l  3.2802(17) Se4—Bi2—Se2 85.74(4)
TI1—Se7V 3.3065(13) Se4—Bi2—Se5 73.89(4)
TH—Sel1Vi  3.3356(17) Se2—Bi2—SeS 80.19(4)
TI—Sel1Vil  3.3377(14) Se4—Bi2—Sel2 80.26(4)
TII—Se6vi  3.3764(14) Se2—Bi2—Sel2 75.12(4)
T11—Se3V 3.3792(17) SeS—Bi2—Sel2 145.30(3)
TI—Se8ili  3.5813(17) Se4—Bi2—Selil 78.94(4)
TI2—Se8 3.2658(17) Se2—Bi2—Selii 155.90(4)
TI2—Sel1 3.2846(17) SeS—Bi2—Selii 77.76(4)
TI2—Se7 3.2928(15) Se12—Bi2—Seli 119.71(4)
TI2—Se81Y  3.3008(14) Sed—Bi2—Se2iii 139.90(4)
TI2—Se5Viil  3.3434(14) Se2—Bi2—Se2ii 89.193)
TI2—Se3 3.4056(14) SeS—Bi2—Se2iii 66.05(4)
TI2—Se9lV  3.4733(18) Se12—Bi2—Se2ii 136.31(4)
TI2—Se12 3.7761(15) Se1ii_Bj2—Se2iii 90.66(4)
TI2—Se61X  3.8876(18) Se4—Bi2—Se3iV 141.72(4)
Se2—Bi2—Se31V 65.25(4)
Sel—P2Vil  2.194(3) Se5—Bi2—Se3iV 121.30(4)
Se2—P2Vii  2219(4) Se12—Bi2—Se3iV 68.89(4)
Se3—P2 2.165(4) Selii_Bj2—Se3iv 135.98(3)
Se4—P1 2.220(3) Se2iii_Bj2—Se3iv 67.51(4)
Se5—P1 2.172(4)
Se6—P1i 2.159(4) Se6l—P1—Se5 118.15(15)
Se7—P4Xii  2205(4) Se6i—P1—Se4 115.33(18)
Se8—P4 2.127(4) SeS—P1—Se4 106.61(13)
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Table 3-8 continued

Se9—P4Xii  2220(3) Se6l—P1—Pp2Vii 107.38(14)
Sel0—P3X  2.213(4) SeS—P1—Pp2Vii 103.14(17)
Sel1—P3 2.156(3) Se4—P1—Pp2Vii 104.76(15)
Se12—P3 2.204(3) Se3—P2—Se1 Viii 115.13(13)
Se3—P2—Se2Viii 111.08(17)
P1—Pp2vii 2.230(4) SeViii_pp__ge2viii 113.52(14)
P4—p3Xii 2.246(4) Se3—P2—P viii 108.35(16)
Se1Vill_py__pjviii 104.11(17)
Se2Viil_po__p viii 103.61(13)
Sel1—P3—Sel2 112.38(13)
Se11—P3—Sel10ii 114.84(18)
Se12—P3—Sel0ii 112.18(14)
Sel1—P3—P4iv 108.44(15)
Se12—P3—P4iv 102.62(16)
Se10ii—p3—p4iv 105.29(14)
Se8—P4—Se7iV 115.78(15)
Se8—P4—Se9iV 118.31(18)
Se7iV—P4—Se9iV 105.16(13)
Se8—P4—Pp3Xii 110.08(14)
Se7iV—p4—p3xii 101.93(17)
Se9iV—p4—p3Xii 103.73(15)

@) -x, 1-y, -z; (ii) x, -14y, z; (iii) -x, -0.5+y, 0.5-z; (iv) 1-x, -0.5+y, 0.5-z; (V) -1+x, -1y, z;
(vi) -X, -y, -z; (vii) -14X, y, z; (viii) 14X, y, z; (ix) 1-x, 1-y, -Z; (X) X, 1+y, Z; (xi) -X, 0.5+y, 0.5-z;
(xii) 1-x, 0.5+y, 0.5-z; (xiii) 1+x, 1+y, z.

TIBiP,S¢ [111]: TIBiP,Sg [IIT] crystallizes in the monoclinic spacegroup P2;. The
structure is closely related to that of K(RE)P,Seq (RE = Y, Gd)>4 and isomorphous to B-
KMP,Seg (M = Sb, Bi)49 and KBiP,S¢.3! The structure is composed of [Bi(P,Sg)]!-

layers separated by TI* cations, Figure 3-8.
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Figure 3-8. The structure of TIBiP,S¢ [III] viewed down the (100) axis showing the lamellar stacking
motif.

The TI* ions are spherically coordinated by nine S atoms with an average TI-S
interaction of 3.35 A, Figure 3-9A. The Bi3+ atoms are tris-chelated by a [P,Sg]4 anion
with Bi-Se distances ranging from 2.717(3) A t02.805(3) A. A second [P,S]4- anion is
chelated to the Bi3+ cation with Bi-S bond distances of 2.741(3) A and 3.114(3) A. Two
other [P256]4' anions are chelated to the Bi3+ cation with Bi-S distances of 3.125(3),

Figure 3-8B. The P-P distance is 2.221(4) A.
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(A)

Figure 3-9. (A) the TI* coordination environment, and (B) the coordination environment of Bi3* in

TIBiP,Seg [1II].

Table 3-9 contains selected bond lengths and angles for compound [III]. The
difference between the Se-containing compounds (i.e. [I] and [II]), and compound [IIT] is
that in the former, the Bi3+ ions undulate in a direction perpendicular to the chain
between two different positions down the length of the chain, so that when the chains

assemble they form a slab that has the thickness of two [P,Seg]*- capped Bi3+ ions. In

compound [IIT], the Bi3+ ions do not undulate, and therefore the resulting slab is only one

Bi3+ coordination environment thick.

Table 3-9. Selected bond lengths and angles for TIBiP»S¢ with bond lengths (A) and angles (?) with

standard uncertainties in parenthesis.

TI—S2i 3.186(3)
TI—S5 3.225(3)
TI—Ss5ii 3.261(3)
TI—S2 3.31003)
T1—Se6ii 3.340(3)
TI—S6iY 3.356(3)
TI—S2V 3.486(3)
TI—S1vi 3.499(3)

S1—Bi—S3
S1—Bi—s5Vii
S3—Bi—Ss5Vii
S1—Bi—S4V
S3—Bi—S4V
S5Vil_Bj—84V
S1—Bi—S6
S3—Bi—S6
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84.78(10)
72.88(9)
81.06(9)
81.34(9)
76.90(9)
147.35(9)
145.26(9)
67.85(8)



Table 3-9 continued

TI—S4 3.527(3) S5Vii_Bi—S6 120.66(8)
S4V—Bi—S6 72.17(8)
Bi—S1 2.717(3) S1—Bi—S4Vii 81.08(9)
Bi—S3 2.741(3) S3—Bi—S4Vii 157.26(8)
Bi—S5Vii 2.805(3) S5Vii_Bj—s4vii 77.82(8)
Bi—S4V 2.895(3) S4V—Bi—S4Vii 118.04(6)
Bi—S6 3.114(3) S6—Bi—S4Vii 131.19(8)
Bi—S4Vil 3.125(3)
S2V—P1—Ssil 116.26(19)
P1—S2Y 1.967(4) S2V—P1—S1X 118.52)
P1—Ssil 2.038(4) Ssii_p1—s1x 106.4(2)
P1—S1X 2.060(4) S6iV—p2—S4Y 114.09(18)
P2—S61Y 2.003(4) S61V—p2—S3X% 112.0(2)
P2—S4V 2.035(4) S4V—p2—S§3% 112.21(19)
P2—S3X 2.062(4)
S2V—P1—P2 109.6(2)
P1—P2 2.221(4) Ssii_p1—p2 101.59(18)
S1X—P1—P2 102.35(18)
S61Y—P2—P1 108.37(17)
S4V—P2—P1 105.52(19)
S3X—p2—P1 103.80(16)

@i 1-x, 0S5+y, -z; (@) -x, -05+y, -z; (i) -1-x, -0.5+y, -z; (@v) 1+x, y, z
v -x, 05+y, -z; (vi) -x, -0.5+y, -l-z; (vii) -l4x, vy, -l+z; (viii) -14x, vy, z;
(ix) -1-x, 0.5+y, -l-z; (x) -1-x, -0.5+y, -l-z; (xi) -x, 0.5+y, -1-z; (xii) 1-x, -0.5+y, -z;
(xiii) x, -1+y, z; (xiv) -1-x, 0.5+y, -z; (xv) 14X, y, 1+z.

TI3Bi3(PS4)4 [1V]: T13Bi3(PS4)4 [IV] crystallizes in the monoclinic space group
P2/c. Crystal twinning in a merohedral fashion was a major difficulty in solving and

refining the structure. Data sets on several crystals were collected but could not be
successfully refined as large residual electron densities remained. Careful examination of
the reciprocal lattice revealed a second twin domain rotated 180° along the a-axis. When
the corresponding twin law of

a' 1 0 O a
pl=| 0 -1 0] |b (1)
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was applied, the R-value dropped from 28% to 5%. This led to small residuals in the
electron density map and with a twin fraction of 43.2(1)%.

The 3-dimensional structure of the compound can be seen as an assembly of
[Bi;(PS4)4]3' slabs stacked along the b-axis, Figure 3-10A. The slabs are interconnected

with Bi-S bonds and form channels in each direction which are occupied by Tl atoms.

Figure 3-10. (A) TigBi3(PSq)g [IV] viewed down the a-axis showing the stacking of the Ti3Bi3(PS )4
along the b-axis with a slab by outline, (B) an indivi slab of TI3Bi3(PS4)4 as

viewed down the c-axis showing the empty channels for the TI* ions and (C) the coordination
environments of Bi(1) and Bi(2).
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The T13Bi3(PS4)4 slabs consist of trigonal prismatic and square pyramidal Bi3+
atoms and [PS4]3- anions, Figure 3-10C. Each trigonal prismatic Bi3+ atom (Bi(1) and
Bi(2)) is surrounded by four [PS4]3' anions forming a cross-shaped Bi-(PS,4)4 unit. These
units are connected with the trigonal prismatic Bi3+ atoms (Bi(3), Bi(4), Bi(5) and Bi(6)),
to form the slab. Bi(1) and Bi(2) are coordinated by six S atoms to form a distorted
trigonal prism Figure 3-10D. The geometry is distorted because of the stereochemically
active 6s2 lone pair of Bi3+. Two [PS4]3- tetrahedra share one edge with the rectangular
planes of the trigonal prism and the other two [PS4]3- anions share a corner with the two
remaining vertices of the prism. All four [PS,4]3- anions share one edge with the square
pyramidal BiSs units Bi(3), Bi(4), Bi(5) and Bi(6). The remaining S atoms of the two
corner shared [PS4]3- units on the pyramid are attached on two BiSs units of a different
slab.

The Bi-S distances in the trigonal prism vary from 2.709(5) A to 2.922(4) A for
Bi(1) and 2.791(5) A t0 2.883(5) A for Bi(2). The four equatorial bonds in the BiSs units
range from 2.768(4) A to 2.996(5) A and the shorter axial distance from 2.627(5) A to
2.706(4) A. The P-S distances in all [PS4]3- units range from 2.007(6) A to 2.064(6) A.

The coordination number of TI* ions varies from six up to eight S atoms, Figure
3-10. In particular, TI(1) is surrounded by eight S atoms forming a distorted
dodecahedron with T1-S distances from 3.159(5) Ato 3.698(5) A, Figure 3-9A. The TI(1)
dodecahedron shares a corner through the bridging S(29) atom with the six coordinate

T1(2) center. The distances in this octahedron vary from 3.071(5) A 10 3.585(5) A, Figure

3-10B. A comer of the distorted T1(2)S¢ octahedron is shared with the seven-coordinate

75



T1(3) which has TI-S distances from 3.084(5) A to 3.507(5) A, Fig 11C. T1(4), T1I(5) and
T1(6) are located in a different channel from the other Tl atoms. T1(4) is surrounded by
eight S atoms with distances from 3.153(6) Ato 3.772(6) A, Fig 11D. TI(5) and TI1(6) are
six coordinated with one corner shared S(20) atom and TI-S distances in the range of
3.085(4) A t0 3.717(5) A, Figure 3-9E, and 3-9F, respectively. Selected bond lengths and
angles for compound [IV] are given in Table 3-10.

(A) (B)

S25

Figure 3-11. The coordination environments of the crystallographically unique TI* ions in TI3Bi3(PS4)4
vl
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Table 3-10. Selected bond lengths and angles for TI3Bi3(PS4)4 with bond lengths (A) and angles (%) with
standard uncertainties in parenthesis.

Bil—S31i
Bil—S23
Bil—S32i
Bil—S21
Bil—S7i
Bil—S10
Bil—S111
Bi2—S271
Bi2—S18
Bi2—S26
Bi2—S17
Bi2—S151
Bi2—S1iv
Bi3—S19Viil
Bi3—S20Y
Bi3—S2
Bi3—S6
Bi3—sS8ii
Bi3—S1
Bi3—S12ii
Bid—S24ii
Bi4—S11
Bi4—s12ii
Bi4—S22
Bid—s13ii
Bi4—s8ii
Bi4—S15
Bi5S—s30ii
Bi5—S14ii
Bi5—S16
Bi5—S209ii
BiS—SoXi
Bi5—S10%ii
Bi6—S28%iV
Bi6—S3
Bi6—S4i
Bi6—S5
Bi6—S251
Bi6—S7i
Bi6—S14

T11—S32i
T11—S24i

2.792(6)
2.816(6)
2.831(6)
2.855(5)
2.875(5)
2.887(5)
3.101(6)
2.711(6)
2.776(6)
2.817(5)
2.875(5)
2.911(5)
2.918(5)
2.703(5)
2.767(5)
2.845(5)
2.877(5)
2.905(5)
3.050(5)
3.130(5)
2.667(5)
2.820(5)

2.850(5)
2.894(5)

2.943(6)

3.007(5)
3.104(5)

2.687(6)
2.819(5)
2.820(5)
2.891(6)
2.921(6)
3.035(5)
2.634(6)
2.764(5)
2.829(5)
2.892(5)
3.000(6)
3.023(5)
3.123(6)

3.150(6)
3.265(6)
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$31i—Bj1—S23
$31i—Bil1—S32i
$23—Bil—S32i
$31i—Bi1—S21
$23—Bil—S21
$32i—Bil—S21
$31i—Bj1—S71
$23—Bil—S7i
$32i—Bil—§7i
$21—Bi1—S7i
$311—Bi1—S10
$23—Bil—S10
$321—Bi1—S10
S21—Bi1—S10
S7i—Bil—S10
$311—Bil—S11i
$23—Bil—Sl11i
$32i—Bi1—S11i
S21—Bil—S11i
S7i-Bi1—S11i
S10—Bi1—S11i
S271—Bi2—S18<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>