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ABSTRACT

SYNTHESIS AND STRUCTURAL CHARACTERIZATION OF NEW MULTINARY
GROUP 15 (BISMUTH AND ANTIMONY) CHALCOGENIDES

By

Sumohan Misra

Multinary bismuth chalcogenides are an attractive class of compounds due to their
rich compositional and structural variety which makes them some of the most adaptable
and versatile systems. Together with this rich structural heterogeneity, their potential as
leading thermoelectric materials led us to the investigation of these multinary bismuth
chalcogenide.

Three new compounds KPb,BisS0, K«Pbs.2xBis+xSi0-yT€y, and Na,Srs.2xBis+xSeio
all having KBi¢ 13S0 type structure and showing variation in either the metal or the
chalcogenide site were obtained. Physicochemical characterization of KPb;BisS;o is
reported. We also obtained two derivatives of the K, sBig sSe 4 structure type: Rb;.Pbj.
nBizxSesyTe, and Na,Bas.,,Big:«Seis. Physicochemical characterization of Na,Bas.
2xBig+xSe4 is reported. We also employed solvothermal synthetic conditions to study the
system Cs;Se/M/Se (M = Bi, Sb). Cs3SbsSeg was obtained which is an ordered structural
variant than the one previously reported.

This thesis describes the synthesis and structural characterization of the above

mentioned compounds.
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CHAPTER 1

Multinary Bismuth Chalcogenides and Their Application as

Thermoelectric Materials

Introduction

The general formula for multinary bismuth chalcogenide family can be expressed
as MyM',Bi,Q; where M & M’ could be any metal and Q is a chalcogen (S, Se, Te). This
family is an interesting class of materials due to their compositional and structural
diversity and complexity and this makes them attractive for investigations for

thermoelectric applications.

Multinary Bismuth Chalcogenides

Bismuth chalcogenides from a solid state chemistry perspective are an attractive
class of compounds due to their rich compositional and structural variety which makes
them some of the most adaptable and versatile systems. In nature these characteristics are
very well expressed in the sulfosalts family' where Bi compounds constitute 20% of them.
Bismuth atoms both in naturally occurring sulfosalts and in the synthetically derived
compounds show an amazing flexibility in bonding. This fact is an underlying reason for
the unparalleled diversity and complexity that bismuth chalcogenide compounds possess.

Bismuth atom adopt several different coordination environments ranging from trigonal
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pyramidal, to square pyramidal, to octahedral (usually distorted) to trigonal prismatic to
higher coordination number extending to nine. The cause of such a variety of
coordination environments can be pinned down to the 6s’ lone pair of electrons of
bismuth. This lone pair can be stereochemically expressed to locally distort the bismuth
coordination geometry or can be suppressed by hybridizing with energetically adjacent p-
and d-orbitals to form sp’d’ hybrid orbitals thereby producing a regular octahedral Bi**
center. Almost any intermediate stage in the continuum is observed between the full
stereochemical expression and complete suppression of the lone pair. This property gives
rise to probably the most malleable coordination geometry in the periodic table. It is
therefore interesting to observe the role of Bi’* and its role in stabilizing various structure
types.

Some of the different types of coordination environment for Bi atoms that can be
observed in various multinary bismuth chalcogenides can range from trigonal pyramidal
in lS-CsBiSz,2 to square p yramidal i n R b,BigSe; 30 to p erfect o ctahedral in RbBIS,,* to
distorted octahedral in B-K;BigSe;s,” to bicapped trigonal prismatic in KBig33S10,° to
monocapped trigonal prismatic in Pb,La,Bis..S1s.” These are shown in Figure 1-1. With
reference to the figure, for (a) and (b) the lone pair is being completely expressed while
for (c) it is completely suppressed. For (d) it is only partially expressed leading to short
bonds (solid lines) trans to longer bonds (dotted line).

Another interesting feature of these families of compounds is the ability of BiQg
octahedra to combine with each other by sharing their edges thereby forming various
building blocks. NaCl-type, Bi,Te;-type and Cdl,-type fragment is the most common and

in some cases Sb,Se;-type fragment can also be seen (see figure 1-2.).
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Figure 1-1. Some of the different types of coordination environment that Bi atoms adopt
in various multinary bismuth chalcogenides: (a) trigonal pyramidal in B-CsBiS,, (b)
square pyramidal in Rb,BigSe;3, (c) perfect octahedral in RbBiS,, (d) distorted octahedral
in B-K;BigSe;3, (e) bicapped trigonal prismatic in KBi¢ 33510, (f) monocapped trigonal

prismatic in Pb,LaBig xSi4.
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Figure 1-2. Different building blocks that are found in multinary bismuth chalcogenides:
(a) NaCl-type fragment, (b) Bi,Tes-type fragment, (c) Cdl,-type fragment, (d) Sb,Se;-
type fragment.
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The third characteristic property of bismuth atoms is its ability to display mixed
occupancy leading to structural disorder with a variety of similar sized ions like alkali
metals, >° alkaline earth metals,® Pb.® % 1°Sn® 1% " or rare earth metals.'? This mixed
occupancy often results in the formation of new structure types that do not exist in the
simpler systems. Also this kind of positional disorder in the structure generates
randomness in mass, size and charge of the atoms on a particular lattice position and this
can strongly scatter acoustic lattice phonons carrying heat and thus lower the thermal
conductivity.”> The lowering of thermal conductivity is important in maximizing the
figure of merit (ZT) of thermoelectric materials (explained later in this chapter).

This rich structural heterogeneity that these compounds possess together with
their potential as leading thermoelectric materials led us to the investigation of these

multinary bismuth chalcogenide.

Application of Multinary Bismuth chalcogenides as Thermoelectric Materials

When two dissimilar conductors are in contact with each other then at the junction
a voltage gradient is generated automatically whose values depend on the type of
conductors used and the temperature. Also if a temperature gradient exists along a
conductor, a voltage difference is generated which again depends on the type of
conductor and the temperature gradient. These effects are known as thermoelectric effects
and they can be distinguished as Thomson, Peltier and Seebeck effects. The applications
of these are in thermocouples, refrigeration devices and in power generation.

The b est materials for thermoelectric ¢ ooling applications c urrently used in the

industry are solid solutions of Bi,Te; and Biz.bexTeg-ySey.” These materials possess high
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electrical conductivity and thermoelectric power (Seebeck coefficient) and low thermal
conductivity. These properties define the dimensionless figure of merit:
ZT = (8%0) T/«

where S is the thermoelectric power or Seebeck coefficient, o is the electrical
conductivity, x is the thermal conductivity and T is the temperature. These alloys have a
ZT~ 1.0 at 300 K. The above properties are determined by the details of the electronic
structure and scattering of charge carriers (electrons and holes) and thus are not
independently controllable parameters. An increase in the electrical conductivity leads to
a simultaneous decrease in the thermoelectric power and a c omparable i ncrease in the
thermal conductivity. Hence it is not easy to improve the value of ZT. Moreover it is now
believed that the Bi;Te; compounds may be nearing the limit of their potential
performance' and the requirement for a thermoelectric material to be commercially
useful isa ZT> 1.5.

Our approach in improving ZT is to identify new multinary bismuth
chalcogenides with higher compositional and structural complexity containing heavy
atoms, large unit cells and disorder in the crystal lattice. This rationale is based on the
proposition that materials with more complex compositions and structures may have
complex electronic structure which may give rise to high thermoelectric power and low

® Another concept which helps in lowering the thermal

thermal conductivities.'
conductivity was introduced by Slack as the limiting characteristic for a superior
thermoelectric.'® In these materials a weakly bound atom or molecule ‘rattler’ is used.

These ‘rattlers’ create low-frequency vibration modes that scatter acoustic lattice phonons
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carrying heat thereby lowering the thermal conductivity of the solid without severely
affecting the electrical conduction, thus leading to improved thermoelectric efficiency.'’

The compounds B-K;BigSe;;,” CsBisTes,'S KBig33S10 ¢ reported earlier by our
group shows all the above mentioned characteristics and exhibit promising thermoelectric
properties. This has leaded us to investigate more complicated multinary systems.

In Chapters 2 and 3 we will describe the multinary bismuth chalcogenides found
during these synthetic investigations and their structural characterization. In Chapter 4 we
will discuss the ‘solvothermal’ synthesis technique and how it is used to synthesize a

ternary antimony chalcogenide.
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CHAPTER 2

Synthesis and Structure of KPb,BisS;¢, K,Pb.2Bis:S10.,Te,, and

Na,Sr2Bis+ Se;o belonging to the Cosalite structure type.

A. Introduction

Bismuth chalcogenides have a wide range of applications including
thermoelectrics,' and non-linear optical materials.” From the point of view of their
application in thermoelectrics our approach has been to focus on new semiconducting
multinary bismuth chalcogenides. These materials are an interesting class of compounds
due to their compositional and structural c omplexity arising due to the presence of an
inert 6s? lone pair of electrons on bismuth which may or may not be stereochemically
active which in turn affects the lattice structure, the electronic structure and thus the
properties of the resulting compounds.

A superior thermoelectric material has high electrical conductivity (o), high
seebeck coefficient (S) and low thermal conductivity (k). These together define the TE
figure of merit ZT = (o S*/ k) T. Factors contributing to low thermal conductivity and thus
higher ZT are the presence of heavy atoms like Bi and Pb, large unit cells and disorder in
the crystal lattice. The rationale behind using lead is that in addition to being very heavy
it has similar electronic properties as Bi and has a well known tendency to disorder with
Bi or alkali metals, depending on the local environment.> This kind of site occupancy

disorder in the structure generates randomness in mass, size and charge of the atoms on a

10
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particular lattice position that can strongly scatter acoustic lattice phonons carrying heat
and thus lower the thermal conductivity.® Another approach in lowering the thermal
conductivity in these materials is to incorporate alkali or alkaline earth metals in the
channels or layers formed by these infinite anionic bismuth-chalcogen frameworks.
These ions make relatively weak ionic bonds with chalcogens due to which they rattle
around in their channels or in between the layers thereby creating low-frequency
vibration modes that scatter acoustic lattice phonons carrying heat, thus reducing the
thermal conductivity. ’

Reports previously from our group showed that KBie13S10® which has a cosalite
like structure has thermal conductivity substantially lower than Bi,Te; making it
attractive for further investigations for thermoelectric applications. We report here three
new compounds KPb;BisSo, KiPbs.2xBis+«SioyTey, and Na,Srs.2,Bis+xSeio all having

KBijs 3350 type structure showing variation in either the metal or the chalcogenide site.

B. Experimental Section

Reagents: Chemicals were used as obtained: (i) bismuth chunks, 99.999% purity,
Cerac, Milwaukee, WI, (ii) sulfur powder, sublimed, Spectrum Chemical Mfg. Corp.,
Gardena, CA, (iii) selenium shots (99.999% purity, Cerac, Milwaukee, WI), (iv)
tellurium chunks 99.999% purity, Cerac, Milwaukee, WI, (v) potassium metal, Aldrich,
Milwaukee, W1, (vi) lead metal, Cerac, Milwaukee, W1, (vii) strontium selenide powder
99.5% purity, -20 mesh, Cerac, Milwaukee, WI. Na,Se was prepared by a stoichiometric

reaction of sodium metal and selenium shots in liquid ammonia.

11
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Synthesis: All manipulations were carried out under a dry nitrogen atmosphere in
a Vacuum Atmospheres Dri-Lab glovebox. The purity and homogeneity of the products
was verified by comparing the X-ray powder diffraction patterns to those calculated by
the crystallographically determined atomic coordinates.

Bi;Ses: A mixture of 6.383g (0.031 mol) of bismuth and 3.617g (0.046 mol) of
selenium was transferred into a 13mm quartz tube, which was then flame sealed under
vacuum (~10"* Torr). The tube was heated to 800°C in 10 hours, held at that temperature
for 10 hours and then cooled down to 50°C in 10 hours. The product was used for further
reactions.

PbTe: A mixture of 12.378g (0.060 mol) of lead and 7.622g (0.060 mol) of
tellurium was transferred into a 13mm carbon coated quartz tube, which was then flame
sealed under vacuum (~10 Torr). The tube was heated to 1100°C in 8 hours, isothermed
there for 12 hours and then cooled down to 50°C in 24 hours. The product was used for
further reactions.

K;BigS;3: A mixture of 0.180g (4.60 mmol) of potassium, 3.858g (0.018 mol) of
bismuth and 0.962g (0.030 mol) of sulfur was transferred into 13mm quartz tube, which
was then flame sealed under vacuum (~10* Torr). The tube was heated to 150°C in 6
hours, and then further heated upto 850°C in 6 hours, isothermed there for 1 hour and
then cooled down to 50°C in 48 hours. The product was used for further reactions.

KPb;BisS;o: A pure synthesis of KPb,BisS;o was achieved with a mixture of
0.05g (1.280 mmol) of potassium, 0.265g (1.280 mmol) of lead, 0.668g (3.20 mmol) of
bismuth and 0.205g (6.40 mmol) of sulfur in the ratio 2:2:5:10 which were transferred

into a 13mm quartz tube and was flame sealed under vacuum (~10 Torr). The tube was

12
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heated to 850°C in 10 hours and isothermed there for 48 hours and then cooled slowly to
550°C in 30 hours and finally to 50°C in 3 hours. The product consisted of silvery-gray
needle like crystals. A quantitative analysis by Energy Dispersive Spectroscopy (EDS)
using a Scanning Electron Microscope (SEM) was performed on several of these crystals
which gave an approximate composition of “KPb; goBi3 365503

K:Pb42:Bis+:S10-yTey: A mixture of 0.4g (0.185 mmol) of K;BigS;3 and 0.185g
(.553 mmol) of PbTe in the ratio 1:3 was transferred into a 9mm quartz tube, which was
then flame sealed under vacuum (~10 Torr). The tube was heated to 850°C in 10 hours
and isothermed there for 48 hours and then cooled slowly to 500°C in 96 hours and
finally to 50°C in 5 hours. The product consisted of silvery-gray needle like crystals. A
quantitative analysis by Energy Dispersive Spectroscopy (EDS) using a Scanning
Electron Microscope (SEM) was performed on several of these crystals which gave an
approximate composition of “KPb, 6;Bi3.95S9 73Te€g27”.

Na,Sr¢.2:Bis.Sejp: A mixture of 0.03g (0.24 mmol) of Na,Se, 0.2g (1.2 mmol) of
SrSe and 0.472g (7.2 mmol) of Bi,Se3 in the ratio 1:5:3 were transferred into a graphite
tube which was placed in a 13mm quartz tube, which was then flame sealed under
vacuum (~10* Torr). The tube was heated to 800°C in 24 hours, held at that temperature
for 24 hours and then cooled to 50°C in 25 hours. The product consisted of silvery-gray
rod like crystals. Energy Dispersive Spectroscopy (EDS) on several of these crystals gave

an approximate composition of “NaSr) 9¢Bis.0S€9.63”-

13
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C. Physical Measurements

Energy Dispersive Spectroscopy: Quantitative microprobe analyses of the
compound were performed with a JEOL JSM-6400V Scanning Electron Microscope
equipped with a Tracor Northern Energy Dispersive Spectroscopy (EDS) detector. Data
were acquired using an accelerating voltage of 20 kV and a 3 0 se conds accumulation
time.

Differential Thermal Analysis: Differential Thermal Analysis (DTA) was
performed with a computer-controlled Shimadzu DTA-50 thermal analyzer. Ground
single crystals (30-40 mg) were sealed in silica ampoules under vacuum. A silica
ampoule containing alumina of equal mass was sealed and placed on the reference side of
the detector. The samples were heated to 1000°C at 10°C/min, isothermed for 1 minute
followed by cooling at 10°C/min. The reported DTA temperature is the peak temperature.
After DTA, the samples were examined with powder X-ray diffraction. Reproducibility
of results was checked with multiple heating / cooling cycles.

Charge Transport Measurements: Thermopower was measured using an
instrument from MMR Technologies, Inc., Mountain View, CA. The sample and the
reference (constantan wire) were mounted on a Seebeck stage with conductive silver
paste. The temperature gradient across the sample was built up by a computer controlled
heater which is controlled by the MMR Programmable Seebeck Controller SB100. The
Seebeck stage was attached to the MMR stage, which provides a given stable temperature
for the measurement. The MMR K20A Programmable Temperature Controller controls
this MMR stage. The voltage across the sample resulting from the temperature gradient

was measured.

14
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Powder X-ray diffraction: The compounds were examined by X-ray powder
diffraction for identification and to assess phase purity. Powder patterns were obtained
using a CPS 120 INEL diffractometer using Cu-Ka radiation and equipped with a
position-sensitive detector. The purity and homogeneity of all phases was confirmed by
comparison of X-ray powder diffraction to those calculated from single-crystal data using
the CERIUS? software.’

Single-Crystal X-ray Crystallography: Single crystals of KPb;BisS,
Ko.93Pb3 04Big 3489 60T€0.40 and Nag 47551 798Bis 713S€10 were mounted on the tip of a glass
fiber. The intensity data were collected at 293 K on a Bruker SMART Platform CCD
diffractometer using graphite monochromatized Mo K, (A = 0.71073 A) radiation over a
full sphere of reciprocal space. Individual frames were measured using 0.3° steps in .
The SMART software was used for data acquisition and SAINT'® for data extraction and
reduction. The absorption correction was done with SADABS'’, and the structure
solution was done with the SHELXTL'® package of crystallographic programs.

KPb;BisS;o: A full sphere of data was collected with an exposure time of 30
seconds per frame. Structure refinement was straightforward in orthorhombic space
group Pnma. After anisotropic refinement final R values, R1 =2.75% and wR2 = 6.91%.
The fractional atomic coordinates and isotropic displacement parameters are shown in
Table 2-2.

Ko.93Pb3.04Bis34Se.s0T€040: A full sphere of data was collected with an exposure
time of 20 seconds per frame. Eighteen crystallographically independent positions (Bi 1-5,
Pb1-4,K 1, S 1-9 and Te 10) were found to sit on a crystallographic mirror plane. Pb(3)

& Pb(4) and Bi(1) & K(1) were found to be disordered over a single site. After

15
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anisotropic refinement final R values, R1 = 2.96% and wR2 = 6.06%. The fractional
atomic coordinates and isotropic displacement parameters are shown in Table 2-3.
Nay.475Sr2.798Bis.713Se10: A full sphere of date was collected with an exposure time
of 30 seconds per frame. Eighteen crystallographically independent positions were found
to sit on a crystallographic mirror plane. Bi(1) & Sr(1), Bi(3) & Sr(3), Bi(4) & Sr(4), Sr(5)
& Na(5), Sr(6) & Na(6) and Sr(7) & Na(7) were all found to be disordered over a single
site. After anisotropic refinement final R values, R1 = 7.00% and wR2 = 12.61%. The
fractional atomic coordinates and isotropic displacement parameters are shown in Table

2-4.
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Table 2-1. Crystallographic Data for KPb;BisS 0, K«Pbs.2xBis+xS10.yTey, and

NaxSr4.z,Bi4+xSe| 0-

Chemical formula KPb;BisS10 Ko.93Pb304Bis 34S960Te€040 Nag.475Sr2.708Bis713S€10

Formula weight 487.33 614.93 8172.56
T,K 293(2) 293(2) 293(2)
LA 0.71073 0.71073 0.71073
Crystal system Orthorhombic

Space group Pnma Pnma Pnma

a A 23.927(10) 24.111(12) 24.512(15)
b, A 4.1103(16) 4.089(2) 4.247(3)
c,A 19.315(8)  19.371(9) 20.205(13)
a, deg 90 90 90

B, deg 90 90 90

Y, deg 90 90 90

v, A3 1899.6(13) 1909.8(16) 2104(2)
Z 14 11 1

Pealeds g/cm’ 5.964 5.881 6.451

p, mm-1 64.327 54.397 64.625
Total reflections 21493 20504 16913
Unique reflections 2674 2536 2788
Rgint) 0.0452 0.0577 0.1820
No. of parameters 110 114 117
Goodness-of-fiton F2  1.031 0.911 1.013
Refinement method Full-matrix least-squares on F
R1* 0.0275 0.0296 0.0700
wR2" 0.0691 0.0606 0.1261

*R1 =3 ||Fol-IF|l/Z)Fol. ° WR2 = {Y [w(F,-F) VEIwES 12

17
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Table 2-2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters

(A2x 103) for KPb,BisS .

X y z U(eq)
Bi(1) 1507(1) 2500 161(1) 17(1)
Bi(2) 1716(1) -2500 -1897(1) 15(1)
Bi(3) 93(1) -2500 -961(1) 19(1)
Bi(4) 2020(1) -2500 4090(1) 14(1)
Bi(5) 688(1) -7500 4651(1) 18(1)
Pb(1) 428(1) 2500 -2751(1) 18(1)
Pb(2) 2865(1) -2500 1157(1) 29(1)
K(1) 1301(1) -2500 2171(2) 18(1)
S(1) 885(1) 2500 -1367(2) 19(1)
S(2) 1402(1) -7500 3536(2) 17(1)
S(3) -272(1) -2500 -2252(2) 17(1)
S(4) 2219(1) -2500 -326(2) 20(1)
S(S) 1409(1) -12500 5211(2) 18(1)
S(6) 1235(1) -2500 -3094(2) 17(1)
S(7) -35(1) -7500 5893(2) 22(1)
S(8) -699(1) -7500 -564(2) 25(1)
S(9) 2376(1) -7500 -2312(2) 16(1)
S(10) 2046(1) 2500 1321(2) 17(1)

Ueq) is defined as one third of the trace of the orthogonalized Uj; tensor.

18
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Table 2-3. Atomic coordinates (x 104) and equivalent isotropic displacement parameters

(A2x 103) for Ko.93Pbs 04Bis 3450 60Te0.40.

X y z U(eq) Occ.
Pb(1) 4899(1) -2500 10957(1) 23(1)
Pb(2) 2143(1) -2500 8834(1) 32(1) 0.42601
Pb(3) 5681(1) -2500 14587(4) 19(1) 0.46327
Pb(4) 5701(1) -2500 14725(4) 22(1) 0.53673
K(1) 3706(2) -2500 7802(3) 25(1) 0.87487
Bi(1) 3708(3) -2500 8034(4) 36(2) 0.12513
Bi(2) 3490(1) 2500 9831(1) 20(1)
Bi(3) 3271(1) -2500 11889(1) 18(1)
Bi(4) 7015(1) -7500 14097(1) 17(1)
Bi(5) 4564(1) 2500 12726(1) 25(1)
S(1) 4110(1) 2500 11359(2) 21(1)
S(2) 6384(1) -2500 13521(2) 17(1)
S(3) 5270(1) -2500 12243(2) 23(1)
S(4) 2769(2) -2500 10318(2) 24(1)
S(5) 2612(1) -7500 12304(2) 19(1)
S(6) 6409(2) -7500 15219(2) 23(1)
S(7) 3758(1) -2500 13073(2) 20(1)
S(8) 4283(2) -2500 9426(2) 25(1)
S9) 2971(2) 2500 8670(2) 21(1)
Te(10) 4984(1) -2500 15908(1) 27(1) 0.18924

Uleq) is defined as one third of the trace of the orthogonalized U;; tensor.

19
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Table 2-4. Atomic coordinates (x 104) and equivalent isotropic displacement parameters

(A2x 103) for Nag 475S12.708Bis 7135€10.

X y z U(eq)  Occ.
Bi(1) 1513(1) 2500 9824(1) 14(1) 0.89828
Sr(1) 1513(1) 2500 9824(1) 14(1) 0.10172
Bi(2) 1719(1) -2500 11920(1) 16(1) 0.49244
Bi(3) 99(1) -2500 11006(1) 17(1)  0.89034
Sr(3) 99(1) -2500 11006(1) 17(1)  0.10966
Bi(4) 2998(1) -7500 10934(1) 17(1) 0.93817
Sr(4) 2998(1) -7500 10934(1) 17(1) 0.06183
Bi(5) 4358(1) -12500 10390(1) 23(1)
Sr(5) 3708(2) -7500 12897(2) 20(2) 0.79289
Na(5) 3708(2) -7500 12897(2) 20(2) 0.20711
Sr(6) 2968(1) -2500 8864(2) 15(1) 0.95836
Na(6) 2968(1) -2500 8864(2) 15(1) 0.04164
Sn(7) 5423(2) -17500 12283(2) 21(2) 0.77261
Na(7) 5423(2) -17500 12283(2) 21(2) 0.22739
Se(1) 885(1) 2500 11308(2) 15(1)
Se(2) 2257(2) -2500 10313(2) 18(1)
Se(3) 3613(2) -7500 9789(2) 15(1)
Se(4) 2411(2) -7500 12301(2) 15(1)
Se(5) 5033(2) -17500 10874(2) 19(1)
Se(6) -346(2) -2500 12223(2) 18(1)
Se(7) 723(2) -2500 9438(2) 19(1)
Se(8) 2018(1) 2500 8628(2) 15(1)
Se(9) 3628(2) -12500 11563(2) 19(1)
Se(10) 1244(2) -2500 13116(2) 16(1)

Uleq) is defined as one third of the trace of the orthogonalized Uj; tensor.
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D. Results and discussion

Structure Description of KPb,BisS;,

This compound is isostructural with KBi¢33S;0 and has a three dimensional
structure made up of NaCl-type blocks and Cdl,-type fragments that connect to form
tunnels filled with eight-coordinate K* cations. The bond distances and selected bond
angles are given in Tables 2-7 and 2-8. The structural diagram down the b-axis is shown
in Figure 2-1. The existence of these types of NaCl- and Cdl,-type fragments with Bi in
an octahedral coordination site is a very common structural motif found in most bismuth
chalcogenides. The two different fragments of NaCl-type and Cdl,-type are joined by
eight coordinated Pb atoms (i.e., Pb(2)) which are in a bicapped prismatic geometry, in
the same way as Bi is found in KBic3:Si0 ® and various mineral sulfo salts.'' The
[Pb;BisS;o]” framework is made of edge-sharing MSs (M = Bi, Pb) octahedra, as shown
in Figure 2.2. An interesting feature is the presence of small triangular shaped empty
channels which are lined by Bi(5)-S(7)-Pb(1)-S(6)-Pb(2)-S(5). These types of channels
are similar to the KBig 13S0 structure.

Atoms Pb(1) and Bi(5) are present in a slightly distorted octahedral coordination
where the M-S (M = Bi, Pb) distances range from 2.820(2) to 2.897(2) A for Pb(1) and
2.749(3) to 2.957(4) A for Bi(5). On the other hand Bi(1), Bi(2), Bi(3) and Bi(4) are
present in a highly distorted octahedral coordination with a short bond trans to a long
bond. Pb(2) is present in a bicapped prismatic geometry where its coordination sphere is

filled by eight sulfur atoms and the bond length ranges from 2.856(2) to 3.310(1) A.
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Thermal Analysis of KPb;BisS

Differential thermal analysis was performed on pure KPb,BisS;o samples to ascertain
their thermal behavior. At the end of two heating cycles the compound was checked for
decomposition by taking its powder X-ray diffraction pattern. KPb,BisS;o shows an
endothermic (melting) peak at 728°C and on cooling shows an exothermic
(recrystallization) peak at 703°C. The powder pattern of the compound after DTA

indicated no decomposition. (See Figure 2-3.)

Charge Transport Measurement of KPb;BisS;o

Thermoelectric power measurements were carried on polycrystalline oriented ingots
(grown by Bridgman technique) '? of KPb,BisS)o. It is a n-type conductor and at room
temperature the thermopower has a value of -133 pV/K. It shows a linear trend till 400 K.

(See Figure 2.4.)
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Figure 2-1. Projection of the structure of KPb;BisS|o down the b-axis.
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Table 2-5. Bond distances (A) for KPb,BisSo.

Bi(1)-S(10) 2.586(3) Bi(5)-S(7) x 2 2.786(2)
Bi(1)-S(4) x 2 2.830(2) Bi(5)-S(5) x 2 2.894(2)
Bi(1)-S(8) x 2 2.927(3) Bi(5)-S(7) 2.957(4)
Bi(1)-S(1) 3.305(1)

Pb(1)-S(3) x 2 2.820(2)
Bi(2)-S(6) 2.583(3) Pb(1)-S(6) x 2 2.897(2)
Bi(2)-S(9) x 2 2.713(2) Pb(1)-S(7) 2.844(3)
Bi(2)-S(1) x 2 3.038(3) Pb(1)-S(1) 2.888(3)
Bi(2)-S(4) 3.264(1)

Pb(2)-S(10) x 2 2.856(2)
Bi(3)-S(3) 2.643(3) Pb(2)-S(5) x 2 3.253(1)
Bi(3)-S(8) x 2 2.899(2) Pb(2)-S(6) x 2 3.310(1)
Bi(3)-S(1) x 2 2.903(2) Pb(2)-S(9) 3.012(3)
Bi(3)-S(8) 3.282(1) Pb(2)-S(4) 3.254(1)
Bi(4)-S(5) 2.612(3) K(1)-S(10) x 2 3.178(3)
Bi(4)-S(2) x 2 2.748(2) K(1)-S3) x 2 3.211(3)
Bi(4)-S(4) x 2 2.969(2) K(1)-S(2) x 2 3.352(3)
Bi(4)-S(9) 3.069(3) K(1)-S(9) 3.319(4)

K(1)-S(8) 3.423(5)
Bi(5)-S(2) 2.749(3)
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Table 2-6. Selected Angles (deg) for KPb,BisS .

S(10)-Bi(1)-S(4) 89.24(9) S(5)-Bi(4)-S(9) 174.06(9)
S(4)-Bi(1)-S(4) 93.13(10) S(2)-Bi(4)-S(9) 84.82(8)
S(10)-Bi(1)-S(8) 95.68(9) S(4)-Bi(4)-S(9) 92.68(8)
S(4)-Bi(1)-S(8) 88.63(7)
S(4)-Bi(1)-S(8) 174.80(10) S(2)-Bi(5)-S(7) 93.07(9)
S(8)-Bi(1)-S(8) 89.21(10) S(7)-Bi(5)-S(7) 95.07(10)
S(7)-Bi(5)-S(5) 177.39(8)
S(6)-Bi(2)-S(9) 89.69(8) S(2)-Bi(5)-S(5) 85.51(8)
S(9)-Bi(2)-S(9) 98.49(10) S(7)-Bi(5)-S(5) 87.20(7)
S(6)-Bi(2)-S(1) 90.52(8) S(5)-Bi(5)-S(5) 90.50(9)
S(9)-Bi(2)-S(1) 173.33(7) S(2)-Bi(5)-S(7) 177.33(9)
S(9)-Bi(2)-S(1) 88.18(7) S(7)-Bi(5)-S(7) 88.74(8)
S(1)-Bi(2)-S(1) 85.15(9) S(5)-Bi(5)-S(7) 92.61(8)
S(3)-Bi(3)-S(8) 91.93(9) S(3)-Pb(1)-S(3) 93.57(10)
S(8)-Bi(3)-S(8) 90.29(10) S(3)-Pb(1)-S(7) 94.81(8)
S(8)-Bi(3)-S(1) 89.78(7) S(3)-Pb(1)-S(1) 84.74(8)
S(3)-Bi(3)-S(1) 87.72(8) S(7)-Pb(1)-S(1) 179.34(10)
S(8)-Bi(3)-S(1) 179.64(10) S(7)-Pb(1)-S(6) 92.83(8)
S(1)-Bi(3)-S(1) 90.14(10) S(3)-Pb(1)-S(6) 87.52(7)
S(3)-Pb(1)-S(6) 172.16(9)
S(5)-Bi(4)-S(2) 91.24(8) S(1)-Pb(1)-S(6) 87.63(8)
S(2)-Bi(4)-S(2) 96.80(10) S(6)-Pb(1)-S(6) 90.37(9)
S(2)-Bi(4)-S(4) 174.60(8)
S(5)-Bi(4)-S(4) 91.60(8) S(10)-Pb(2)-S(10) 92.02(10)
S(2)-Bi(4)-S(4) 87.72(7) S(10)-Pb(2)-S(9) 76.14(7)
S(4)-Bi(4)-S(4) 87.61(9)
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Figure 2.3. DTA diagram of KPb,BisS,o showing the endothermic and exothermic peaks.

The heating and cooling rates were 10°C/min.
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Figure 2.4. Variable temperature thermopower for a polycrystalline oriented ingot of

KPb;BisS 0.
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Structure Description of K,Pby ;,Bis+,Sio.,Tey

The idea of using tellurium here was to investigate whether it goes to a different
site than sulfur thereby creating a new structure or whether it goes to the same chalcogen
site thereby creating a known structure. In our research we ended up in getting a known
structure with a small uptake of tellurium in the sulfur site. The compound has a similar
structure as KPb,BisS,o where we have a three dimensional network made up of NaCl-
type and Cdl,-type fragments. But here unlike KPb,BisS( these fragments do not form
tunnels but instead the K* cations are disordered with one of the Bi’* ions (i.e., Bi(1) &
K(1)). The bond distances and selected angles are given in Table 2.9 and 2.10. The
structural diagram down the b-axis is shown in Figure 2.6.

Atoms K(1) and Bi(1) are disordered in the highly coordinated bicapped prismatic
site with 87% K and 13% Bi. The other highly coordinated site is occupied by Pb(2) with
43% Pb. In these sites similar to KPb,BisS;o the metal coordination sphere is filled by
eight sulfur atoms. Here the Cdl,-type fragments are made of disordered Pb atoms (Pb(3)
and Pb(4)) and Te atoms (Te(10)). The lead sites have 46% of Pb(3) and 54% Pb(4) and
the tellurium site is a partially filled site with 19% Te(10). Bi(5), Pb(3) and Pb(4) are
present in a slightly distorted octahedral coordination. On the other hand Pb(1), Bi(2),
Bi(3) and Bi(4) are present in a highly distorted octahedral coordination with a short bond

trans to a long bond.
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Figure 2-5. Projection of the structure of K 93Pbs 04Bis 3450 60Teo.40 down the b-axis.
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Figure 2-6. Polyhedral representation of Kg93Pb304Bis34S060T€040 down the b-axis

showing the connectivity of the MS, octahedra (M = Bi, Pb, Bi/K).
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Table 2-7. Bond distances (A) for K.Pbs.2,Bis+xSi0.yTey.

Pb(1)-S(3)
Pb(1)-S(1) x 2
Pb(1)-S(8) x 2
Pb(1)-S(8)

Pb(2)-S(9) x 2
Pb(2)-S(6) x 2
Pb(2)-S(7) x 2
Pb(2)-S(5)
Pb(2)-S(4)

Pb(3)-S(2)
Pb(3)-Te(10) x 2
Pb(3)-S(6) x 2
Pb(3)-Te(10)

Pb(4)-S(6) x 2
Pb(4)-Te(10) x 2
Pb(4)-S(2)
Pb(4)-Te(10)

K(1)-S(9) x 2
K(1)-S(3) x 2
K(1)-8(2) x 2
K(1)-S(5)
K(1)-5(8)

2.647(4)
2.899(3)
2.936(3)
3.316(1)

2.875(3)
3.267(1)
3.328(1)
3.022(4)
3.247(1)

2.671(7)
2.769(4)
2.960(5)
3.061(7)

2.831(4)
2.899(5)
2.855(7)
2.869(6)

3.186(5)
3.207(4)
3.287(5)
3.322(6)
3.439(7)
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Bi(1)-S(9) x 2
Bi(1)-S(3) x 2
Bi(1)-S(2) x 2
Bi(1)-S(5)
Bi(1)-S(8)

Bi(2)-S(1)
Bi(2)-S(9)
Bi(2)-S(4) x 2
Bi(2)-S(8) x 2

Bi(3)-S(4)
Bi(3)-S(7)

Bi(3)-S(5) x 2
Bi(3)-S(1) x 2

Bi(4)-S(6)
Bi(4)-S(2) x 2
Bi(4)-S(4) x 2
Bi(4)-S(5)

Bi(5)-S(3) x 2
Bi(5)-Te(10)
Bi(5)-S(1)
Bi(5)-S(7) x 2

2.975(6)
3.248(1)
3.648(1)
3.483(1)
3.031(8)

3.316(1)
2.574(4)
2.844(3)
2.907(3)

3.274(1)
2.577(4)
2.712(2)
3.054(3)

2.620(4)
2.782(2)
2.962(3)
3.072(4)

2.820(3)
2.862(3)
2.865(4)

2.900(3)
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Table 2-8. Selected Angles (deg) for KyPba.2xBis+xS10-yTey.

S(3)-Pb(1)-S(1)
S(1)-Pb(1)-S(1)
S(3)-Pb(1)-S(8)
S(1)-Pb(1)-S(8)
S(1)-Pb(1)-S(8)
S(8)-Pb(1)-S(8)

S(9)-Pb(2)-S(9)
S(9)-Pb(2)-S(5)

S(2)-Pb(3)-Te(10)
Te(10)-Pb(3)-Te(10)

S(2)-Pb(3)-S(6)

Te(10)-Pb(3)-S(6)
Te(10)-Pb(3)-S(6)

S(6)-Pb(3)-S(6)

S(2)-Pb(3)-Te(10)
Te(10)-Pb(3)-Te(10)

S(6)-Pb(3)-Te(10)

S(6)-Pb(4)-S(6)
S(6)-Pb(4)-S(2)
S(5)-Bi(3)-S(1)
S(1)-Bi(3)-S(1)

8(6)-Bi(4)-S(2)
8(2)-Bi(4)-S(4)
S(4)-Bi(4)-S(4)
8(6)-Bi(4)-S(5)

88.18(9)
89.71(10)
90.61(9)
91.01(8)
178.57(10)
88.26(11)

90.66(11)
75.89(8)

95.7(2)
95.2(2)
86.75(10)

175.2(3)
88.65(7)
87.4(2)

173.93)
88.39(10)
88.9(2)

92.48(19)

85.88(10)
173.09(7)

84.06(10)

91.58(9)
88.97(8)
87.30(10)

174.05(10)
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S(6)-Pb(4)-Te(10)
S(2)-Pb(4)-Te(10)
S(6)-Pb(4)-Te(10)
S(2)-Pb(4)-Te(10)
Te(10)-Pb(4)-Te(10)
S(6)-Pb(4)-Te(10)
Te(10)-Pb(4)-Te(10)
S(9)-Bi(1)-S(9)
S(9)-Bi(1)-S(8)

S(9)-Bi(2)-S(4)
S(4)-Bi(2)-S(4)
S(9)-Bi(2)-S(8)
S(4)-Bi(2)-S(8)
S(4)-Bi(2)-S(8)
S(8)-Bi(2)-S(8)

S(7)-Bi(3)-S(5)
S(5)-Bi(3)-S(5)
S(7)-Bi(3)-S(1)
S(5)-Bi(3)-S(1)

S(2)-Bi(4)-S(2)
S(6)-Bi(4)-S(4)
S(2)-Bi(4)-S(4)

S(2)-Bi(4)-S(5)
S(4)-Bi(4)-S(5)

95.4(2)
178.22)
88.69(7)
89.0(2)
89.72(8)
174.6(3)
89.68(18)
86.8(2)
84.53(19)

89.59(10)
91.92(11)
94.80(10)
175.49(11)
89.18(8)
89.39(11)

90.16(9)
97.87(11)
89.87(9)
89.04(8)

94.60(11)

91.44(10)
175.26(8)

84.40(8)
92.86(9)
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Table 2-8. (cont’d)

S(3)-Bi(5)-S(3)
S(3)-Bi(5)-Te(10)
S(3)-Bi(5)-S(1)
Te(10)-Bi(5)-S(1)

92.96(11)

94.43(8)

85.61(9)
179.94(9)
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S(3)-Bi(5)-S(7)
Te(10)-Bi(5)-S(7)
S(1)-Bi(5)-S(7)
S(3)-Bi(5)-S(7)
S(7)-Bi(5)-S(7)

88.30(8)
92.35(8)
87.61(9)
172.99(10)
89.64(10)
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Structure Description of Na,Sry.»:Bis.:Sejo

The structure of this compound is very similar to the two previous one but
considering only ionic interactions between the alkali and alkaline earth metals with
chalcogenides the structure reduces to two dimensional structure having layers of NaCl-
type and Cdl,-type fragments joined together. The alkali and alkaline earth metals occupy
the sites in between these 1ayers. T he bond distances and selected angles are givenin
Table 2-11 and 2-12. The structural diagram down the b-axis is shown in Figure 2-8.

All the three crystallographic sites between the layers are mixed occupied by the
alkali and alkaline earth metals. Sr(5) is mixed occupied with Na(5) with 79% Sr(5) and
21% Na(5), Sr(6) is mixed occupied with Na(6) with 96% Sr(6) and 4% Na(6) and Sr(7)
is mixed occupied with Na(7) with 77% Sr(7) and 23% Na(7). The Bi,Te;-type fragment
also has mixed occupation, by strontium and bismuth with one site containing only
bismuth (i.e., Bi(2)). Bi(1) is mixed occupied with Sr(1) with 90% Bi(1) and 10% Sr(1),
Bi(3) is mixed occupied with Sr(3) with 89% Bi(3) and 11% Sr(3) and Bi(4) is mixed
occupied with Sr(4) with 94% Bi(4) and 6% Sr(4).

Bi(5) is the only atom to be present in a slightly distorted octahedral coordination
where the Bi-Se distances range from 2.863(3) to 3.054(3). The remaining atoms
Bi(1)/Sr(1), Bi(2), Bi(3)/Sr(1) and Bi(4)/Sr(1) are all present in a highly distorted

octahedral coordination.
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Figure 2-7. Projection of the structure of Nag 475St2.70sBis 713S€10 down the b-axis.
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Figure 2-8. Polyhedral representation of Nag.475Sr2.708Bis.713S€10 down the b-axis showing

the connectivity of the MS¢ octahedra (M = Bi, Bi/Sr).
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Table 2-9. Bond distances (A) for Na,Sr4.2:Bis+xSe1o.

Bi(1)/Sr(1)-Se(8)
Bi(1)/Sr(1)-Se(1)
Bi(1)/Sr(1)-Se(2) x 2
Bi(1)/Sr(1)-Se(7) x 2

Bi(2)-Se(10)
Bi(2)-Se(2)

Bi(2)-Se(4) x 2
Bi(2)-Se(1) x 2

Bi(3)/Sr(3)-Se(6)
Bi(3)/Sr(3)-Se(7)
Bi(3)/Sr(3)-Se(1) x 2
Bi(3)/Sr(3)-Se(7) x 2

Bi(4)/Sr(4)-Se(3)
Bi(4)/Sr(4)-Se(4)
Bi(4)/Sr(4)-Se(9) x 2
Bi(4)/Sr(4)-Se(2) x 2

Bi(5)-Se(5)

2.715(4)
3.371(1)
2.968(3)
2.977(3)

2.682(4)
3.503(1)
2.825(3)
3.196(3)

2.691(4)
3.518(1)
2.931(3)
3.063(3)

2.761(4)
3.113(4)
2.918(3)
3.063(3)

2.958(5)

Bi(5)-Se(9)
Bi(5)-Se(5) x 2
Bi(5)-Se(3) x 2

Sr(5)/Na(5)-Se(8) x 2
Sr(5)/Na(5)-Se(6) x 2
Sr(5)/Na(5)-Se(9) x 2
Sr(5)/Na(5)-Se(4)
Sr(5)/Na(5)-Se(7)

Sr(6)/Na(6)-Se(8) x 2
Sr(6)/Na(6)-Se(3) x 2
Sr(6)/Na(6)-Se(10) x 2
Sr(6)/Na(6)-Se(4)
Sr(6)/Na(6)-Se(2)

Sr(7)/Na(7)-Se(5)
Sr(7)/Na(7)-Se(6) x 2
Sr(7)/Na(7)-Se(10) x 2
Sr(7)/Na(7)-Se(1)

2.971(4)
2.863(3)
3.054(3)

3.139(4)
3.153(4)
3.438(5)
3.400(6)
3.410(7)

3.187(4)
3.241(4)
3.245(4)
3.293(6)
3.408(6)

3.002(6)
3.010(4)
3.035(4)
3.065(6)






Table 2-10. Selected Angles (deg) for Na,Srs.2xBis+xSejo.

Se(8)-Bi(1)-Se(2)
Se(2)-Bi(1)-Se(2)
Se(2)-Bi(1)-Se(7)
Se(2)-Bi(1)-Se(7)
Se(8)-Bi(1)-Se(7)
Se(7)-Bi(1)-Se(7)

Se(10)-Bi(2)-Se(4)
Se(4)-Bi(2)-Se(4)
Se(4)-Bi(2)-Se(1)
Se(10)-Bi(2)-Se(1)
Se(4)-Bi(2)-Se(1)
Se(1)-Bi(2)-Se(1)

Se(6)-Bi(3)-Se(1)
Se(1)-Bi(3)-Se(1)
Se(6)-Bi(3)-Se(7)
Se(1)-Bi(3)-Se(7)
Se(1)-Bi(3)-Se(7)
Se(6)-Bi(3)-Se(7)

90.96(10)
91.36(12)
175.42(12)
88.64(9)
93.62(11)
91.00(12)

90.88(10)
97.48(13)
89.42(9)
94.06(10)
171.45(9)
83.27(10)

94.38(10)
92.86(12)
90.00(11)

174.85(12)
89.49(9)
90.00(11)

Se(7)-Bi(3)-Se(7)
Se(3)-Bi(4)-Se(9)
Se(9)-Bi(4)-Se(9)
Se(3)-Bi(4)-Se(2)
Se(9)-Bi(4)-Se(2)
Se(9)-Bi(4)-Se(2)
Se(2)-Bi(4)-Se(2)
Se(3)-Bi(4)-Se(4)
Se(9)-Bi(4)-Se(4)
Se(2)-Bi(4)-Se(4)

Se(5)-Bi(5)-Se(5)
Se(5)-Bi(5)-Se(5)
Se(5)-Bi(5)-Se(9)
Se(5)-Bi(5)-Se(9)
Se(5)-Bi(5)-Se(3)
Se(5)-Bi(5)-Se(3)
Se(5)-Bi(5)-Se(3)
Se(9)-Bi(5)-Se(3)
Se(3)-Bi(5)-Se(3)

87.80(12)
94.35(11)
93.42(13)
88.89(11)
89.30(8)

175.59(11)
87.78(11)

174.43(11)
81.86(10)
95.11(10)

95.75(13)
90.21(11)
94.30(11)

173.26(12)
87.65(10)
88.02(9)

175.68(10)
87.50(10)
88.13(12)
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E. Conclusion

The synthesis and structure of three new quaternary bismuth chalcogenides have
been presented. Variations in the cosalite structure type are observed whereby replacing
the softer Pb>* with harder Sr** collapses the three dimensional character of the cosalite
structure to a layered type. The charge-transport properties of KyPbs.2xBis+xS10yTe€y and
Na,Sr4.2xBis+xSe)o need to be investigated. Also it would be interesting to do some ion-

exchange reactions with Na,Sr4.2,Bis+,Se.
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CHAPTER 3

Variation in the K;sBigsSe,4 structure type: Synthesis and Structure of

Rb.+,Pb3.2,Bi7+,Se|4.yTey and Na,Bas.Z,Bi6+,Se14.

A. Introduction

Bismuth compounds constitute a great part of the sulfosalt family.! These
naturally occurring minerals present a remarkable structural diversity and complexity.
These characteristics are also found in the great number of ternary’® and quaternary®'?
bismuth c halcogenides s ynthesized d uring t he 1ast d ecade. T he rich c ompositional and
structural variety makes them some of the most adaptable and versatile systems in solid
state chemistry. Bismuth atoms both in naturally occurring sulfosalts and in the above
mentioned compounds show an amazing flexibility in bonding. Although they usually
exhibit a distorted octahedral geometry, however they also adopt variety of other
coordination ranging from trigonal pyramidal in B-CsBiS;’, to square pyramidal in
Rb,BigSe;3", to trigonal prismatic in ALn;.xBis:xSs (A = K, Rb; Ln = La, Ce, Pr, Nd)°
and sometimes the coordination number can range upto nine.>'2 These high-coordination
sites (> 6) serves to connect with each other the several NaCl-, Bi;Te; and Cdl,-type
blocks, formed by the BiQg (Q = chalcogen) octahedra when combined together by
sharing edges. These above mentioned blocks come in different sizes creating even more

structural possibilities. Another reason for the structural heterogeneity is the mixed
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occupancy that bismuth atoms can display with a variety of similar sized ions such as
alkali*®'* or alkaline earth metals®, Pb® '+ 13, Sn® 1215 , or lanthanides.’

Examples of the above mentioned structural diversity and complexity can be
found in compounds reported earlier from our group such as KBi3Ss,3 KBig 33810, a-,pB-
K3BisSeis, > * K;.sBigsSeis ', KPb;BisS10,'® KyPby.2xBissrSioyTey, ° Na,Sra.z,BigsxSeio'®
and many more. Our idea to move from ternary systems to quaternary system was that the
latter would give a much more complex structure thereby strongly scattering acoustic
lattice phonons carrying heat and thus lowering the thermal conductivity. This would lead
to better thermoelectric materials.

We report here the synthesis and structural characterization of Rb;.xPbj.

xBiz+xSes.yTey and Na,Bas._;,Big:+«Se14 belonging to the K3 sBig sSei4 structure type.

B. Experimental Section

Reagents: Chemicals were used as obtained: (i) bismuth chunks, 99.999% purity,
Cerac, Milwaukee, WI. (ii) selenium shots 99.999% purity, Cerac, Milwaukee, WI. (iii)
tellurium chunks 99.999% purity, Cerac, Milwaukee, WI. (iv) lead metal, Cerac,
Milwaukee, WI. (v) rubidium metal, 99.8% purity, Alfa Aesar, Ward Hill, MA. (vi)
sodium metal, Aldrich, Milwaukee, WI. (vii) barium selenide powder 99.5% purity, -20
mesh, Cerac, Milwaukee, WI. A,Se (A = Na, Rb) was prepared by a stoichiometric
reaction of alkali metal and selenium shots in liquid ammonia.

Synthesis: All manipulations were carried out under a dry nitrogen atmosphere in

a Vacuum Atmospheres Dri-Lab glovebox. The purity and homogeneity of the products



was verified by comparing the X-ray powder diffraction patterns to those calculated by
the crystallographically determined atomic coordinates.

Bi;Se3: A mixture of 6.383g (0.045 mol) of bismuth and 3.617g (0.068 mol) of
selenium was transferred into a 13mm quartz tube, which was then flame sealed under
vacuum (~10™ Torr). The tube was heated to 800°C in 10 hours and isothermed there for
10 hours and then cooled down to 50°C in 10 hours. The product was used for further
reactions.

PbTe: A mixture of 12.378g (0.060 mol) of lead and 7.622g (0.060 mol) of
tellurium was transferred into a 13mm carbon coated quartz tube, which was then flame
sealed under vacuum (~10 Torr). The tube was heated to 1100°C in 8 hours, held there
for 12 hours and then cooled down to 50°C in 24 hours. The product was used for further
reactions.

Rb;BigSe;3: A mixture of 0.871g (3.50 mmol) of rubidium selenide and 9.129g
(0.140 mol) of bismuth selenide was transferred into a 13mm quartz tube, which was then
flame sealed under vacuum (~10* Torr). The tube was placed under the flame of a
natural gas-oxygen torch until the mixture melted, and then the tube was removed from
the flame and the molten mixture was allowed to solidify. The procedure was repeated
two more times to ensure homogeneity. The product was used for further reactions.

Rb,+;Pb3 3,Bi7+SejqyTey: A mixture of 0.4g (0.140 mmol) of Rb,BisgSe;; and
0.047g (0.140 mmol) of lead telluride in the ratio 1:1 was transferred into a 9mm quartz
tube, which was then flame sealed under vacuum (~10* Torr). The tube was heated to

850°C in 10 hours and isothermed there for 48 hours and then cooled slowly to 350°C in
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96 hours and finally to 50°C in 3 hours. The product consisted of silvery-gray needle like
crystals. A quantitative analysis by Energy Dispersive Spectroscopy (EDS) using a
Scanning Electron Microscope (SEM) was performed on several of these crystals which
gave an approximate composition of “Rb; ¢7Pb; 43Bi7 39Se 331 Tep70”.

Na,Bas ;,Bis+Sejq: A mixture of 0.03g (0.240 mmol) of Na,Se, 0.286g (1.32
mmol) of barium selenide and 0.472g (0.720 mmol) of bismuth selenide in the ratio
0.5:2.79:3.69 were transferred into a graphite tube which was placed in a 13mm quartz
tube, which was then flame sealed under vacuum (~10* Torr). The tube was heated to
800°C in 24 hours and isothermed there for 24 hours and then cooled 50°C in 25 hours.
The product consisted of silvery-gray needle like crystals. Energy Dispersive
Spectroscopy (EDS) on several of these crystals gave an approximate composition of

“Na;Bas s3Bi7.425€15.47”.

C. Physical Measurements

Energy Dispersive Spectroscopy: Quantitative microprobe analyses of the
compound were performed with a JEOL JSM-6400V Scanning Electron Microscope
equipped with a Tracor Northern Energy Dispersive Spectroscopy (EDS) detector. Data
were acquired using an accelerating voltage of 20k V and a 3 0 se conds accumulation
time.

Differential Thermal Analysis: Differential Thermal Analysis (DTA) was
performed with a computer-controlled Shimadzu DTA-50 thermal analyzer. Ground
single crystals (30-40 mg) were sealed in silica ampoules under vacuum. A silica

ampoule containing alumina of equal mass was sealed and placed on the reference side of
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the detector. The samples were heated to 1000°C at 10°C/min, then isothermed for 1
minute followed by cooling at 10°C/minute. The reported DTA temperature is the peak
temperature. After DTA, the samples were examined with powder X-ray diffraction.
Reproducibility of results was checked with multiple heating / cooling cycles.

Charge Transport Measurements: Thermopower was measured using an
instrument from MMR Technologies, Inc., Mountain View, CA. The sample and the
reference (constantan wire) were mounted on a Seebeck stage with conductive silver
paste. The temperature gradient across the sample was built up by a computer controlled
heater which is controlled by the MMR Programmable Seebeck Controller SB100. The
Seebeck stage was attached to the MMR stage, which provides a given stable temperature
for the measurement. The MMR K20A Programmable Temperature Controller controls
this MMR stage. The voltage across the sample resulting from the temperature gradient
was measured.

Room temperature electrical conductivity was measured by a four probe
technique using a Keithley 236 Source Measure Unit. 0.003 inch copper wires were used
for the current and v oltage e lectrodes. M easurements o f the p ellet c ross-sectional area
and voltage probe separation were made with a calibrated binocular microscope.

Powder X-ray diffraction: The compounds were examined by X-ray powder
diffraction for identification and to assess phase purity. Powder patterns were obtained
using a CPS 120 INEL diffractometer using Cu-Ka radiation and equipped with a
position-sensitive detector. The purity and homogeneity of all phases was confirmed by
comparison of X-ray powder diffraction to those calculated from single-crystal data using

the CERIUS? software.'’
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Single-Crystal X-ray Crystallography: Intensity data were collected at 293 K
on a Bruker SMART Platform CCD diffractometer using graphite monochromatized Mo
Ko (A = 0.71073A) radiation over a full sphere of reciprocal space. Individual frames
were measured using 0.3° steps in . The SMART software was used for data acquisition
and SAINT'® for data extraction and reduction. The absorption correction was done with
SADABS'®, and the structure solution was done with the SHELXTL'® package of
crystallographic programs.

Rb; 73Pb; 29BigSe;3.42Tegs9: A full sphere of data was collected with an exposure
time of 45 seconds per frame. The crystallographic data is shown in Table 3-1. Twenty
five crystallographically independent positions were found to sit on a crystallographic
mirror plane. Pbl & Rb2, Pb2, Rb3 & Pb3, Te2 & Se2 and Tel4 & Sel4 were all found
to be disordered over a single site. After anisotropic refinement final R values, R1 =
5.17% and wR2 = 11.75%. The fractional coordinates and isotropic displacement
parameters along with occupancies for disordered atoms are shown in table 3-2.

Na;Ba, 79Bis37S€14: A hemisphere of data was collected with an exposure time of
30 seconds per frame. The crystallographic datais shown in Table 3-1. Twenty seven
crystallographically independent positions were found to sit on a crystallographic mirror
plane. Bi6 & Na6, Bi7 &Na7, Bi8 & Na8 and Sel$5, Sel6 & Sel7 were all found to be
disordered over a single site. After anisotropic refinement final R values, R1 = 5.29% and
wR2 = 10.78%. The fractional coordinates and isotropic displacement parameters along

with occupancies for disordered atoms are shown in table 3-3.
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Table 3-1. Crystallographic Data for Rb;+,Pb3.2xBi7+xSejs.,Tey and Na,Bas.2Big+Seia.

Chemical formula
Formula weight
T,K

LA

Crystal system
Space group

a A

b, A

c,A

a, deg

B, deg

Y, deg

Vv, A3

Y/

Pealcd, g/cm’

y, mm-1

Total reflections
Unique reflections
R(int)

No. of parameters
Goodness-of-fit on F2
Refinement method
RI®

wR2"

Rb; 73Pb) 29BigSe;3.42Teo 59
798.10
293(2)

Na,;Ba, 79Bi7.37S€i4
3554.62

293(2)

0.71073 0.71073

Monoclinic
P2(1)/m P2(1)/m
17.610(11) 17.407(6)
4213(3) 4.3165(15)
21.398(13) 21.747(7)
90 90
109.348(9) 98.768(6)
90 90
1497.9(16) 1614.9(10)
8 2
7.078 7.310
73.827 64.326
16731 14160
3890 4245
0.0860 0.1181
151 171
1.009 1.294

Full-matrix least-squares on F2

0.0517 0.0529
0.1175 0.1078

"Rl =3 ||Fo|-IF|VZIFo|. ° WR2 = {T [W(F, -F) VE[wF )"~
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Table 3-2. Atomic coordinates ( x 104) and equivalent isotropic displacement

parameters (Azx 103) for Rbl,73Pb1,29BigSe|3,42Te0,59

X y z U(eq) Occ
Rb(1) 4216(2) 2500 3546(2) 29(1)
Bi(1) 5215(1) 2500 913(1) 21(1)
Bi(2) 7203(1) -2500 632(1) 28(1)
Bi(3) 3367(1) -2500 1387(1) 24(1)
Bi(4) 8913(1) -12500 4290(1) 21(1)
Bi(5) 8756(1) -7500 6155(1) 21(1)
Bi(6) 9180(1) -7500 2701(1) 24(1)
Bi(7) 9083(1) -7500 135(1) 23(1)
Bi(8) 6659(1) -12500 4816(1) 21(1)
Pb(1) 6679(2) -17500 3101(2) 33(1) 0.69871
Rb(2) 6617(7) -17500 2855(8) 13(2) 0.30129
Pb(2) 1663(5) -7500 2104(9) 34(2) 0.40436
Rb(3) 1375(7) -7500 1933(6) 12(2) 0.43145
Pb(3) 1645(9) -7500 1895(17) 31(5) 0.18427
Se(1) 8305(2) -7500 1262(2) 22(1)
Te(2) 4512(2) 2500 1958(2) 22(1) 0.08409
Se(2) 4512(2) 2500 1958(2) 22(1) 0.91591
Se(3) 7872(2) -7500 4486(2) 21(1)
Se(4) 9716(2) -7500 7457(2) 21(1)
Se(5) 10173(2) -12500 842(2) 22(1)
Se(6) 8124(2) -12500 2952(2) 21(1)
Se(7) 4210(2) -12500 4916(2) 19(1)
Se(8) 7811(2) -12500 6372(2) 22(1)
Se(9) 4010(2) -2500 150(2) 19(1)
Se(10) 10068(2) -17500 4147(2) 17(1)
Se(11) 7896(2) -2500 -595(2) 28(1)
Se(12) 2833(2) -2500 2435(2) 25(1)
Se(13) 5794(2) -12500 3480(2) 29(1)
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Table 3-2. (cont’d)

X y z U(eq) Occ
Te(14) 6333(2) -2500 1600(2) 21(1)  0.20309
Se(14) 6333(2) -2500 1600(2) 21(1)  0.79691

Uleq) is defined as one third of the trace of the orthogonalized Uj; tensor.
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Table 3-3. Atomic coordinates (x 104) and equivalent isotropic displacement parameters

(Azx 103) for NalBa2_79Bi7_37Se|4.

X y z U(eq)  Occ.
Bi(1) 3225(1) 7500 4771(1) 12(1)
Bi(2) 4553(1) -2500 11723(1) 17(1)
Bi(3) 1894(1) 2500 6034(1) 16(1)
Bi(4) 696(1) -2500 14326(1) 20(1)
Bi(5) 3929(1) 2500 9695(1) 25(1)
Bi(6) 2483(1) 2500 11117(1) 22(1) 0.68214
Na(6) 2483(1) 2500 11117(1) 22(1)  0.31786
Bi(7) -503(1) 2500 12842(1) 19(1) 0.53889
Na(7) -503(1) 2500 12842(1) 19(1) 0.46111
Bi(8) 1809(2) 7500 9440(1) 40(1) 0.70179
Na(8) 1809(2) 7500 9440(1) 40(1) 0.29821
Bi(9) 362(1) -2500 10936(1) 42(1)
Ba(1) 2159(1) 2500 12982(1) 14(1)
Ba(2) 3153(1) 7500 7776(1) 13(1)
Ba(3) 5043(1) 7500 6315(1) 14(1)
Se(1) 3262(2) -2500 10420(2) 18(1)
Se(2) 2962(2) 7500 6200(2) 15(1)
Se(3) 1884(2) 2500 4510(2) 15(1)
Se(4) 5360(2) -7500 10983(2) 20(1)
Se(5) 3742(2) -7500 12192(2) 15(1)
Se(6) 2641(2) 2500 8826(2) 18(1)
Se(7) 1824(2) -2500 11766(2) 26(1)
Se(8) 4274(2) 2500 5112(2) 13(1)
Se(9) 1734(2) 2500 7265(2) 16(1)
Se(10) 3500(2) 7500 3572(2) 12(1)
Se(11) 5663(2) -2500 12737(2) 11(1)
Se(12) 1075(2) 2500 10143(2) 21(1)
Se(13) 720(2) -2500 13069(2) 18(1)
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Table 3-3. (cont’d.)

X y z U(eq) Occ
Se(14) 531(2) -2500 5778(2) 14(1)
Se(15) -399(16) -7500 11481(6) 47(6) 0.68043
Se(16) -606(18) -6200(110) 11513(13) 24(10) 0.24310
Se(17) -70(50) -7500 11540(20) 45(17) 0.16378

Uleq) is defined as one third of the trace of the orthogonalized Uj; tensor.
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D. Results and discussion

Structure Description of Rb;+,Pb3.5,Bi7+,Sej4.,Tey,

The compound is isostructural to K;sBigsSe;s ' and possesses a complex 3D
anionic framework which is very similar to that of B- K;BizSe; 3! (see Figure 3-1.). The
main difference being the presence of only NaCl- and Bi,Te;-type fragments in case of
Rb1+xPb3.2xBi7+xSeis.,Tey whereas the presence of additional Cdl,-type fragments in case
of B- K;BigSe 3. These different types of fragments are common in other multinary
bismuth chalcogenides such as Cs;Bi;Se;; '° and KBig 33S10.** The Bi,Te;-type fragments
in Rb;+xPb3.5,Bi7+xSeis.yTey are arranged side by side to form layers. The NaCl-type
fragments connect these layers which run p erpendicular to the c-axis, to build a three
dimensional framework with tunnels which are filled by the alkali (Rb") cations. The
NaCl-type fragments in Rb;+«Pbs.,.Bi7+Seis.,Te, are three bismuth octahedra wide
whereas the Bi,Te;-type fragments are five bismuth octahedra wide. The latter is an
important structural difference with the B- K;BigSe,; structure where these fragments are
three Bi octahedra wide.

Among the Rb" cations in Rb;.,Pbs.2Bir+xSejsyTey, Rb(1) is fully occupied by
Rb* while Rb(2) is disordered with Pb(1) and Rb(3) is disordered with Pb(2) and Pb(3)
(see figure 3-1). The Rb(2) site contains 70% Pb and 30% Rb while the Rb(3) site
contains 43% of Rb, 40% of Pb(2) and 18% of Pb(3). There are two eight coordinate sites.
One is occupied by Pb(1) and Rb(2) in a distorted bicapped trigonal prismatic
coordination by Se(6), Se(6)’, Se(13), Se(13)’, Tel4/Se(14), Te(14)/Se(14)', Se(3) and
Te(2)/Se(2) (the atoms primed outside parentheses are the symmetrically equivalent ones).

Pb(1) is disordered with Rb(2) at 0.499(1)A. The other site has Rb(3), Pb(2) and Pb(3)

54



atoms in a similar kind of coordination. The prism is defined by Se(4), Se(5), Se(12) and
their symmetry equivalent atoms while the capping atoms are Se(8) and Se(11). Here
Rb(3) is disordered with Pb(2) and Pb(3) at a distance of 0.518(3) and 0.51(2)A
respectively. These high-coordinate sites serve to stitch together the layers formed by
Bi,;Te;-type fragments.

Two of the chalcogenide sites in the Bi,Tes-type fragments close to Pb(1)/Rb(1)
disordered site has mixed occupancy. The Se(2) site contains 92% of Se(2) and 8% of
Te(2). The Se(14) site contains 80% of Se(14) and 20% of Te(14). Apart from Bi(6) all
the bismuth atoms in both types of fragments are present in a highly distorted octahedral
coordination with a short bond trans to a long bond. In contrast Bi(6) is in a slightly
distorted octahedral coordination where the Bi-Se distances range from 2.953(4) to
2.974(3) (see Table 3-4. & 3-5.). This site also serves as the second joining point for the

two types of fragments.
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Figure 3-1. Projection of the structure of Rb; 73Pb; 29BigSe 3 42Teg 59 down the b-axis.
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Table 3-4. Bond distances (A) for Rb; 73Pby 29BigSe 3.4 Teg 59.

Rb(1)-Se(12)
Rb(1)-Se(13)
Rb(1)-Se(7)
Rb(1)-Te(2)/Se(2)
Rb(1)-Se(7)
Rb(1)-Se(8)

Rb(2)-Se(13)
Rb(2)-Te(14)/Se(14)
Rb(2)-Se(6)
Rb(2)-Se(3)
Rb(2)-Te(2)/Se(2)

Rb(3)-Pb(3)
Rb(3)-Pb(2)
Rb(3)-Se(12) x 2
Rb(3)-Se(5) x 2
Rb(3)-Se(4) x 2
Rb(3)-Se(8)
Rb(3)-Se(11)

Bi(1)-Te(14)/Se(14) x 2
Bi(1)-Se(9) x 2
Bi(1)-Te(2)/Se(2)
Bi(1)-Se(9)

Bi(2)-Se(1) x 2
Bi(2)-Se(9) x 2
Bi(2)-Te(14)/Se(14)

3.491(4)
3.527(4)
3.532(5)
3.603(5)
3.613(4)
3.632(5)

3.099(10)
3.319(13)

3.341(9)
3.457(16)
3.565(12)

0.51(2)

0.518(3)
3.219(10)
3.331(10)
3.390(10)
3.428(13)
3.505(13)

2.925(3)
3.051(3)
2.893(4)
3.016(4)

2.879(3)
3.071(3)
2.955(4)

Bi(2)-Se(11)

Bi(3)-Te(2)/Se(2) x 2
Bi(3)-Se(11) x 2
Bi(3)-Se(9)
Bi(3)-Se(12)

Bi(4)-Se(3) x 2
Bi(4)-Se(10) x 2
Bi(4)-Se(6)
Bi(4)-Se(10)

Bi(5)-Se(8) x 2
Bi(5)-Se(10) x 2
Bi(5)-Se(4)
Bi(5)-Se(3)

Bi(6)-Se(4) x 2
Bi(6)-Se(6) x 2
Bi(6)-Se(1)
Bi(6)-Se(10)

Bi(7)-Se(5) x 2
Bi(7)-Se(11) x 2
Bi(7)-Se(1)
Bi(7)-Se(5)

Bi(8)-Se(7) x 2
Bi(8)-Se(3) x 2
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3.241(5)

2.892(3)
3.124(3)
3.206(4)
2.702(4)

2.913(3)
3.013(3)
2.736(4)
3.231(4)

2.817(3)
3.167(3)
2.740(4)
3.389(1)

2.961(3)
2.974(3)
2.953(4)
2.968(4)

2.914(3)
3.013(3)
3.142(4)
2.811(4)

2.773(2)
3.240(3)



Table 3-4. (Cont’d)

Bi(8)-Se(13)
Bi(8)-Se(8)

Pb(1)-Se(13) x 2
Pb(1)-Se(6) x 2
Pb(1)-Se(3)
Pb(1)-Rb(2)

2.759(4)
3.275(1)

2.892(3)
3.398(2)
3.012(5)
0.499(1)

Pb(2)-Se(12) x 2
Pb(2)-Se(8)

Pb(3)-Pb(2)

Pb(3)-Se(12) x 2
Pb(3)-Se(11)
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2.867(6)
3.079(18)

0.439(1)
2.923(11)
3.14(4)



Table 3-5. Selected Angles (deg) for Rb; 73Pb, 29BigSe342Te€g 59.

Te(2)-Bi(1)-Te(14)
Te(14)-Bi(1)-Te(14)
Te(2)-Bi(1)-Se(9)
Te(14)-Bi(1)-Se(9)
Te(2)-Bi(1)-Se(9)
Te(14)-Bi(1)-Se(9)
Te(2)-Bi(1)-Se(9)
Te(14)-Bi(1)-Se(9)
Se(9)-Bi(1)-Se(9)
Se(9)-Bi(1)-Se(9)

Se(1)-Bi(2)-Se(1)
Se(1)-Bi(2)-Te(14)
Se(1)-Bi(2)-Se(9)
Se(1)-Bi(2)-Se(9)
Te(14)-Bi(2)-Se(9)
Se(9)-Bi(2)-Se(9)
Se(1)-Bi(2)-Se(11)
Te(14)-Bi(2)-Se(11)
Se(9)-Bi(2)-Se(11)

Se(12)-Bi(3)-Te(2)
Te(2)-Bi(3)-Se(2)
Se(12)-Bi(3)-Se(11)
Te(2)-Bi(3)-Se(11)
Te(2)-Bi(3)-Se(11)
Se(12)-Bi(3)-Se(11)
Se(11)-Bi(3)-Se(11)
Se(12)-Bi(3)-Se(9)

90.08(9)
92.13(10)

178.57(10)
88.93(9)
90.78(9)
90.27(7)
90.78(9)

177.45(8)
90.26(9)
87.32(10)

94.05(12)
95.60(9)

175.08(10)
89.58(8)
87.33(9)
86.61(10)
90.15(9)

171.55(10)
86.52(9)

92.02(10)
93.51(12)
93.98(10)

172.65(11)
90.54(8)
93.98(10)
84.80(10)

179.68(11)

Te(2)-Bi(3)-Se(9)
Se(11)-Bi(3)-Se(9)

Se(6)-Bi(4)-Se(3)
Se(3)-Bi(4)-Se(3)
Se(6)-Bi(4)-Se(10)
Se(3)-Bi(4)-Se(10)
Se(3)-Bi(4)-Se(10)
Se(10)-Bi(4)-Se(10)
Se(6)-Bi(4)-Se(10)
Se(3)-Bi(4)-Se(10)
Se(10)-Bi(4)-Se(10)

Se(4)-Bi(5)-Se(8)
Se(8)-Bi(5)-Se(8)
Se(4)-Bi(5)-Se(10)
Se(8)-Bi(5)-Se(10)
Se(8)-Bi(5)-Se(10)
Se(8)-Bi(5)-Se(10)
Se(10)-Bi(5)-Se(10)

Se(1)-Bi(6)-Se(4)
Se(4)-Bi(6)-Se(4)
Se(1)-Bi(6)-Se(10)
Se(4)-Bi(6)-Se(10)
Se(1)-Bi(6)-Se(6)
Se(4)-Bi(6)-Se(6)
Se(4)-Bi(6)-Se(6)
Se(1)-Bi(6)-Se(6)
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87.76(9)
86.26(10)

91.46(10)
92.63(11)
91.12(9)
176.76(10)
89.27(8)
88.71(10)
176.96(10)
90.64(9)
86.71(9)

91.78(10)
96.79(11)
88.98(9)
89.91(8)
173.23(7)
173.23(7)
83.37(9)

90.91(9)
90.70(11)
179.69(10)
88.87(9)
92.70(9)
176.39(12)
89.43(8)
92.70(9)



Table 3-5. (Cont’d)

Se(10)-Bi(6)-Se(6)
Se(6)-Bi(6)-Se(6)

Se(5)-Bi(7)-Se(5)
Se(5)-Bi(7)-Se(5)
Se(5)-Bi(7)-Se(11)
Se(5)-Bi(7)-Se(11)
Se(5)-Bi(7)-Se(11)
Se(11)-Bi(7)-Se(11)
Se(5)-Bi(7)-Se(1)
Se(5)-Bi(7)-Se(1)
Se(11)-Bi(7)-Se(1)

Se(13)-Bi(8)-Se(7)
Se(7)-Bi(8)-Se(7)

87.52(9)
90.20(11)

89.82(10)
92.59(12)
91.65(10)
177.58(9)
89.33(8)
88.71(11)
178.16(11)
88.90(9)
89.67(10)

93.52(10)
98.86(11)

Se(13)-Bi(8)-Se(3)
Se(7)-Bi(8)-Se(3)
Se(7)-Bi(8)-Se(3)
Se(3)-Bi(8)-Se(3)

Se(13)-Pb(1)-Se(13)
Se(13)-Pb(1)-Se(3)
Rb(3)-Pb(2)-Se(12)
Se(12)-Pb(2)-Se(12)
Rb(3)-Pb(2)-Se(8)
Se(12)-Pb(2)-Se(8)

Se(12)-Pb(3)-Se(12)
Se(12)-Pb(3)-Se(11)
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87.21(10)

171.04(7)
90.00(8)
81.11(9)

93.50(14)
89.35(13)

129.1(7)
94.6(3)

128.9(18)
78.4(4)

92.2(5)
89.4(7)



Structure Description of Na,Bas ;,Bis+.Se;4

The structure of this compound is very similar to RbyPbs.5,Big+xSei4.,Tey structure.
In the previous compound lead replaces the bismuth atoms in the high-coordinate sites. In
Na,Bas.;Big+xSej4 moving from lead to barium the trend remains the same but the
bonding becomes more ionic. Barium too, replaces the high-coordinate bismuth sites but
due to its more ionic nature the resultant structure is different from the previous one. Here
too, only NaCl- and Bi,Tes-type fragments exist and the former fragment is three bismuth
octahedra wide while the latter is five bismuth octahedra wide which is a point of
structural difference with the B-K;BigSe; structure. The NaCl-type fragments connect the
layers formed by Bi,Tes-type fragments to generate a three dimensional framework with
tunnels which are filled by the alkaline earth (Ba’") cations.

Among the alkaline earth (Ba’") cations, Ba(1) and Ba(2) occupy the bismuth
high-coordinate sites while Ba(3) occupies the tunnels (see figure 3-2). All these three
sites are fully occupied. Ba(1,2) is present in a bicapped trigonal prism like coordination
with eight Se atoms in the range between 3.293(3) — 3.464(4)A for Ba(1) and between
3.295(3) — 3.443(5)A for Ba(2). The coordination environment of Ba(3) is a little
different and can be described as a distorted tricapped trigonal prism. The prism is
defined by Se(8), Se(10), Se(11) and their symmetry-equivalent atoms, while the capping
atoms are Se(2), Se(5) and Se(8). The alkali (Na*) cations have mixed occupancy over
three sites with Bi(6, 7, 8). The Bi(6) site contains 68% of Bi and 32% of Na, the Bi(7)
site contains 54% of Bi and 46% of Na and the Bi(8) site contains 70% of Bi and 30% of
Na. The Bi(7) mixed site is present in the NaCl fragment whereas the other two mixed

sites are present in the Bi,Te; fragment. This disorder can be attributed to very similar
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ionic sizes of Na* and Bi** in octahedral coordination (rna* = 1.16A, rgi3* = 1.174).%
Bi(1-5) are present in a highly distorted octahedral coordination with a short bond trans to
a long bond. The other interesting feature of this structure is the disordered selenium site
containing three selenium atoms, Se(15), Se(16) and Se(17) which also makes up the
coordination sphere for the mixed site of Bi(7)/Na(7) and Bi(8)/Na(8). For bond lengths

and selected angles see Table 3-6. & 3-7.

Thermal Analysis of Na,Bas. 3, Big..Se 4

Differential thermal analysis was performed on pure Na,BasBig:xSe1s to
ascertain its thermal behavior. At the end of two heating cycles the compound was
checked for decomposition by taking its powder X-ray diffraction pattern. Na,Bas.
2xBig+xSe14 show an endothermic (melting) peak at 819°C and on cooling shows an
exothermic (recrystallization) peak at 788°C (see Figure 3-3.). The powder pattern of the

compound after DTA indicated no decomposition.

Charge Transport Measurement of Na,Bas ;,Big+:Se;4
Thermoelectric power measurements were carried on polycrystalline oriented ingots
(grown by Bridgman technique) ' of Na,Bas.5Bis+xSe1s. It is a n-type conductor and at
room temperature the thermopower has a value of -24.22 pV/K. It shows a linear trend
till 400 K. (See Figure 3-4.).

Electrical conductivity measurements were carried on polycrystalline oriented

ingots along the needle axis and at room temperature value of 183.61 S/cm was obtained.
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Figure 3-2. Projection of the structure of Na;Ba; 79Bi737S¢14 down the b-axis.
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Table 3-6. Bond distances (A) for NalBa2,79Bi7.37Se14.

Bi(1)-Se(10)
Bi(1)-Se(8) x 2
Bi(1)-Se(3) x 2
Bi(1)-Se(2)

Bi(2)-Se(11)
Bi(2)-Se(5) x 2
Bi(2)-Se(4) x 2
Bi(2)-Se(1)

Bi(3)-Se(9)
Bi(3)-Se(2) x 2
Bi(3)-Se(14) x 2
Bi(3)-Se(3)

Bi(4)-Se(13)
Bi(4)-Se(3) x 2
Bi(4)-Se(14) x 2
Bi(4)-Se(14)

Bi(5)-Se(6)
Bi(5)-Se(4) x 2
Bi(5)-Se(1) x 2
Bi(5)-Se(4)

Bi(6)/Na(6)-Se(7) x 2
Bi(6)/Na(6)-Se(1) x 2
Bi(6)/Na(6)-Se(5)
Bi(6)/Na(6)-Se(12)

2.722(4)
2.851(3)
3.167(3)
3.208(4)

2.701(4)
2.851(2)
3.147(3)
3.337(1)

2.733(4)
2.836(3)
3.193(3)
3.313(1)

2.740(4)
2.974(3)
3.020(3)
3.215(4)

2.704(4)
2.987(3)
3.008(3)
3.453(1)

2.908(3)
3.070(3)
2.950(5)
2.984(5)

Bi(7)/Na(7)-Se(16) x 2
Bi(7)/Na(7)-Se(13) x 2
Bi(7)/Na(7)-Se(9) x 2
Bi(7)/Na(7)-Se(15)
Bi(7)/Na(7)-Se(14)
Bi(7)/Na(7)-Se(17)

Bi(8)/Na(8)-Se(16) x 2
Bi(8)/Na(8)-Se(15)
Bi(8)/Na(8)-Se(17)
Bi(8)/Na(8)-Se(6) x 2
Bi(8)/Na(8)-Se(12) x 2
Bi(8)/Na(8)-Se(1)

Bi(9)-Se(17) x 2
Bi(9)-Se(16) x 2
Bi(9)-Se(15) x 2
Bi(9)-Se(7)
Bi(9)-Se(12) x 2
Bi(9)-Se(12)

Ba(1)-Se(10) x 2
Ba(1)-Se(13) x 2
Ba(1)-Se(7) x 2
Ba(1)-Se(3)
Ba(1)-Se(5)

Ba(2)-Se(11)x 2
Ba(2)-Se(9) x 2

2.92(3)
3.019(3)
3.025(3)
2.992(12)
3.009(5)
3.05(4)

2.77(3)
2.92(2)
3.429(11)
3.022(3)
3.036(3)
3.049(5)

2.69(3)
2.76(3)
2.880(14)
2.887(5)
3.135(3)
3.159(5)

3.293(3)
3.334(3)
3.395(4)
3.427(4)
3.464(4)

3.295(3)
3.340(3)



Table 3-6. (cont’d)

Ba(2)-Se(6) x 2
Ba(2)-Se(2)
Ba(2)-Se(4)

Ba(3)-Se(10) x 2

3.359(3)
3.395(4)
3.443(5)

3.310(3)

Ba(3)-Se(11) x 2
Ba(3)-Se(8)
Ba(3)-Se(8) x 2
Ba(3)-Se(2)
Ba(3)-Se(5)
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3.345(3)
3.488(4)
3.497(4)
3.593(4)
3.594(5)



Table 3-7. Selected Angles (deg) for Na,;Ba; 79Bi7 37Se 4.

Se(10)-Bi(1)-Se(8)
Se(8)-Bi(1)-Se(8)
Se(10)-Bi(1)-Se(3)
Se(8)-Bi(1)-Se(3)
Se(8)-Bi(1)-Se(3)
Se(3)-Bi(1)-Se(3)
Se(10)-Bi(1)-Se(2)
Se(8)-Bi(1)-Se(2)
Se(3)-Bi(1)-Se(2)
Se(10)-Bi(1)-Ba(3)
Se(8)-Bi(1)-Ba(3)
Se(3)-Bi(1)-Ba(3)
Se(2)-Bi(1)-Ba(3)

Se(11)-Bi(2)-Se(5)
Se(5)-Bi(2)-Se(5)
Se(11)-Bi(2)-Se(4)
Se(5)-Bi(2)-Se(4)
Se(5)-Bi(2)-Se(4)
Se(4)-Bi(2)-Se(4)

Se(9)-Bi(3)-Se(2)
Se(2)-Bi(3)-Se(2)
Se(9)-Bi(3)-Se(14)
Se(2)-Bi(3)-Se(14)
Se(2)-Bi(3)-Se(14)
Se(14)-Bi(3)-Se(14)

Se(13)-Bi(4)-Se(3)
Se(3)-Bi(4)-Se(3)

92.84(9)
98.39(12)
93.45(9)
171.16(9)
87.50(7)
85.93(10)
178.09(11)
85.92(9)
87.94(9)
122.58(9)
54.85(7)
125.60(7)
55.51(7)

92.24(10)
98.39(11)
95.64(10)

170.29(11)
86.99(7)
86.60(10)

92.20(10)
99.10(12)
89.25(9)
172.78(9)
87.90(7)
85.05(10)

91.04(10)
93.06(11)

Se(13)-Bi(4)-Se(14)
Se(3)-Bi(4)-Se(14)
Se(3)-Bi(4)-Se(14)
Se(14)-Bi(4)-Se(14)
Se(13)-Bi(4)-Se(14)
Se(3)-Bi(4)-Se(14)
Se(14)-Bi(4)-Se(14)

Se(6)-Bi(5)-Se(4)
Se(4)-Bi(5)-Se(4)
Se(6)-Bi(5)-Se(1)
Se(4)-Bi(5)-Se(1)
Se(4)-Bi(5)-Se(1)
Se(1)-Bi(5)-Se(1)

Se(7)-Bi(6)-Se(7)
Se(7)-Bi(6)-Se(5)
Se(7)-Bi(6)-Se(12)
Se(5)-Bi(6)-Se(12)
Se(7)-Bi(6)-Se(1)
Se(7)-Bi(6)-Se(1)
Se(5)-Bi(6)-Se(1)
Se(12)-Bi(6)-Se(1)
Se(1)-Bi(6)-Se(1)

Se(16)-Bi(7)-Se(16)
Se(16)-Bi(7)-Se(15)
Se(16)-Bi(7)-Se(14)
Se(15)-Bi(7)-Se(14)
Se(16)-Bi(7)-Se(13)
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92.49(10)
176.37(12)
87.74(7)
91.24(11)
175.79(12)
91.86(9)
84.57(9)

90.95(11)
92.52(11)
91.22(10)

177.79(13)
87.84(7)
91.71(11)

95.82(13)
85.20(12)
90.14(12)
173.03(13)
176.39(10)
87.40(8)
93.45(10)
91.51(11)
89.34(11)

22(2)
13.1(10)
168.1(10)
177.5(5)
103.6(10)



Table 3-7. (cont’d)

Se(16)-Bi(7)-Se(13)
Se(15)-Bi(7)-Se(13)
Se(14)-Bi(7)-Se(13)
Se(16)-Bi(7)-Se(13)
Se(13)-Bi(7)-Se(13)
Se(16)-Bi(7)-Se(9)
Se(15)-Bi(7)-Se(9)
Se(14)-Bi(7)-Se(9)
Se(13)-Bi(7)-Se(9)
Se(13)-Bi(7)-Se(9)
Se(16)-Bi(7)-Se(9)
Se(9)-Bi(7)-Se(9)
Se(16)-Bi(7)-Se(17)
Se(15)-Bi(7)-Se(17)
Se(14)-Bi(7)-Se(17)
Se(13)-Bi(7)-Se(17)
Se(9)-Bi(7)-Se(17)

Se(16)-Bi(8)-Se(16)
Se(16)-Bi(8)-Se(15)
Se(16)-Bi(8)-Se(6)
Se(16)-Bi(8)-Se(6)
Se(15)-Bi(8)-Se(6)
Se(6)-Bi(8)-Se(6)
Se(16)-Bi(8)-Se(12)
Se(16)-Bi(8)-Se(12)
Se(6)-Bi(8)-Se(12)
Se(6)-Bi(8)-Se(12)
Se(12)-Bi(8)-Se(12)
Se(16)-Bi(8)-Se(1)

87.7(7)
90.8(4)
87.42(11)
103.6(10)
91.28(13)
97.2(7)
94.2(4)
87.59(10)
175.00(14)
88.63(8)
81.4(10)
91.03(12)
20.9(18)
10.9(14)
166.6(18)
83.2(12)
101.7(12)

23(2)
13.3(10)
100.0(7)
83.3(10)
96.1(3)
91.16(12)
101.1(10)
84.5(7)
175.50(15)
88.94(8)
90.60(13)
167.1(11)

Se(15)-Bi(8)-Se(1)
Se(6)-Bi(8)-Se(1)
Se(12)-Bi(8)-Se(1)

Se(17)-Bi(9)-Se(17)
Se(17)-Bi(9)-Se(16)
Se(17)-Bi(9)-Se(16)
Se(16)-Bi(9)-Se(16)
Se(17)-Bi(9)-Se(15)
Se(17)-Bi(9)-Se(15)
Se(16)-Bi(9)-Se(15)
Se(16)-Bi(9)-Se(15)
Se(15)-Bi(9)-Se(15)
Se(17)-Bi(9)-Se(7)

Se(16)-Bi(9)-Se(7)

Se(15)-Bi(9)-Se(7)

Se(17)-Bi(9)-Se(12)
Se(17)-Bi(9)-Se(12)
Se(16)-Bi(9)-Se(12)
Se(16)-Bi(9)-Se(12)
Se(15)-Bi(9)-Se(12)
Se(7)-Bi(9)-Se(12)

Se(15)-Bi(9)-Se(12)
Se(12)-Bi(9)-Se(12)
Se(17)-Bi(9)-Se(12)
Se(16)-Bi(9)-Se(12)
Se(15)-Bi(9)-Se(12)
Se(7)-Bi(9)-Se(12)

Se(12)-Bi(9)-Se(12)

67

179.0(4)
84.62(11)
90.91(11)

106.9(17)
23(2)
90.6(16)
71(2)

102.9(12)
11.2(16)
84.0(13)
13.6(9)
97.1(6)
88.8(19)

104.9(7)
99.2(5)
82.9(9)

169.4(13)
99.9(10)

165.8(9)

171.13)
87.61(10)
87.5(3)
87.02(11)
96.6(18)
82.4(6)
86.8(4)

170.90(13)
85.80(10)



Figure 3-3. DTA diagram of Na,Bas,Bi¢:xSe;s showing the endothermic and

exothermic peaks. The heating and cooling rates were 10°C/min.
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Figure 3-4. Variable temperature thermopower for a polycrystalline oriented ingot of

Na,(Bas-z,Biw,‘Se 14.
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E. Conclusion

Two new quaternary bismuth chalcogenides that are derivatives of the
K1.sBig sSey4 structure type have been prepared. In Rb;+4Pbs.5xBizsxSejs. Tey structure the
bigger Rb" cations occupy the tunnels and are disordered with Bi atoms similar to the
parent structure. Pb atoms occupy the high-coordination sites. When we move to smaller
cations (Na*) in Na,Bas.;,Bis+xSe14, they get disordered with Bi atoms and reside in the
NaCl- and Bi,Te;-type fragments rather than the tunnels. The tunnels and the high-

coordination sites are occupied by the alkaline earth (Ba®*) cations.
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CHAPTER 4

Solvothermal Synthesis of Ordered Structure of Cs;SbsSey

A. Introduction

Solid state reactions involve solid reactants and are characterized by slow
nucleation and diffusion processes. High temperatures are usually required so that the
reactants have enough mobility for sufficient diffusion to take place. This high-
temperature diffusion control leads to restrictions in the number and complexity of the
structural building blocks available for the construction of solid-state frameworks. Thus
one has very little control in the rational design and prediction of the structures coming
out of this traditional solid-state reactions.' Such experimental conditions lead almost
invariably to thermodynamically stable phases which have simple lattice structures of
high symmetry and high density.' Usually these reactions occur at temperatures typically
above 600°C which allows adequate diffusion of ions and atoms to the site of product
formation.

In comparison to the results obtained from such high temperature synthetic
methods, alternative methods like chemical vapor deposition (CVD), molten salt flux
synthesis and hydrothermal synthesis have allowed the solid-state chemist to use lower
temperature regime where kinetically stable or metastable phases can be accessible.
These lower temperatures make possible the use of molecular assemblies as building

blocks, for incorporation in solid state structures.
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Hydrothermal synthesis usually refers to heterogeneous reactions involving water
as a solvent at elevated temperatures and pressures in a closed system, often in the
vicinity o f its critical point.” There are c ertain fundamental differences in the reaction
conditions involved in comparison to traditional solid-state reactions.' First, using a
suitable solvent removes diffusion control and allows the starting materials to mix
properly. Second, the reactions are restricted to one or more functional groups by the
employment of relatively low temperatures. This leaves the majority of the chemical
bonds intact.

‘Solvothermal’ is a more general term and it refers to similar reaction but in
which a different solvent, can be either inorganic or organic, is used. Certain properties of
the solvent under these conditions (hydro- or solvothermal), like viscosity, density and
diffusion coefficient changes appreciably and the solvent behaves much differently as
compared to what is expected at ambient conditions.®> As a result of this, the chemical
reactivity and the solubility of the reactants are greatly enhanced and this enables the
reaction to take place at a much lower temperature. This methodology is being applied
for the growth of various inorganic materials like metal carbonates, phosphates, oxides,
halides, quartz and zeolites.>*

A growing interest in solvothermal methods has been motivated by the fact that
these lead to materials containing regularly spaced pores and cavities, which have a
distinct technological potential.® For example, these mild and soft conditions make it
possible to leave polychalcogen building-blocks intact while they reorganize themselves
to form various new structures, many of which might be promising for applications in

catalysis, electronic, magnetic, optical and thermalelectronic devices.® Water and alcohol
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so far have been solvents of choice and a number of alkali metal, alkaline-earth metal,
group 14-15 sulfides and selenides and other metal based chalcogenides have been
isolated both by our group’ and other groups.® These reactions were carried out in the
temperature range o f 1 10-220°C. Only recently ethylenediamine’ and ammonia'® have
been used as reaction medium to crystallize polychalcogenides at lower temperature
range of 160-170°C.

The structure of Cs3SbsSes which was reported by Sheldrick and Hausler'' shows
disorder in the Sb and chalcogen sites and this disorder extends to all the layers in the
structure. The structure of Cs;SbsSey presented here has a more ordered structure in the

sense that the disorder in the metal and chalcogen site is extended only in alternate layers.

B. Experimental Section

Reagents: Chemicals were used as obtained: (i) antimony shots, 99.999% purity,
Cerac, Milwaukee, WI. (ii) selenium shots, 99.999% purity, Cerac, Milwaukee, WI. (iii)
cesium metal, 99.999% purity, Alfa Aesar, Ward Hill, MA. (iv) ethylenediamine,
Spectrum Chemical Mfg. Corp., Gardena, CA. Cs;Se was prepared by a stoichiometric
reaction of cesium metal and selenium shots in liquid ammonia.

Solvent: Ethylenediamine (HNCH,CH;NH;) is a very good solvent for
solvothermal synthesis of metal chalcogenides. Some of the physical constants of the
solvent are shown in Table 4-1.'2 It has a relatively low critical pressure which makes it
possible to run these reactions in thick-walled pyrex tubes under mild temperature

conditions.
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Synthesis: All manipulations were carried out under a dry nitrogen atmosphere in
a Vacuum Atmospheres Dri-Lab glovebox. All starting materials were ground to fine
powder and then loaded in thick walled pyrex tubes for efficient mixing with the solvent.

Cs3SbsSey: A mixture of 0.09g (0.261 mol) of Cs,Se, 0.159g (1.31 mol) of
antimony and 0.206g (2.61 mol) of selenium in the ratio of 0.2:1:2 was transferred into a
9mm thick walled pyrex tube. 0.30ml (mol) of ethylene diamine was added to this and
the tube was cooled under liquid N, until the solvent solidifies. This was then flame
sealed under vacuum (~10 Torr). The tube was then wrapped in aluminum foil and kept
in an oven maintained at a constant temperature of 154°C. The progress of the reaction
was monitored by checking for crystal growth inside the tube. The product consisted of
reddish brown hexagonal rods (see Figure 4-1.) and orange crystals. The rods were stable
in air whereas the orange crystals were sensitive to air as it lost its color when left outside.
These orange crystals were CsiSbSes.'> Energy Dispersive Spectroscopy (EDS) on
several of these hexagonal rod type crystals gave an approximate composition of

“CSSb| ,63862,94”.

C. Physical Measurements

Energy Dispersive Spectroscopy: Quantitative microprobe analyses of the
compound were performed with a JEOL JSM-6400V Scanning Electron Microscope
equipped with a Tracor Northern Energy Dispersive Spectroscopy (EDS) detector. Data
were acquired using an accelerating voltage of 20 kV and a 3 0 se conds a ccumulation

time.
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Single-Crystal X-ray Crystallography: Intensity data were collected at 293 K
on a Bruker SMART Platform CCD diffractometer using graphite monochromatized Mo
Ka (A = 0.71073A) radiation. Individual frames were measured using 0.3° steps in ®
using the SMART software. SAINT'* was used for data extraction and reduction. The
absorption correction was done with SADABS'®, and the structure solution was done
with the SHELXTL' package of crystallographic programs.

A hemisphere of data was collected with an exposure time of 30 seconds per
frame. The crystallographic data is shown in Table 4-2. The structure was first solved in
C2 space group. Then the TEXSAN'’ package of crystallographic program was used to
find missing symmetry elements and an inversion center was found at (0.0001, 0.2845, -
0.0013) suggesting a higher centrosymmetric space group C2/m. The origin was shifted
to the inversion point and the coordinates of all the atoms were recalculated based on this
origin. 1/8™ of this cell was chosen and refined in C2/m. Forty six crystallographically
independent positions were found out of which thirteen positions were found to sit on a
crystallographic mirror plane. The remaining sat on a general position. Sb(13) & Sb(14),
Se(18) & Se(19), Se(20) & Se(21), Se(22) & Se(23) and Se(24) & Se(25) were all found
to be disordered over a single site. After anisotropic refinement final R values, R1 =
8.18% and wR2 = 22.68%. The fractional coordinates and isotropic displacement

parameters along with occupancies for disordered atoms are shown in Table 4-3.
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Table 4-1. Physical

Molecular formula
Formula weight (g.mol-')
Melting point (°C)
Boiling point (°C)

Flash point (°C)

Critical temp. (°C)
Critical pressure (atm)

Critical volume (cm®.mol™")

for ethylene di

C2HgN,
60.10
8.5
117.3
43
319.9
62.1

206

Figure 4-1. SEM image of the hexagonal rod type crystal of Cs3SbsSes.
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Table 4-2. Crystallographic data for the ordered Cs3;SbsSey and the structure reported by

Sheldrick and Hiusler."

Empirical formula Cs3SbsSeq Cs3SbsSeg (From ref. 11)
Formula weight 412.58 -

T,K 293(2) -

A A 0.71073 0.71073
Crystal System Monoclinic
Space group C2/m C2/m
a,A 19.156(4) 9.587(4)
b, A 51.647(12) 25.855(4)
c, A 11.615(3) 9.638(1)
a, deg 90 90

B, deg 126.974(4) 105.58(2)
Y, deg 90 90

Vv, A3 9180(4) 2301(1)
Z 70 4

Peatcd, glcm’ 5.224 4.96

p, mm-1 25.789 24.57
Total reflections 38167 1862
Unique reflections 11209 1582
Ryiny) 0.0708 -

No. of parameters 371 99
Goodness-of-fiton F2  1.064 -
Refinement method Full-matrix least-squares on F
R1* 0.0818 0.064
wR2° 0.2268 0.061

"R1=3 |IF-FVEIFol. ® WR2 = (3 [w(F,-F) VEIwF )]}
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Table 4-3. Atomic coordinates (x 104) and equivalent isotropic displacement parameters

(A2x 103) for Cs3SbsSes.

b y z U(eq) Occ.
Cs(1) 2638(1) 1080(1) 7563(2) 20(1)
Cs(2) 2353(1) 1076(1) 2328(2) 18(1)
Cs(3) 0 408(1) 5000 24(1)
Cs(4) 5000 411(1) 5000 25(1)
Cs(5) 10102(1) 1425(1) 7574(2) 22(1)
Cs(6) 7486(1) 2091(1) 4999(2) 33(1)
Cs(7) 5155(1) 1419(1) 7618(2) 22(1)
Sb(1) 7493(1) 1886(1) 8394(2) 22(1)
Sb(2) 0 -2886(1) 5000 33(1)
Sb(3) 2417(1) 380(1) 4743(1) 8(1)
Sb(4) 2589(1) 380(1) -86(1) 7(1)
Sb(5) 1168(1) 0 637(2) 7(1)
Sb(6) 3833(1) 0 8297(2) 8(1)
Sb(7) 4893(1) 615(1) 8283(2) 9(1)
Sb(8) -96(1) 611(1) 1510(2) 9(1)
Sb(9) 7501(1) 1888(1) 11612(2) 23(1)
Sb(10) 0 -2880(1) 0 36(1)
Sb(11) 5000 -2879(1) 15000 33(1)
Sb(12) 5000 -2878(1) 10000 36(1)
Sb(13) 6334(3) -2497(1) 18311(4) 27(1) 0.51744
Sb(14) 6333(3) -2499(1) 19350(4) 22(1) 0.48256
Se(1) 3801(2) 0 1134(3) 11(1)
Se(2) 1217(2) 0 3569(3) 11(1)
Se(3) 2290(1) 376(1) 1877(2) 8(1)
Se(4) 1165(2) 0 -1620(3) 8(1)
Se(5) 3832(2) 0 6024(3) 8(1)
Se(6) 7518(2) 1533(1) 10030(2) 18(1)
Se(7) 1226(2) 773(1) 4001(2) 14(1)
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Table 4-3. (cont’d)

X y z U(eq) Occ.
Se(8) 3766(2) 771(1) 1546(3) 16(1)
Se(9) 0 965(1) 0 13(1)
Se(10) 1233(2) 823(1) -1620(3) 14(1)
Se(11) 3775(2) 836(1) 5939(2) 13(1)
Se(12) 8735(2) 1707(1) 8442(3) 26(1)
Se(13) 5000 967(1) 10000 15(1)
Se(14) 8717(2) 1700(1)  14034(3) 30(1)
Se(15) 6257(2) 1706(1)  11559(3) 26(1)
Se(16) 6276(2) 1692(1) 5991(3) 29(1)
Se(17) 2709(1) 377(1) 7297(2) 9(1)
Se(18) -191(4) -2881(1) 2719(6) 21(2)  0.48593
Se(19) -180(4) -2878(1) 1904(6) 25(2)  0.51407
Se(20) 4809(4) 2872(1)  12712(6) 22(2)  0.48630
Se(21) 4819(4) 2874(1)  11909(6) 252) 0.51370
Se(22) 6315(8) -2503(1)  16110(50) 24(5) 0.66742
Se(23) 6279(11)  -2489(5)  16510(50) 10(6) 0.33258
Se(24) 6334(9) -2497(4)  11620(50) 16(4) 0.43799
Se(25) 6313(7) -2500(2)  11150(60) 20(6) 0.56201

U(eq) is defined as one third of the trace of the orthogonalized Ul tensor.
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D. Results and discussion

Structure Description of Cs3SbsSes:

The structure of Cs3;SbsSey consists of complex selenoantimonate layers and
builds up in the following manner: it has three kinds of building blocks which are
(Sb2Ses)®; (SbSes)™ and (SbaSes)* (see Figure 4-3.). Each (Sb,Seq)®” unit is bridged by
(SbSe,)® anion to another (Sb,Ses)™ unit to form chains which run along the c-direction.
The (SbSes)> bridging unit are positioned in an alternate fashion along this chain. These
linear chains are connected along the a-direction by two (Sb,Ses)*" anions to form layers
parallel to the ac-plane. Alternate 1ayers in this structure have disordered Sb- and Se-
sites.

The antimony atoms in the (szseb)"' unit are in a distorted octahedral
coordination with a long Sb-Se bond trans to a short Sb-Se bond. Sb-Se distances in this
unit ranges between 2.435(6)-3.189(1)A. In the (SbSes)> unit the antimony atoms are in
see-saw type coordination. Sb-Se distances in this unit ranges between 2.596(2)-
3.332(1)A. The (Sb,Ses)* unit is formed by the corner sharing of two trigonal pyramidal
SbSe; units. Sb-Se distances in this unit ranges between 2.508 (3)-2.617(3)A. For bond
distances and selected bond angles see Table 4-3. and Table 4-4. respectively.

For the alkali (Cs") atoms, Cs(3), Cs(4) & Cs(6) lies in the tunnels running along
the b-direction (see Figure 4-4.) which are within the layers and all the remaining alkali
atoms lie between the layers.

An interesting feature in this structure is the presence of disorder in the Sb- and
Se-sites. Specifically Sb is disordered in the (SbSes)> unit while Se is disordered in both

(Sb2See)* and (SbSe4)5' units (see Figure 4-3.). The Sb-sitein (SbSe4)5' unit has 52%
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Sb(13) and 48% Sb(14). Both the atoms are disordered at 1.207(1)A. In the Se-sites,
Se(18) (49% )is disordered with Se(19) (51%) and Se(20) (49%) is disordered with Se(21)
(51%). Se(18) is disordered with Se(19) at 0.959(1)A and Se(20) is disordered with Se(21)
at 0.945(1)A. In case of the (SbySec)” unit the disordered Se-sites are occupied by
Se(22)/Se(23) and Se(24)/Se(25). The Se(22) site contains 67% Se(22) and 33% Se(23)
whereas the Se(24) site has 44% Se(24) and 56% Se(25). Se(22) is disordered with Se(23)
at 0.512(1)A and Se(24) is disordered with Se(25) at 0.524(1)A.

Sheldrick and Hiusler'' in their report on the structure of Cs;SbsSey have noted
disorder in the Sb- and Se-site and this disorder is present in all the layers. They also
reported the disorder of Se-site to be present only in the (SbSes)> unit. In our structural
solution we observe the disorder in Sb- and Se-sites to be present in alternate layers and
this is probably a distinct structural difference with that reported earlier. Also the disorder
in the Se-sites is observed to be present in (Sb,Seq)® unit as well as in (SbSes)* unit.
Moving from disordered layers as reported earlier to ordered layers, probably explains

the doubling from 25.855(4)A to 51.647(12)A in the b-parameter of the unit cell.
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Figure 4-3. Different selenoantimonate units which act as building-blocks.
8Sb
Se

a) Linear chains composed
of (Sb,Seq)® units joined
by (SbSes)* unit.

b) Similar chains showing
disorder in the Sb- and Se-
sites

(©) (SbaSes)* unit, this
joins the two chains to
form a layer.
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Figure 4-4. Projection of one of the layers in Cs;SbsSeq down the b-axis showing the
tunnels occupied by the alkali atoms. It also shows the chains connected by the (SbaSes)*

unit.

S

‘s *zs\*.

T
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Table 4-4. Bond distances (A) for Cs3SbsSes.

Sb(1)-Se(12)
Sb(1)-Se(16)
Sb(1)-Se(6)

Sb(2)-Se(18) x 2
Sb(2)-Se(23)
Sb(2)-Se(22)
Sb(2)-Se(16) x 2

Sb(3)-Se(17)
Sb(3)-Se(2)
Sb(3)-Se(7)
Sb(3)-Se(5)
Sb(3)-Se(3)
Sb(3)-Se(11)

Sb(4)-Se(3)
Sb(4)-Se(1)
Sb(4)-Se(8)
Sb(4)-Se(4)
Sb(4)-Se(17)
Sb(4)-Se(10)

Sb(5)-Se(3) x 2
Sb(5)-Se(4)
Sb(5)-Se(2)

Sb(6)-Se(17) x 2
Sb(6)-Se(5)

2.521(3)
2.531(3)
2.614(3)

2.447(6)
2.765(19)
2.849(14)
2.948(4)

2.668(2)
2.687(3)
2.775(3)
2.926(3)
3.189(1)
3.149(4)

2.665(2)
2.700(3)
2.760(3)
2.936(3)
3.181(1)
3.097(5)

2.596(2)
2.617(3)
3.350(1)

2.601(2)
2.640(3)
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Sb(6)-Se(1)

Sb(7)-Se(11)
Sb(7)-Se(8)
Sb(7)-Se(13)

Sb(8)-Se(10)
Sb(8)-Se(7)
Sb(8)-Se(9)

Sb(9)-Se(15)
Sb(9)-Se(14)
Sb(9)-Se(6)

Sb(10)-Se(19) x 2
Sb(10)-Se(25)
Sb(10)-Se(24)
Sb(10)-Se(15) x 2

Sb(11)-Se(20) x 2
Sb(11)-Se(22)
Sb(11)-Se(23)
Sb(11)-Se(14) x 2

Sb(12)-Se(21) x 2
Sb(12)-Se(25)
Sb(12)-Se(24)
Sb(12)-Se(12) x 2

3.332(1)

2.508(3)
2.583(3)
2.615(3)

2.509(3)
2.584(3)
2.617(3)

2.529(3)
2.530(3)
2.610(3)

2.435(6)
2.812(10)
2.843(12)
2.901(3)

2.455(6)
2.807(12)
2.82(2)
2.952(4)

2.441(6)
2.809(12)
2.86(2)
2.909(4)



Table 4-4. (cont’d)

Sb(13)-Sb(14) 1.207(5) Cs(2)-Se(8) 3.686(3)
Sb(13)-Se(23) 2.03(6) Cs(2)-Se(6) 3.735(3)
Sb(13)-Se(22) 2.53(6) Cs(2)-Se(16) 3.827(3)
Sb(13)-Se(20) 2.612(7) Cs(2)-Se(10) 3.937(3)
Sb(13)-Se(18) 2.623(7) Cs(2)-Se(7) 3.991(3)
Sb(13)-Se(19) 2.834(7)
Sb(13)-Se(21) 2.836(7) Cs(3)-Se(7) x 2 3.701(3)

Cs(3)-Se(4) x 2 3.780(3)
Sb(14)-Se(25) 2.11(6) Cs(3)-Se(10) x 2 3.800(3)
Sb(14)-Se(21) 2.623(7) Cs(3)-Se(2) x 2 4.159(3)
Sb(14)-Se(19) 2.629(6) Cs(3)-Se(17) x 2 4.173(2)
Sb(14)-Se(24) 2.64(6)
Sb(14)-Se(20) 2.818(7) Cs(4)-Se(8) x 2 3.706(3)
Sb(14)-Se(18) 2.841(6) Cs(4)-Se(5) x 2 3.758(3)

Cs(4)-Se(11) x 2 3.820(3)
Cs(1)-Se(10) 3.604(3) Cs(4)-Se(3) x 2 4.182(2)
Cs(1)-Se(15) 3.654(3) Cs(4)-Se(1) 4.188(3)
Cs(1)-Se(17) 3.657(3)
Cs(1)-Se(13) 3.6633(19) Cs(5)-Se(10) 3.577(3)
Cs(1)-Se(7) 3.673(3) Cs(5)-Se(14) 3.583(3)
Cs(1)-Se(6) 3.790(3) Cs(5)-Se(12) 3.629(3)
Cs(1)-Se(14) 3.824(3) Cs(5)-Se(20) 3.659(6)
Cs(1)-Se(11) 3.853(3) Cs(5)-Se(21) 3.660(6)
Cs(1)-Se(8) 4.073(3) Cs(5)-Se(6) 3.686(3)

Cs(5)-Se(9) 3.779(3)
Cs(2)-Se(11) 3.577(3) Cs(5)-Se(7) 3.944(3)
Cs(2)-Se(3) 3.645(3) Cs(5)-Se(14) 3.964(4)
Cs(2)-Se(9) 3.6458(19) Cs(5)-Se(12) 4.012(3)
Cs(2)-Se(12) 3.677(3)
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Table 4-4. (cont’d)

Cs(6)-Se(14) 3.751(4) Cs(7)-Se(18) 3.644(5)
Cs(6)-Se(12) 3.759(3) Cs(7)-Se(6) 3.664(3)
Cs(6)-Se(15) 3.762(3) Cs(7)-Se(19) 3.670(5)
Cs(6)-Se(16) 3.764(4) Cs(7)-Se(15) 3.677(3)
Cs(6)-Se(24) 3.79(3) Cs(7)-Se(11) 3.694(3)
Cs(6)-Se(22) 3.84(4) Cs(7)-Se(8) 3.741(3)
Cs(6)-Se(19) 4.118(6) Cs(7)-Se(13) 3.764(3)
Cs(6)-Se(18) 4.124(6) Cs(7)-Se(16) 3.879(4)

Cs(7)-Se(15) 3.996(3)
Cs(7)-Se(16) 3.639(3)
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Table 4-5. Selected Angles (deg) for Cs3SbsSes.

Se(12)-Sb(1)-Se(16)

Se(12)-Sb(1)-Se(6)
Se(16)-Sb(1)-Se(6)

Se(18)-Sb(2)-Se(18)
Se(18)-Sb(2)-Se(23)
Se(18)-Sb(2)-Se(23)
Se(23)-Sb(2)-Se(23)
Se(18)-Sb(2)-Se(22)
Se(18)-Sb(2)-Se(22)
Se(18)-Sb(2)-Se(16)
Se(18)-Sb(2)-Se(16)
Se(23)-Sb(2)-Se(16

Se(23)-Sb(2)-Se(16)
Se(22)-Sb(2)-Se(16)
Se(22)-Sb(2)-Se(16)
Se(16)-Sb(2)-Se(16)

Se(17)-Sb(3)-Se(2)
Se(17)-Sb(3)-Se(7)
Se(2)-Sb(3)-Se(7)
Se(17)-Sb(3)-Se(5)
Se(2)-Sb(3)-Se(5)
Se(7)-Sb(3)-Se(5)
Se(17)-Sb(3)-Cs(2)
Se(2)-Sb(3)-Cs(2)
Se(7)-Sb(3)-Cs(2)
Se(5)-Sb(3)-Cs(2)

96.29(11)
97.10(10)
97.26(10)

178.8(3)
78.8(13)
100.3(13)
91.3(10)
89.1(12)
90.0(12)
88.83(14)
92.06(15)
167.4(13)
93.5(3)
92.6(3)
176.2(5)
84.33(14)

95.93(9)
86.16(7)
94.85(8)
85.43(8)
90.95(8)
170.24(9)
127.21(7)
124.79(7)
60.96(6)
121.34(6)
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Se(3)-Sb(4)-Se(1)
Se(3)-Sb(4)-Se(8)
Se(1)-Sb(4)-Se(8)
Se(3)-Sb(4)-Se(4)
Se(1)-Sb(4)-Se(4)
Se(8)-Sb(4)-Se(4)

Se(3)-Sb(5)-Se(3)
Se(3)-Sb(5)-Se(4)

Se(17)-Sb(6)-Se(17)
Se(17)-Sb(6)-Se(5)

Se(11)-Sb(7)-Se(8)
Se(11)-Sb(7)-Se(13)
Se(8)-Sb(7)-Se(13)

Se(10)-Sb(8)-Se(7)
Se(10)-Sb(8)-Se(9)
Se(7)-Sb(8)-Se(9)

Se(15)-Sb(9)-Se(14)
Se(15)-Sb(9)-Se(6)
Se(14)-Sb(9)-Se(6)

Se(19)-Sb(10)-Se(19)
Se(19)-Sb(10)-Se(25)
Se(19)-Sb(10)-Se(25)
Se(25)-Sb(10)-Se(25)

95.99(9)
85.72(8)
94.74(8)
85.07(8)
91.38(8)
169.42(9)

96.81(11)
93.32(8)

96.86(12)
92.96(8)

95.81(9)
97.75(8)
96.06(8)

95.57(9)
98.09(8)
96.13(8)

96.17(11)
97.55(10)
96.90(11)

179.5(3)
98.1(13)
81.6(13)
91.6(5)



Table 4-5. (cont’d)

Se(24)-Sb(10)-Se(24)
Se(19)-Sb(10)-Se(15)
Se(19)-Sb(10)-Se(15)
Se(25)-Sb(10)-Se(15)
Se(25)-Sb(10)-Se(15)
Se(24)-Sb(10)-Se(15)
Se(24)-Sb(10)-Se(15)
Se(15)-Sb(10)-Se(15)
Se(19)-Sb(10)-Se(24)
Se(19)-Sb(10)-Se(24)

Se(20)-Sb(11)-Se(20)
Se(20)-Sb(11)-Se(22)
Se(20)-Sb(11)-Se(22)
Se(22)-Sb(11)-Se(22)
Se(20)-Sb(11)-Se(23)
Se(20)-Sb(11)-Se(23)
Se(22)-Sb(11)-Se(23)
Se(20)-Sb(11)-Se(23)
Se(23)-Sb(11)-Se(23)
Se(20)-Sb(11)-Se(14)
Se(20)-Sb(11)-Se(14)
Se(22)-Sb(11)-Se(14)
Se(22)-Sb(11)-Se(14)
Se(23)-Sb(11)-Se(14)
Se(23)-Sb(11)-Se(14)
Se(20)-Sb(11)-Se(14)
Se(14)-Sb(11)-Se(14)

93.5(10)
93.01(15)
87.39(14)
168.6(13)
92.8(2)
175.6(3)
90.8(5)
84.87(14)
87.6(12)
92.1(12)

178.4(3)
89.0(12)
89.8(12)
92.3(6)
78.9(12)
99.9(12)
89.7(5)
99.9(12)
88.9(8)
88.26(15)
92.94(15)

175.4(5)
91.4(3)

167.1(12)
94.4(6)
92.94(15)
85.07(14)
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Se(21)-Sb(12)-Se(21)
Se(21)-Sb(12)-Se(25)
Se(21)-Sb(12)-Se(25)
Se(25)-Sb(12)-Se(25)
Se(21)-Sb(12)-Se(24)
Se(21)-Sb(12)-Se(24)
Se(25)-Sb(12)-Se(24)
Se(21)-Sb(12)-Se(24)
Se(24)-Sb(12)-Se(24)
Se(21)-Sb(12)-Se(12)
Se(21)-Sb(12)-Se(12)
Se(25)-Sb(12)-Se(12)
Se(25)-Sb(12)-Se(12)
Se(24)-Sb(12)-Se(12)
Se(24)-Sb(12)-Se(12)
Se(12)-Sb(12)-Se(12)

Sb(14)-Sb(13)-Se(23)
Sb(14)-Sb(13)-Se(22)
Sb(14)-Sb(13)-Se(20)
Se(23)-Sb(13)-Se(20)
Se(22)-Sb(13)-Se(20)
Sb(14)-Sb(13)-Se(18)
Se(23)-Sb(13)-Se(18)
Se(22)-Sb(13)-Se(18)
Se(20)-Sb(13)-Se(18)
Sb(14)-Sb(13)-Se(19)
Se(23)-Sb(13)-Se(19)
Se(22)-Sb(13)-Se(19)

178.9(3)
81.4(13)
97.9(13)
91.8(4)
87.4(11)
91.9(11)
91.4(2)
87.4(11)
92.9(5)
92.97(15)
87.82(15)

168.8(12)
92.5(4)

176.13)
91.0(2)
85.15(14)

177.4(7)
178.8(4)
86.9(3)
92.1(6)
91.9(3)
87.6(3)
90.1(8)
92.7(3)
95.9(2)
67.8(3)
109.8(8)
112.4(3)



Table 4-5. (cont’d)

Se(20)-Sb(13)-Se(19)
Sb(14)-Sb(13)-Se(21)
Se(23)-Sb(13)-Se(21)
Se(18)-Sb(13)-Se(21)
Se(19)-Sb(13)-Se(21)

Sb(13)-Sb(14)-Se(25)
Sb(13)-Sb(14)-Se(21)
Se(25)-Sb(14)-Se(21)
Sb(13)-Sb(14)-Se(19)

94.1(2)
67.5(3)
111.5(5)
94.5(2)
86.4(2)

179.2(5)
87.4(3)
92.3(3)
87.0(3)

92

Se(21)-Sb(14)-Se(19)
Sb(13)-Sb(14)-Se(20)
Se(25)-Sb(14)-Se(20)
Se(21)-Sb(14)-Se(20)
Se(19)-Sb(14)-Se(20)
Se(24)-Sb(14)-Se(20)
Sb(13)-Sb(14)-Se(18)
Se(25)-Sb(14)-Se(18)
Se(21)-Sb(14)-Se(18)
Se(20)-Sb(14)-Se(18)

95.3(2)
67.8(3)
111.9(3)
19.58(15)
94.1(2)
112.6(4)
67.3(3)
112.0(4)
94.4(2)
86.8(2)



E. Conclusion

Cs3SbsSeq was prepared by the solvothermal reaction of Cs;Se, Sb and Se using ethylene
diamine as the solvent at a temperature of 154°C. It has a more ordered structure than
previously described and it consists of selenoantimonate layers parallel to the ac-plane.
The alkali atoms are present both in between these layers and also in the tunnels formed
within the layers. This type of low temperature reaction technique helps in retaining these
selenoantimonate building bocks, which may not survive under traditional high

temperature solid state reaction conditions.
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