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PREFACE

Comprehensive Inorganic Chemistry III is a new multi-reference work covering the broad area of Inorganic
Chemistry. The work is available both in print and in electronic format. The 10 Volumes review significant
advances and examines topics of relevance to today’s inorganic chemists with a focus on topics and results after
2012.

The work is focusing on new developments, including interdisciplinary and high-impact areas. Compre-
hensive Inorganic Chemistry III, specifically focuses on main group chemistry, biological inorganic chemistry,
solid state and materials chemistry, catalysis and new developments in electrochemistry and photochemistry, as
well as on NMR methods and diffractions methods to study inorganic compounds.

The work continues our 2013 work Comprehensive Inorganic Chemistry II, but at the same time adds new
volumes on emerging research areas and techniques used to study inorganic compounds. The new work is also
highly complementary to other recent Elsevier works in Coordination Chemistry and Organometallic Chem-
istry thereby forming a trio of works covering the whole of modern inorganic chemistry, most recently COMC-4
and CCC-3. The rapid pace of developments in recent years in all areas of chemistry, particularly inorganic
chemistry, has again created many challenges to provide a contemporary up-to-date series.

As is typically the challenge for Multireference Works (MRWs), the chapters are designed to provide a valu-
able long-standing scientific resource for both advanced students new to an area as well as researchers who need
further background or answers to a particular problem on the elements, their compounds, or applications.
Chapters are written by teams of leading experts, under the guidance of the Volume Editors and the Editors-in-
Chief. The articles are written at a level that allows undergraduate students to understand the material, while
providing active researchers with a ready reference resource for information in the field. The chapters are not
intended to provide basic data on the elements, which are available from many sources including the original
CIC-], over 50-years-old by now, but instead concentrate on applications of the elements and their compounds
and on high-level techniques to study inorganic compounds.

Vol. 1: Synthesis, Structure, and Bonding in Inorganic Molecular Systems; Risto S. Laitinen

In this Volume the editor presents an historic overview of Inorganic Chemistry starting with the birth of
inorganic chemistry after Berzelius, and a focus on the 20th century including an overview of “inorganic” Nobel
Prizes and major discoveries, like inert gas compounds. The most important trends in the field are discussed in
an historic context. The bulk of the Volume consists of 3 parts, i.e., (1) Structure, bonding, and reactivity in
inorganic molecular systems; (2) Intermolecular interactions, and (3) Inorganic Chains, rings, and cages. The
volume contains 23 chapters.

Part 1 contains chapters dealing with compounds in which the heavy p-block atom acts as a central atom.
Some chapters deal with the rich synthetic and structural chemistry of noble gas compounds, low-coordinate
p-block elements, biradicals, iron-only hydrogenase mimics, and macrocyclic selenoethers. Finally, the chem-
istry and application of weakly coordinating anions, the synthesis, structures, and reactivity of carbenes con-
taining non-innocent ligands, frustrated Lewis pairs in metal-free catalysis are discussed. Part 2 discusses
secondary bonding interactions that play an important role in the properties of bulk materials. It includes
a chapter on the general theoretical considerations of secondary bonding interactions, including halogen and
chalcogen bonding. This section is concluded by the update of the host-guest chemistry of the molecules of
p-block elements and by a comprehensive review of closed-shell metallophilic interactions. The third part of the
Volume is dedicated to chain, ring and cage (or cluster) compounds in molecular inorganic chemistry. Separate
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chapters describe the recent chemistry of boron clusters, as well as the chain, ring, and cage compounds of
Group13 and 15, and 16 elements. Also, aromatic compounds bearing heavy Group 14 atoms, polyhalogenide
anions and Zintl-clusters are presented.

Vol. 2: Bioinorganic Chemistry and Homogeneous Biomimetic Inorganic Catalysis; Vincent L. Pecoraro and
Zijian Guo

In this Volume, the editors have brought together 26 chapters providing a broad coverage of many of the
important areas involving metal compounds in biology and medicine. Readers interested in fundamental
biochemistry that is assisted by metal ion catalysis, or in uncovering the latest developments in diagnostics or
therapeutics using metal-based probes or agents, will find high-level contributions from top scientists. In the
first part of the Volume topics dealing with metals interacting with proteins and nucleic acids are presented (e.g.,
siderophores, metallophores, homeostasis, biomineralization, metal-DNA and metal-RNA interactions, but
also with zinc and cobalt enzymes). Topics dealing with iron-sulfur clusters and heme-containing proteins,
enzymes dealing with dinitrogen fixation, dihydrogen and dioxygen production by photosynthesis will also be
discussed, including bioinspired model systems.

In the second part of the Volume the focus is on applications of inorganic chemistry in the field of medicine:
e.g., clinical diagnosis, curing diseases and drug targeting. Platinum, gold and other metal compounds and their
mechanism of action will be discussed in several chapters. Supramolecular coordination compounds, metal
organic frameworks and targeted modifications of higher molecular weight will also be shown to be important
for current and future therapy and diagnosis.

Vol. 3: Theory and Bonding of Inorganic Non-molecular Systems; Daniel C. Fredrickson

This volume consists of 15 chapters that build on symmetry-based expressions for the wavefunctions of
extended structures toward models for bonding in solid state materials and their surfaces, algorithms for the
prediction of crystal structures, tools for the analysis of bonding, and theories for the unique properties and
phenomena that arise in these systems. The volume is divided into four parts along these lines, based on major
themes in each of the chapters. These are: Part 1: Models for extended inorganic structures, Part 2: Tools for
electronic structure analysis, Part 3: Predictive exploration of new structures, and Part 4: Properties and
phenomena.

Vol. 4: Solid State Inorganic Chemistry; P. Shiv Halasyamani and Patrick M. Woodward

In a broad sense the field of inorganic chemistry can be broken down into substances that are based on
molecules and those that are based on extended arrays linked by metallic, covalent, polar covalent, or ionic
bonds (i.e., extended solids). The field of solid-state inorganic chemistry is largely concerned with elements and
compounds that fall into the latter group. This volume contains nineteen chapters covering a wide variety of
solid-state inorganic materials. These chapters largely focus on materials with properties that underpin modern
technology. Smart phones, solid state lighting, batteries, computers, and many other devices that we take for
granted would not be possible without these materials. Improvements in the performance of these and many
other technologies are closely tied to the discovery of new materials or advances in our ability to synthesize high
quality samples. The organization of most chapters is purposefully designed to emphasize how the exceptional
physical properties of modern materials arise from the interplay of composition, structure, and bonding. Not
surprisingly this volume has considerable overlap with both Volume 3 (Theory and Bonding of Inorganic Non-
Molecular Systems) and Volume 5 (Inorganic Materials Chemistry). We anticipate that readers who are inter-
ested in this volume will find much of interest in those volumes and vice versa

Vol. 5: Inorganic Materials Chemistry; Ram Seshadri and Serena Cussen

This volume has adopted the broad title of Inorganic Materials Chemistry, but as readers would note, the title
could readily befit articles in other volumes as well. In order to distinguish contributions in this volume from
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those in other volumes, the editors have chosen to use as the organizing principle, the role of synthesis in
developing materials, reflected by several of the contributions carrying the terms “synthesis” or “preparation” in
the title. It should also be noted that the subset of inorganic materials that are the focus of this volume are what
are generally referred to as functional materials, i.e., materials that carry out a function usually through the way
they respond to an external stimulus such as light, or thermal gradients, or a magnetic field.

Vol. 6: Heterogeneous Inorganic Catalysis; Rutger A. van Santen and Emiel J. M. Hensen

This Volume starts with an introductory chapter providing an excellent discussion of single sites in metal
catalysis. This chapter is followed by 18 chapters covering a large part of the field. These chapters have
been written with a focus on the synthesis and characterization of catalytic complexity and its relationship
with the molecular chemistry of the catalytic reaction. In the 1950s with the growth of molecular inorganic
chemistry, coordination chemistry and organometallic chemistry started to influence the development of
heterogeneous catalysis. A host of new reactions and processes originate from that time. In this Volume
chapters on major topics, like promoted Fischer-Tropsch catalysts, structure sensitivity of well-defined alloy
surfaces in the context of oxidation catalysis and electrocatalytic reactions, illustrate the broadness of the
field. Molecular heterogeneous catalysts rapidly grew after high-surface synthetic of zeolites were intro-
duced; so, synthesis, structure and nanopore chemistry in zeolites is presented in a number of chapters.
Also, topics like nanocluster activation of zeolites and supported zeolites are discussed. Mechanistically
important chapters deal with imaging of single atom catalysts. An important development is the use of
reducible supports, such as CeO, or Fe,O3 where the interaction between the metal and support is playing
a crucial role.

Vol. 7: Inorganic Electrochemistry; Keith J. Stevenson, Evgeny V. Antipov and Artem M. Abakumov

This volume bridges several fields across chemistry, physics and material science. Perhaps this topic is best
associated with the book “Inorganic Electrochemistry: Theory, Practice and Applications” by Piero Zanello that
was intended to introduce inorganic chemists to electrochemical methods for study of primarily molecular
systems, including metallocenes, organometallic and coordination complexes, metal complexes of redox active
ligands, metal-carbonyl clusters, and proteins. The emphasis in this Volume of CIC III is on the impact of
inorganic chemistry on the field of material science, which has opened the gateway for inorganic chemists to use
more applied methods to the broad areas of electrochemical energy storage and conversion, electrocatalysis,
electroanalysis, and electrosynthesis. In recognition of this decisive impact, the Nobel Prize in Chemistry of
2019 was awarded to John B. Goodenough, M. Stanley Whittingham, and Akira Yoshino for the development of
the lithium-ion battery.

Vol. 8: Inorganic Photochemistry; Vivian W. W. Yam

In this Volume the editor has compiled 19 chapters discussing recent developments in a variety of developments
in the field. The introductory chapter overviews the several topics, including photoactivation and imaging
reagents. The first chapters include a discussion of using luminescent coordination and organometallic
compounds for organic light-emitting diodes (OLEDs) and applications to highlight the importance of
developing future highly efficient luminescent transition metal compounds. The use of metal compounds in
photo-induced bond activation and catalysis is highlighted by non-sacrificial photocatalysis and redox pho-
tocatalysis, which is another fundamental area of immense research interest and development. This work
facilitates applications like biological probes, drug delivery and imaging reagents. Photochemical CO; reduc-
tion and water oxidation catalysis has been addressed in several chapters. Use of such inorganic compounds in
solar fuels and photocatalysis remains crucial for a sustainable environment. Finally, the photophysics and
photochemistry of lanthanoid compounds is discussed, with their potential use of doped lanthanoids in
luminescence imaging reagents.
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Vol. 9: NMR of Inorganic Nuclei; David L. Bryce

Nuclear magnetic resonance (NMR) spectroscopy has long been established as one of the most important
analytical tools at the disposal of the experimental chemist. The isotope-specific nature of the technique can
provide unparalleled insights into local structure and dynamics. As seen in the various contributions to this
Volume, applications of NMR spectroscopy to inorganic systems span the gas phase, liquid phase, and solid
state. The nature of the systems discussed covers a very wide range, including glasses, single-molecule magnets,
energy storage materials, bioinorganic systems, nanoparticles, catalysts, and more. The focus is largely on
isotopes other than 'H and '>C, although there are clearly many applications of NMR of these nuclides to the
study of inorganic compounds and materials. The value of solid-state NMR in studying the large percentage of
nuclides which are quadrupolar (spin I > ') is apparent in the various contributions. This is perhaps to be
expected given that rapid quadrupolar relaxation can often obfuscate the observation of these resonances in
solution.

Vol. 10: X-ray, Neutron and Electron Scattering Methods in Inorganic Chemistry; Angus P. Wilkinson and
Paul R. Raithby

In this Volume the editors start with an introduction on the recent history and improvements of the instru-
mentation, source technology and user accessibility of synchrotron and neutron facilities worldwide, and they
explain how these techniques work. The modern facilities now allow inorganic chemists to carry out a wide
variety of complex experiments, almost on a day-to-day basis, that were not possible in the recent past. Past
editions of Comprehensive Inorganic Chemistry have included many examples of successful synchrotron or
neutron studies, but the increased importance of such experiments to inorganic chemists motivated us to
produce a separate volume in CIC III dedicated to the methodology developed and the results obtained.

The introduction chapter is followed by 15 chapters describing the developments in the field. Several
chapters are presented covering recent examples of state-of-the-art experiments and refer to some of the pio-
neering work leading to the current state of the science in this exciting area. The editors have recognized the
importance of complementary techniques by including chapters on electron crystallography and synchrotron
radiation sources. Chapters are present on applications of the techniques in e.g., spin-crossover materials and
catalytic materials, and in the use of time-resolved studies on molecular materials. A chapter on the worldwide
frequently used structure visualization of crystal structures, using PLATON/PLUTON, is also included. Finally,
some more specialized studies, like Panoramic (in beam) studies of materials synthesis and high-pressure
synthesis are present. Direct observation of transient species and chemical reactions in a pore observed by
synchrotron radiation and X-ray transient absorption spectroscopies in the study of excited state structures, and
ab initio structure solution using synchrotron powder diffraction, as well as local structure determination using
total scattering data, are impossible and unthinkable without these modern diffraction techniques.

Jan Reedijk, Leiden, The Netherlands
Kenneth R. Poeppelmeier, Illinois, United States
March 2023
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Abstract

In a broad sense the field of inorganic chemistry can be broken down into substances based on molecules and those that are
based on extended arrays linked by metallic, covalent, polar covalent, or ionic bonds. The field of solid state inorganic
chemistry is largely concerned with elements and compounds that fall into the latter group. As a general rule, the electrical,
optical, magnetic and structural properties of extended solids differ in important aspects from those of molecular solids. The
extended nature of the bonding is much more amenable to achieving electronic properties such as metallic conductivity or
superconductivity that are essential for many modern and not so modern applications. Long range magnetic ordering can be
sustained to temperatures that enable practical applications. The direction and orientation of electric dipole moments can be
organized so as to enable technologically important properties like piezoelectricity and ferroelectricity. That's not to say that
examples of superconductivity, magnetism, or ferroelectricity cannot be achieved in molecular solids, but it is fair to say that
it to do so is to take the hard road. This volume contains 19 chapters that provide an in depth look at the synthesis, crystal
structures, properties and applications of a wide variety of solid state inorganic materials.

In a broad sense the field of inorganic chemistry can be broken down into substances based on molecules and those that are based
on extended arrays linked by metallic, covalent, polar covalent, or ionic bonds. The field of solid state inorganic chemistry is largely
concerned with elements and compounds that fall into the latter group. As a general rule, the electrical, optical, magnetic and struc-
tural properties of extended solids differ in important aspects from those of molecular solids. The extended nature of the bonding is
much more amenable to achieving electronic properties such as metallic conductivity or superconductivity that are essential for
many modern and not so modern applications. Long range magnetic ordering can be sustained to temperatures that enable practical
applications. The direction and orientation of electric dipole moments can be organized so as to enable technologically important
properties like piezoelectricity and ferroelectricity. That's not to say that examples of superconductivity, magnetism, or ferroelec-
tricity cannot be achieved in molecular solids, but it is fair to say that it to do so is to take the hard road.

This volume contains 19 chapters on wide variety of solid state inorganic materials. The list of chapters was largely chosen to
focus on the properties that underpin modern technology. Smart phones, solid state lighting, batteries, computers, and many other
modern conveniences that we take for granted would not be possible without these materials. Improvements in the performance of
these and many other technologies are closely tied to the discovery of new materials or advances in our ability to synthesize higher
quality samples. The organization of most chapters is purposefully designed to emphasize how the exceptional physical properties
of modern materials arise from the interplay of composition, structure, and bonding. Not surprisingly this volume has considerable
overlap with both Volume 3 (Theory and Bonding of Inorganic Non-Molecular Systems) and Volume 5 (Inorganic Materials Chem-
istry). We anticipate that readers who are interested in this volume will find much of interest in those volumes and vice versa.

The search for new materials that can facilitate more efficient ways to generate, convert, and store energy is a critical component
of the broader scientific effort to meet the societal challenges associated with climate change. Recognizing the importance of this
effort this volume contains four chapters devoted to energy materials. See and co-workers provide a comprehensive overview of
battery materials. Their Chapter 4.10 describes battery types that range from lead-acid batteries, to lithium-ion batteries, to conver-
sion batteries based on oxygen or sulfur. In each section, the historical development, crystal structure, and electrochemical proper-
ties of important materials are discussed. The Chapter 4.10 concludes with a discussion of batteries based on cations other than
lithium, including Na*, K, Mg”", Zn®* and Ca®". Continuing the exploration of battery materials, the Chapter 4.19 by Thanga-
durai and co-workers provides a systematic overview of solid-state electrolytes for all-solid-state Li-ion batteries. This Chapter 4.19
contains a detailed look at promising Li-ion conductors as well as a critical look at lab-based examples of all-solid-state Li-ion
batteries. Thermoelectric materials are covered in a Chapter 4.03 by Kovnir and co-workers. Following an introduction to thermo-
electric devices and applications this Chapter 4.03 examines strategies to optimize the thermal and optical properties of such mate-
rials. The latter half of the Chapter 4.03 provides an in-depth look at important classes of thermoelectric materials. The final Chapter
4.17 on energy materials, a contribution by Maggard and co-workers, turns a spotlight on photocatalysts — materials that directly
convert solar energy into chemical fuels. The Chapter 4.17 focuses on foundational structure-property relationships of selected
oxide and nitride semiconductors and their photoelectrochemical performance.

Electronic, magnetic, and quantum materials are discussed in the contributions from Zou, Xie, Shatruk, and McQueen. Zou and
co-workers (see Chapter 4.05) describe piezoelectric and ferroelectric materials. Starting with the history of both phenomena, they
quickly move to the characteristic properties, basic theory, and classification. From there, specific classes of materials are discussed
including lead and non-lead based compounds, in both ceramic and single crystal form. A summary and perspective are given at the
end of the chapter. Another technologically important property, superconductivity, is discussed by Xie and co-workers. They
describe a subset of superconducting materials, the intermetallic superconductors. Their Chapter 4.07 focuses on families of
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superconductors and provides correlations between their crystal structures and chemical bonding. Empirical chemical-based
approaches to new superconducting materials are described through structural connections and electron counting rules. The
Chapter 4.07 finishes with strategies for discovery of new superconducting materials. Shatruk and co-worker (see Chapter 4.08)
discuss the magnetism of solids, including various types of magnetic materials (non-molecular). They focus on principles and equa-
tions that are most relevant to everyday research carried out by solid-state materials chemists. Their treatment includes both conven-
tional and unconventional types of magnetic materials, as well as an overview of current and emerging applications of magnetic
materials. The last Chapter 4.11 in this grouping is an overview of quantum materials from a chemist’s perspective. In this Chapter
4.11, McQueen describes the history of the field and makes connections between chemistry and quantum materials. The conver-
gence of synthesis, characterization, and theory with data science and quantum information makes for an interesting read. The treat-
ment is aimed at a broad audience interested in chemical aspects of quantum materials.

Optical materials are described in three excellent chapters by professors Pan, Brgoch, and Subramanian. Pan and co-workers
describe inorganic nonlinear optical (NLO) materials that generate coherent radiation ranging from the infrared to the deep-
ultraviolet. Topics that are addressed include crystal structures, linear and nonlinear optical properties, single crystal growth, and
applications. The Chapter 4.02 finishes with a look at the criteria required for discovery and development of the next generation
of NLO materials. Brgoch and co-worker discuss luminescence in the solid-state. Their Chapter 4.09 describes the origin of lumi-
nescence in the solid state, as well as essential materials for phosphors, scintillators, semiconductors, and quantum dots. Finally,
combinatorial, computational, and data-driven chemistry for discovering new luminescent materials are discussed. Subramanian
and co-workers discuss solid state inorganic color pigments in their Chapter 4.16. The historical importance of inorganic pigments,
as well as the origin of color in solids are described. Finally, structure-property relationships are developed to better understand
pigments in inorganic materials.

Several chapters are organized around various classes of materials — chalcogenide clusters, intermetallics, mixed-anion, and two-
dimensional materials. In each case the properties can vary considerably, and a variety of applications are possible. Dehnen and co-
worker describe non-oxide (semi)metallic chalcogenide clusters, i.e. those containing S, Se, or Te. In addition to a summary of
different cage and cluster architectures, they discuss a variety of chemical and physical properties (see Chapter 4.04). Janka describes
intermetallic materials. This Chapter 4.06 covers a selection of intermetallic materials and focuses on their different structures and
compositions. Selected examples that find widespread application in daily life are explored in more detail. Kageyama and co-
workers describe ionic and polar-covalent solids that contain multiple anions, so-called mixed-anion materials. They begin by out-
lining how the combination of different anions provides the possibility for improved properties, as well as new functionalities. The
Chapter 4.13 covers the synthesis, crystal structures and properties of oxynitrides, oxyhydrides, oxyfluorides, oxychalcogenides, and
oxypnictides. The Chapter 4.13 serves as an entry point into a class of materials that is relatively underexplored. Finally, Goldberger
and co-worker discuss two-dimensional (2D) van der Waals materials. Their Chapter 4.14 surveys the range of 2D van der Waals
materials. Synthetic methods are discussed, as are structure, properties, and applications. The Chapter 4.14 concludes by describing
emerging families of 2D van der Waals materials.

The development of novel synthetic methods is essential to the continued growth of solid state materials chemistry. Specialized
approaches to synthesis are described in the chapters by Haussermann, Kolis, and Azuma. Haussermann and co-workers discuss
high pressure chemistry (see Chapter 4.12). Devices for high pressure chemistry are described, along with inorganic materials
that may be synthesized through high pressure routes. Materials that are discussed include intermetallics, hydrides, carbides,
nitrides, oxides, mixed-anion systems, and open framework compounds. Kolis and co-workers also describe high pressure synthesis
but from a high temperature hydrothermal perspective. Here reactions are performed above the supercritical temperature of water
(between 400 °C-750 °C). The final crystalline product is emphasized, as intermediates and reaction mechanisms are generally
unknown. Both oxides and non-oxides are discussed, and the Chapter 4.18 concludes with a description of opportunities for future
work. The Chapter 4.20 by Azuma and co-workers also covers high pressure chemistry, but with a focus on transition metal oxides.
Given the dense packing of ions, materials with the perovskite structure feature prominently in their treatment. A comprehensive
discussion of synthetic methods, crystal structures, and physical properties allows them to highlight important structure-property
relationships.
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HPVT High pressure vapor transport

IR Infrared

Nd: YLF Nd-doped yttrium orthoaluminate
Nd:YAG Nd-doped yttrium aluminum garnet
NLO Nonlinear optical

OPG Optical parametric generation

OPO Optical parametric oscillation

OR Optical rectification

PP Periodically poled

QPM Quasi-phase-matching

SFG Sum-frequency generation

SHG Second-harmonic generation

THG Third-harmonic generation

TSSG Top-seeded solution growth

UV Ultraviolet

Abstract

Inorganic nonlinear optical material is one of the key branches of materials science which has attracted much attention as
important nonlinear media. In this chapter, the most widely used and newly developed inorganic nonlinear optical materials
in infrared, near-infrared to visible, ultraviolet and deep-ultraviolet spectral ranges are described, including their structures,
linear and nonlinear optical properties, single-crystal growth and applications in the laser systems according to their
development history. This chapter provides a comprehensive perspective on the present development and necessary
improvement in the future of inorganic nonlinear optical materials.

4.02.1 Introduction

The laser is often grouped with the nuclear energy, transistor and the computer as four landmark inventions of the 20th century.'~
Laser has promoted the rapid development of modern science and technology due to its excellent properties such as highly direc-
tional luminescence, high brightness and high energy density, etc. Remarkably, the frequency of laser can be converted to new
coherent and tunable laser sources by nonlinear optical (NLO) materials, which significantly extend the wavelength range and
rapidly promote the application of laser in more fields.*™°

The beginning of the field of nonlinear optics is often taken to be the discovery of second-harmonic generation (SHG) in quartz
crystal by Franken et al. (1961),” shortly after the demonstration of the first working laser by Maiman in 1960.%° While 10~ 8
photon conversion efficiency was achieved in this first SHG experiment (1961), which corresponds to 3 x 10~ '°% W™, at present
the improvement using engineered nonlinear devices is by more than 12 orders of magnitude. In 1962, Giordmaine and Maker et al.
proposed an ingenious method of birefringent-phase-matching (BPM) between fundamental and SHG wave, which greatly
improved the efficiency of laser frequency conversion and was widely used in applied NLO territory during next decades.'”'" In
the same year, Armstrong et al. proposed another method of phase-matching, so-called quasi-phase-matching (QPM).'” Three
decades later, the emergence of an electric-field poling technique allowed the periodical reversing of ferroelectric domain polarity,
which led to the practical implementation of the QPM approach.'”™'® At present, the periodically poled crystals PP-BaTiOs3,
PP-LiTaOs3, PP-KTiOPQy, and PP-GaAs are used widely.m’m Therefore, NLO materials have attracted much attention and devel-
oped into one of the key branches of materials science.

When a single beam of strong monochromatic light impinges on an appropriate NLO material, its frequency, phase, polariza-
tion, etc., change, which cause changes in refractive index, light absorption, light scattering and other states of incident light.*!
Accordingly, NLO materials can be used for frequency conversion and signal processing, such as, using the frequency-mixing process
to amplify the weak light signal and using the nonlinear response to achieve optical recording and computing functions. Obviously,
NLO materials have important application value in the fields of laser, communication, electronic instruments and medical equip-
ment, etc.?>%°

Soon afterwards the theory of the general optical parametric interactions was develope and experiments of many
frequency-mixing processes were carried out,”®** such as, sum-frequency generation (SFG), difference-frequency generation
(DFG), and especially optical parametric oscillation (OPO) which is the nonlinear effect that allows us to obtain continuously
tunable coherent light source and was first demonstrated in 1965 by Giordmaine et al. at Bell Telephone Laboratories OPO based

26,27
d, ™
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on LiNbO3 (LN).** Here, only three-photon nonlinear process is considered, i.e., second-order nonlinear, which is the most effec-
tive method applied to frequency conversion technology so far.

Second-order nonlinear optical effects”®:

1) sum-frequency generation (SFG)

2) second-harmonic generation (SHG)

3) difference-frequency generation (DFG)

4) optical parametric amplification (OPA)

5) optical parametric oscillation (OPO)

6) optical parametric generation (OPG)

7) high-harmonic generation (including third-, fourth-, fifth-, sixth-harmonic generation, etc.)
8) linear electro-optical effect

9) optical rectification (OR)

With SHG technique, the 1064 nm output from Nd:YAG lasers or the 800 nm output from Ti:sapphire lasers can be converted to
visible light, with wavelengths of 532 nm (green) or 400 nm (violet), respectively. Practically, frequency doubling is carried out by
placing a nonlinear medium in a laser beam. While there are many types of nonlinear media, one of the most common media are
inorganic crystal materials. At present, commonly used NLO crystals are B-barium borate (B-BaB,0,), lithium triborate (LiB3O5),
potassium dihydrogen phosphate (KH,PO,), potassium titanyl phosphate (KTiOPO,), and lithium niobate (LiNbO3), silver thi-
ogallate (AgGa$,), silver gallium selenide (AgGaSe;) and zinc germanium phosphide (ZnGeP;). These crystals have the necessary
properties of being suitable birefringence (necessary to obtain phase-matching, see below), having a specific crystal symmetry, being
transparent for both impinging laser light and the frequency-doubled wavelength, and having high damage thresholds, which
makes them resistant against the high-intensity laser light.

This chapter contains information on the most widely used and newly developed inorganic NLO crystals with promising appli-
cations, which is classified and discussed according to the optical transparency windows (Fig. 1). And we will start with the IR NLO
crystals materials.

4.02.2 Mid- and far-infrared nonlinear optical materials

There is no unique definition of mid- and far-IR spectral range. in this chapter, we divide it begin from 0.8 pm. The applications of coherent
mid- and far-IR light sources include detection and quantification of molecular trace gases, military applications, medical applications, evap-
oration and thin-film deposition of polymers, spectroscopy and other scientific applications like high resolution and time resolved.”* "

Based on different laser generation mechanisms, a variety of mid-IR light sources have appeared, such as ion-doped solid laser,
CO,, gas laser, semiconductor quantum cascade laser, free-electron laser, chemical laser, etc. Attractively, NLO frequency conversion
devices using BPM techniques or periodic structure of QPM optical technology of IR NLO crystal materials can realize optical
frequency transformation, which has unique advantages in producing mid-IR laser with wide tunable range and can cover inacces-
sible wavelength ranges. Especially, it can promote the development of all-solid miniature lasers, and can achieve high power,
narrow linewidth IR laser output.’>*® The main progresses of the mid- and far-IR solid-state lasers technology in the last two
decades did follow the advancement of the NLO materials.

IR NLO materials are the key components of NLO frequency conversion devices, which mainly use parametric down-conversion
processes (such as DFG, OPG, OPA, OPO, etc.) to generate mid-IR laser radiation.’” In terms of physical properties, the IR NLO
crystal is required to have large second-order NLO coefficients, wide transparency spectral range, low residual losses, high thermal
conductivity, high laser damage threshold, relatively wide bandgap, good machining performance, and the possibility for realizing
PM. Since the performance of oxide-based crystals is affected by multi-phonon absorption starting from about 4 um, they are
partially transparent in the mid-IR. Thus, non-oxide materials have been commonly used, such as pnictide, chalcogenides, halides,
etc. Some of these inorganic crystals transmit up to 20-30 pm before multi-phonon absorption occurs as an intrinsic limit. The large
size single non-oxide single crystals can only be grown by the complex Bridgman Stockbarger growth technique in sealed (high
atmosphere) ampoules due to the volatile and chemically reactive starting components, which hampered their development. All
the special post-growth treatments are needed to restore stoichiometry and improve their optical quality. We will start with the
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Fig. 1 Spectral range divided in this chapter.
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most commonly used commercial mid-IR materials, and the crystal structures, optical properties, and crystal growth are briefly
introduced.

4.02.2.1 Main mid- and far-infrared nonlinear optical materials

4.02.2.1.1 Silver thiogallate AgGaS, (AGS)

AGS crystal belongs to the 42 m point group with unit cell parameters of a = 5.75722 A, ¢ = 10.3036 A and Z = 4.7 In its structure,
both Ag and Ga atoms are coordinated with four S atoms forming the tetrahedral AgS, and Ga$, building units, respectively, which
are further linked via corner-sharing to form the final chalcopyrite-type framework (Fig. 2). AGS is a representative member of
A'B"'CY, family in the field of NLO material since it has a high NLO coefficient (d3s = 13.7 pm -V~ ' at 2.53 um), and the relatively
large birefringence enables it to achieve phase matching within most of its transparency regions (~0.5-12.9 um).**~** Besides, AGS
has low-absorption and scattering, high-coupling coefficient, and good mechanical properties, which provide the basis for visible,
and near-IR pumped OPO and SFG/DFG for producing tunable laser radiation from approximately 0.5-12 um.**~*” The tunable
lasers have wavelengths particularly well-suited for use with AGS. Potential applications fields of AGS include spectroscopy, medi-
cine, materials processing, nonlinear optics, sodium guide star generation, and remote sensing, etc. Notably, the low laser damage
threshold of AGS crystal shortens the lifetime of devices and limits its applications in high-power lasers.

The development of devices requires suitable high quality crystals. Moving the promising NLO materials into production will be
a long and storied process that could last for decades. This slow progress reflects the inherent difficulties of single-crystal growth,
especially those involving multicomponent systems. Up to now, a great deal of research work has been devoted to the growth of
large and crack-free bulk AGS crystals with high optical quality for device application.”***>' And the growth of AGS crystal is
mainly by Bridgman-Stockbarger method. Recently, the AGS crystal with size of ®8 mm x 45 mm was grown by Karunagaran
et al., which has the following distinct steps”':

The single-phase polycrystalline AGS was synthesized by mixing elements Ag, Ga and S in the molar ratio of 1:1:2 and an excess
of 5% S into a quartz ampoule. Quartz ampoule can be continuously rotated with suitable mechanical arrangement in horizontal
furnace, which combined with a temperature oscillation allow the materials to react adequately. Then, using the synthesized single-
phase polycrystalline AGS to grow the single crystal in a well-designed two-region Bridgman furnace. TG-DSC analysis shows that
the melting temperature of the AGS polycrystalline material was about 1010 °C. Therefore, the temperature at the upper zone was
set to above 1010 °C, and the temperature at the lower zone was below 900 °C. By constantly adjusting the temperature in the
upper/lower zones, the temperature gradient between melting and solidification in the ampoule is suitable for the growth of single
crystals with high optical quality. Notably, the declining rate of the annealing is also the key factor for single crystal growth.

4.02.2.1.2 Silver gallium selenide AgGaSe, (AGSe)

Single crystal AGSe is known as one of the widest spread materials for nonlinear convertors of coherent radiation operating in the
mid-IR. AGSe crystal is isostructural with AGS and also possesses the chalcopyrite-type structure. (Fig. 3). AGSe crystallizes in the
tetragonal space group 1424 (No. 122) with unit cell parameters of a = 5.9220 A, ¢ = 10.8803 A and Z = 4, which is a negative
uniaxial crystal with n, > n, and appears dark gray at room temperature.””> Owing to wide range of transparency (0.7-19 pm)
and large second order NLO coefficient (dsg = 41.4 + 2 pm -V~ ' at 9.27 um) of AGSe, it is possible to generate continuously
tunable mid-IR coherent radiation from 2.5 um to 18 um with frequency-mixing processes or OPO technology.”*~*° In addition,
being a semiconductor with a band gap of about 1.8 eV, AGSe has also a fair potential for some other applications: such as a single
crystal in detectors of photons or ionizing particles, as well as a thin film in solar cells.”” >’
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Fig. 2 The unit cell structure of AGS (A), the structural arrangement in ac plane (B), the AgS, tetrahedron (C) and GaS, tetrahedron (D).
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Fig. 3 The unit cell structure of AGSe (A) and the structural arrangement in ac plane (B), the AgSe, tetrahedron (C) and GaSe, tetrahedron (D).

The melting point (860 °C) of AGSe is low enough to permit convenient growth from the melt by the vertical Bridgman method
in fused-silica ampoules.®®~°> However, since the thermal expansion coefficient of AGSe parallel to the c-axis is found to be negative,
the single crystals usually become cracked during cooling. Coupled with the fact that Se is volatile, it is easy to cause the chemical
ratio deviation of the crystal during raw material synthesis and crystal growth, so it is extremely difficult to obtain a crack-free single
crystal with high optical mass.® The polycrystalline ingots crack, originating from grain boundaries, because of differences between
the thermal expansion coefficients in different crystallographic directions. These differences occur because AGSe has the tetragonal
chalcopyrite structure, which is derived from the cubic zincblende structure by the ordered distribution of Ag and Ga atoms among
the cation sites to produce a doubling of the c-axis.

Since the 1990s, great progress has been made in the growth of single crystal AGSe, mainly due to overcoming the cracking
during cooling and the thermal annealing technology to eliminate the low-temperature phase precipitation. However, in order
to grow high quality and large size single crystal industrially, it is necessary to further improve the synthetic purity of AGSe poly-
crystalline samples and optimize crystal growth methods.

At present, it is more convenient and widely used to directly synthesize the AGSe polycrystalline samples with high-purity
elements as raw material. However, owing to the low melting point of Ga, high vapor pressure of Se and high mobility of Ag, it
is difficult to control the chemical ratio of compounds during melt growth. Therefore, a new method was developed with binary
compounds Ag,Se and Ga,Ses as raw materials for synthesizing more uniform polycrystalline samples. For the crystal growth, repro-
ducible growth of large, crack-free single crystals can be achieved by seeded vertical Bridgman method with the seeds oriented
parallel to the c-axis. Besides, the traditional Bridgman method is improved in the process of exploring the growth of perfect crystal.
The reaction ampoule of special conic shape is coated with a layer of pyrolytic carbon by cracking acetone gas at 1100 °C, and the
carbon plating ampoule is baked by oxyhydrogen flame in the air for eliminating the carbon particles attached to the carbon film
and making the carbon film uniform and smooth.

4.02.2.1.3 ZnGeP,, zinc germanium phosphide (ZGP)

The ternary compound ZGP is a representative member of A"B'VCY, family in the field of NLO material in the IR region.®®> ZGP
belongs to the 42 m point group symmetry with unit cell parameters of a = 5.46 A, ¢ = 10.71 A and Z = 4, and is a semiconducting
material with the chalcopyrite structure (Fig. 4).°* It has a wide transparency range (~0.7-12 pm), large nonlinear coefficient

(A)

Fig. 4 The unit cell structure of ZGP (A) and the structural arrangement in ac plane (B), the ZnP, tetrahedron (C) and GeP4 tetrahedron (D).
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(d3s=75=+8pm-V ', 9.6 um), high laser damage threshold (0.003 GW-cm™ 2 at 1.064 pm, 7, = 10 ns), high thermal conduc-
tivity (0.35 W-(cm-K)~! at 293 K) and suitable birefringence (0.040-0.042).°>°>~%> ZGP-OPOs can generate tunable mid-IR
coherent light from 2.5 pm to 10 pm. At the same time, the ZGP crystal has good chemical stability, good mechanical properties
and is not easy to be deliquesced.”” It has the highest conversion efficiency and output power in 3-5 pum, which is of great impor-
tance for many applications, such as IR countermeasure, spectra, chemical monitoring, medical apparatus, and remote sensing.”' ">
However, ZGP crystals can only be pumped with 2 um or longer wavelengths due to the serious optical absorption of ZGP crystals in
the range less than 2 pm. Besides, since the volatilization of phosphorus and the strong thermal expansion anisotropy of ZGP
crystal, it is difficult to grow large size and high quality single crystals.”*~”® Thus, many crystal growth methods have been studied,
such as Bridgman method, vertical gradient freezing method, horizontal gradient freezing method, a liquid encapsulated Czochral-
ski method and high pressure vapor transport (HPVT) method.”>”” %"

The crystals growth takes place in two steps, including synthesis of the single-phase polycrystalline ZGP and single-crystal
growth®"®?: High purity and single-phase ZGP polycrystalline materials can be synthesized by a two-temperature zone method.
According to the stoichiometry of ZGP with excess of 0.1-0.5% phosphorus, zinc and germanium were loaded into hot zone
and red phosphorus was placed in cold zone of horizontal furnace, respectively (Fig. 5). During the process of reaction, red phos-
phorus was vaporized and transported into the hot zone, in which ZGP polycrystalline material was synthesized. Then, ZGP single
crystals were grown by vertical Bridgman technique by using the ZGP polycrystalline charge (Fig. 6). Notably, excess red phosphorus
was added for the maintenance of the dissociation pressure above the ZGP melt to avoid the deviation from stoichiometry during
crystal growth.

4.02.2.2 Newly developed mid- and far-infrared nonlinear optical materials

In recent years, with the rapid development of NLO frequency transformation technology, more and more mid- and far-IR NLO
materials have been studied and reported. At present, mid- and far-IR NLO materials widely studied and applied are mainly phos-
phides, chalcogenides, as well as QPM crystals in the non-oxygen system. According to the above classifications, a series of new
infrared materials developed in recent years are introduced.

4.02.2.2.1 Pnictides

The NLO crystal CdSiP, (CSP) belongs to the tetragonal point group 42 m, with lattice constants a = 5.68 A, ¢ = 10.431 A, and
Z = 4 (Fig. 7).% CSP is optically negative uniaxial chalcopyrite so the non-critical type-I (o + o-e) phase-matching is possible in
contrast to the positive ZGP which is the only commercially available II-IV-V, type chalcopyrite.** The birefringence of ~0.05 is
large enough for phase matching within its transparency range yet small enough to prevent significant walk-off.*>® Its high thermal
conductivity (13.6 W-mK™ '), along with a relatively high hardness (930 kg- mm™?) and melting point (1133 °C) make it attrac-
tive for high average power applications and facilitates cutting, polishing, and coating of optical components.®**” However, it was
grown in the past in small sizes that did not allow measurement of essential physical properties due to some significant crystal
growth challenges compared to the more widely used II-IV-V, chalcopyrite analog ZGP. In 2008, high optical quality crystals of
CSP with sizes reaching 70 x 25 x 8 mm?> were grown successfully by Schunemann et al. from the melt using high purity starting
materials via the horizontal gradient freeze technique (Fig. 8).°® Besides, other efforts are continuous to grow larger crystals with
better optical quality to meet market demand.®’~"*

CdGeAs, (CGA) is optically positive uniaxial chalcopyrite belonging to tetragonal point group 42 m, with lattice constants a = 5.
9432 A, c=11.2163 A, and Z=4 (Fig. 9).”® CGA has attracted researchers’ interests for many years with its enormous
nonlinear coefficient (d3g = 236 pm -V~ ! at 10.6 um), broad transparency regions (2.4-18 um), as well as moderate birefringence
(~0.09 at 10 pum) to realize BQM, but severe cracking due to anisotropic thermal expansion precluded the growth of device-quality
crystals.””™” Seeded crystal growth in low-gradient, horizontal transparent furnaces made possible reproducible growth of

Red P Quartz Tube PBN Boat  Zn + Ge Resistance Heating Wire
X \ \ / |
\ \ / [

[y it X
\ \

\ 1l
[ \ /M 3

Thermocouple  Cold Zone Thermocouple Gradient Zone Hot Zone

Fig. 5 Schematic of furnace for ZGP synthesis and temperature profiles.
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Fig. 6 Photograph of ZGP crystal grown in PBN crucible in a six-section furnace (A) and a ZGP-OPO sample.
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Fig. 7 The unit cell structure of CSP (A) and the structural arrangement in ac plane (B), the CdP, tetrahedron (C) and SiP, tetrahedron (D).

Fig. 8 Photograph of oriented, polished CSP single crystal samples grown by horizontal gradient freeze technique.
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Fig. 9 The unit cell structure of CGA (A) and the structural arrangement in ac plane (B), theCdAs, tetrahedron (C) and GeAs, tetrahedron (D).

crack-free single crystals, which can reduce mid-IR absorption losses.”””®? For long-wavelength (8-12 um) OPO applications,
however, the short-wavelength cutoff edge of CGA (~2.4 pm) makes it incompatible with most practical solid state pump lasers.'*°

4.02.2.2.2 Chalcogenides

LiInS; (LIS), LinSe, (LISe), LiGa$S, (LGS) and LiGaSe, (LGSe) crystallize in the orthorhombic point group mm2 with wurtzite type
structures. Fig. 10 shows the structure of LIS and crystal samples of LIS, LISe, LGS and LGSe. Generally speaking, Li-compounds
exhibit improved properties than their Ag-analogs (AGS, AGSe, etc.), such as wider band-gap and better thermo-mechanical, which
are beneficial for damage resistences.”®'?'~'%” However, the NLO coefficient of the Li-compounds is lower than those of their Ag-
analogs, comparable to some oxide NLO materials. Nevertheless, LGS, LIS, and LGSe are the rare known non-oxide materials that
can be pumped by femtosecond Ti:sapphire laser systems operating near 800 nm without two-photon absorption. Recently, their
growth technology was improved to such an extent that it was possible to perform extensive characterization and even realized some
application, especially exhibiting the great potential serving as NLO materials in the range of 8-12 um.””

BaGa,S; and BaGaySe; were first reported as NLO materials by Lin et al.'°® and Yao et al.,'” and then Badikov et al. tracked the
growth and properties of the two crystals.''”''" They crystallize in the orthorhombic and monoclinic space groups, i.e., Pmn?; (No.
31) and Pc (No. 7) for BaGasS; and BaGaySe, respectively. They feature the different 3D frameworks which are mainly attributed by
the different coordination number of Ba, i.e., eight-coordinated with S atoms and six-coordinated with Se atoms, respectively
(Fig. 11). BaGasS; and BaGaySe; can be both grown via the Bridgman-Stockbarger method.''”'"® They have high laser
damage threshold (235 MW - cm 2 at 1 e 2 beam diameter and 9.58 nm for BaGasS;, 557 MW -cm ™ 2 at 1.064 pm, 5 ns, 1 Hz
for BaGa,Se;), wide transparency range (~0.35-13.7 for BaGasS7, ~0.45-20 um for BaGasSe;) and large nonlinear coefficient
(d32 = 5.7 pm-V~'at2.3 um for BaGasS7, d;; = 24.3 pm -V~ ' and dy3 = 20.4 pm - V™' at 1.064 pum for BaGa,Se), they can theo-
retically achieve the wide tuning range from medium-wavelength to long-wavelength IR.'”''?=''> Owing to their good optical
transparency and phase matching conditions at 1 pm, both BaGasS7 and BaGa,Se; can be used in 1 or 2 pm-pumped laser systems.
At present, one of the most urgent task is to grow large-size single crystal with good optical quality to promote their practical
application.

Fig. 10 The structure of LIS viewed along the a-axis (A), the LiS4 tetrahedron (B) and InSy tetrahedron (C), the crystal samples of LIS, LISe, LGS
and LGSe (D).
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Fig. 11 The structure of BaGasS7 viewed along the b-axis (A), the coordination environment of Ba atom (B) and GaS, tetrahedron (C); The structure
of BaGa,Se; viewed along the a-axis (D), the coordination environment of Ba atom (E) and GaSe, tetrahedron (F).

CdSe: It is a kind of II-VI semiconductor material with excellent performance of straight backward transition. CdSe crystals
exhibit two structure types, namely wurtzite and sphalerite structure types. Herein, wurtzite-type CdSe crystal (P6smc, No. 186)
has excellent photoelectric properties and great potential in the application of mid and far-IR laser due to the wide transparency
range of 0.7-24.0 um, low optical absorption (<0.01 cm™!, 1-10 um), without two-photon absorption in the range of 8-
15 pm, as well as good mechanical properties, etc.''®~'?! At present, the crystal growth methods for wurtzite-type CdSe include:
high-pressure vertical Bridgman, high-pressure vertical zone melting, physical vapor transport, etc. However, owing to the high
melting point (~1264 °C) and vapor pressure (>1 MPa), it is still a challenge to grow large-size and high-quality CdSe single
crystal, which greatly restricts its application.

GaSe: It crystallizes in the hexagonal system with space group of P6m2 (No. 189). GaSe crystal possesses excellent NLO properties,
including large NLO coefficient (dy, = 54 pm-V~ '), wide transparency range (0.6-20 um) and high thermal conductivity
(162 W-(m k)™ 1), etc."??7'?® However, the layer structure of the GaSe crystal (Fig. 12) has poor mechanical property and it cannot
be processed in accordance with the designed phase-matching angles, which severely limits it to apply in nonlinear frequency conversion
devices. Interestingly, researchers have found that doping elements into the crystal, including S, In, Te and other elements with the same
valence state, can effectively improve its physical properties.'?”"'*° At present, S-doping GaSe crystal exhibits the best effect owing to the
high ratio of doping (0.413) and the small temperature dispersion coefficient, which can be used in high-power and high-energy laser
frequency conversion device. However, there are few studies on the performance of doped GaSe crystals, mainly because the growth tech-
nology is not mature, and large-size single crystals with stable performance and high quality cannot be obtained.

In addition to element doping, the formation of new crystals by compound blending is one of the development trends for NLO
crystal materials. The new ternary or quaternary compound crystals formed by the mixing of two parent phases can change the
crystal structure of the parent phase, which further change the bandgap, birefringence or mechanical properties of the parent phase.
AgGaGeS,, AgGaGesSg and AgGaGesSe;, are representatives of the mixed-crystals.'*'~'?° Compared with AGS and AGSe, their
anisotropy of thermal expansion is significantly reduced and the laser damage resistance is greatly increased. Moreover, AgGaG-
esSeq; has a larger bandgap and birefringence than AGSe that can achieve phase matching at 1064 nm.

4.02.2.2.3 Quasi-phase-matched (QPM) semiconductors
The advent of the first practical QPM material—periodically poled lithium niobate (PPLN)—represented a new paradigm in NLO
materials development.®*”%'3® Comparing with birefringence phase matching, using QPM technology to realize laser frequency
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Fig. 12 The layer structure of GaSe viewed along the a-axis (A) and the single layer stretching in ab plane (B).

conversion has the following advantages: (1) The fundamental and the harmonic waves are in the same polarization state so that the
maximum second-order nonlinear coefficient of the crystal can be used; (2) Long interaction length can be realized without walk-off
effect; (3) It is the most important that QPM method has a large degree of freedom in design. Through the design of the structure, it
can realize the phase-matching in any wavelength within the transparency range of crystal.

Orientation-patterned GaAs (OP-GaAs) was the first realization of a practical and efficient QPM semiconductor.’*”'*® GaAs is
a cubic zinc blende semiconductor crystal possessing a very large second-order nonlinear susceptibility (d;4 = 104 pm-V~!), high
thermal conductivity (0.46 W-(cm K)™ '), and low absorption losses over most of its transparency range (0.9-18 pm).”® OP-GaAs
can be grown by hydride vapor phase epitaxy, and has been commercialized. The all-epitaxial processing has harvested bulk OP-
GaAs devices both for internal use and external sale by BAE Systems.”®'?4°

OP-GaP exhibits the excellent properties including large second-order nonlinear susceptibility (dj4 = 70.6 pm-V~') and high
thermal conductivity (110 W-(cm K)~'). Besides, it has been successfully applied in 1 pm-pumped laser systems, owing to the
lower two-photon absorption than OP-GaAs.'*'~'*3

4.02.3 Near-infrared and visible nonlinear optical materials

The solid-state near-IR and visible lasers have stable performance, compact structure and integrability, which makes them have
a good application prospect in optical storage, optical communication and laser medical instrument, etc.**~'*® At present, the
output of laser radiations in the spectra range of 400-3500 nm needs the help of frequency conversion of NLO crystal materials.
From visible to near-infrared spectral range, many NLO crystals have been studied, and now there are quite a few inorganic NLO
candidates, including phosphate, iodate and niobate, etc., which exhibit excellent properties and can almost meet the current
market demands.

4.02.3.1 Representative near-infrared and visible nonlinear optical materials

4.02.3.1.1 Potassium dihydrogen phosphate KH,P0,4 (KDP)

KDP crystallizes in tetragonal system with non-centrosymmetric space group 124, and its unit cell dimensions is a = 7.453 A,
c=6.973 A, Z = 4.""° The crystal structure along the a-axis is mainly constructed by the H,PO, groups through the strong hydrogen
bonds (Fig. 13). The constituent K atoms locate at the interspaces of the anionic groups and interconnect the adjacent anionic
networks via K—O bonds. In the structure, the K atom is eight-coordinated with O atoms to form the KOg polyhedron, and
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Fig. 13 The structure of KDP viewed along the c-axis (A) and the coordinated environment of K atom (B).
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each KOg polyhedron is linked with six PO, groups. KDP crystal is a very classical NLO material and commonly used as optical
frequency converters owing to the applicable NLO coefficient (d3s = 0.39 pm-V~' at 1064 nm), high laser damage threshold
(7Jcm™ 2 55nm pulse width at 355 nm base on 1-on-1 test mode), high transmittance from near-IR to UV, as well as easy to
grow.lsoflsgs

KDP crystals have been widely applied since the first experiments made in the 1960s in fields of SHG, OPO, Q-switch, and
electro-optic modulators.'>*~'>° Especially, with the development of high-power laser technology and inertial-confinement fusion,
damage-resistant and wide-aperture SHG and THG crystals are needed.'*”"'*® For these purposes, the rapid crystals growth of KDP
with larger-size and higher optical-quality are needed.

KDP crystal is usually grown from saturated aqueous solution in which the driving force of growth is the supersaturation of the
solution.'”?~'®” The most obvious advantage of this method is that it is easy to grow large size of single crystal with high optical
quality. It is important that the solution in contact with the crystal growth surface should be strictly controlled to be stable and retain
a suitable supersaturation.

KDP crystals are primarily grown using conventional methods or rapid techniques. The disadvantages of conventional method
are slow rate of growth (1-2 mm d~ ') and long periods (months or more than 1 year). Therefore, rapid growth techniques with
shorter periods (~3 months) have been drawn considerable attention. Comparing with the conventional method, the rapid growth
of KDP crystals has a higher growth rate but the quality and uniformity are reduced. Therefore, in order to rapidly grow large-size
KDP crystals with high-quality, it is necessary to study the relationship between status, properties and stability of the solution and
growth rate, and to strengthen the fluid effect of the solution and increase the supersaturation of the solution while keeping the
solution stable,'®*'¢*

4.02.3.1.2 Potassium titanyl phosphate KTiOP0, (KTP)

KTP crystallize in tetragonal system with the space group of Prna2; (33) and the unit cell dimensions of a = 12.814 A, b = 10.616 A,
c=6.404 A, and Z = 8.'°® KTP exhibits a 3D *[TiOPO,]. anionic framework built by alternating bridged PO, tetrahedra and
[TiOg]« chains, and the K atoms are located in cavities (Fig. 14). The open nature of this framework allows atoms to diffuse easily
along the c direction, which allows ion exchange to take place. Alternating long and short Ti—O bonds occurs along the [TiOg] «
chains with Ti—O bond distance varied by as much as 0.38 A and results in a net c-directed polarization, which makes the major
contribution to the large NLO coefficient (d3; = 6.5, d3y = 5.0, d33 = 13.7, dog = 7.6 and d15 = 6.1 pm -V~ ' near 1 um).'®”

In addition, owing to its wide transparency range from 0.35 um to 4.5 um,'°®'®” high optical damage threshold (>2-
3 GWam™? 10 ns, 10 Hz, 1064 nm),"®® good thermal stability and PM properties, KTP crystal is widely used as NLO materials.
Typical application domains include SHG of Nd-doped laser systems for green or red light output, parametric sources (OPG,
OPA and OPO) for 600-4500 nm tunable output, E-O modulators, optical switches, directional couplers, optical waveguides
for integrated NLO and E-O devices, etc."®”~'"? One disadvantage of KIP is its susceptibility to photochromic damage, known
as gray- or gray-tracking, which occurs under green pulsed or CW laser irradiation most commonly presented at 532 or
514.5 nm irradiation.’”” In addition to the photochromic effect, photorefractive damage also presents in KTP.'”*

In 1971, Masse and Grenier firstly grew the KTP crystals from flux,'”> which often introduced impurities (such as Fe and other
transition metals) into the crystal during the growth process so that leading to a lower laser damage threshold and lower ability to
anti-gray track.'”®'”” Later, more methods were explored to grow the KTP crystals including hydrothermal method and high
temperature solution method. KIP decomposes at ~1150 °C, and the process of crystal growth by high temperature solution
method is KTP crystallizing out of a molten KTP and flux composition when cooled.'®> Generally, phosphate system is chosen
as the flux,'”®'”” which has the advantage of strong solubility to KTP and KIP is the only stable phase in the range of 760-
1000 °C that avoids the introduction of impurities. Besides, the melting point of phosphate system is low and the decomposition
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Fig. 14 The [TiOg]. chains arranged in the ab plane (A) and the structure of KTP viewed along the c-axis (B).
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temperature is high. However, its disadvantage is that the viscosity increases of the solution, which increases the difficulty of crystal
growth. Up to now, TSSG and spontaneous nucleation technique is widely used to grow KTP crystals from flux.

For the hydrothermal method, the bulk KTP crystals free of macroscopic defects (the inset of Fig. 15) can be grown using crushed
flux KTP crystals as nutrients in solution composed of 2.0 mol L~ ! KHPO4 + 0.1 mol-L™ ! KHPO, + 1 wt% H,0,. There is an
obvious disadvantage in the KTP crystal grown by the hydrothermal method, that is an absorption peek near 2750 nm wavelength,
which is caused by the vibration of OH™ (Fig. 15), while there is no that absorption peak of KTP crystal grown by the high temper-
ature solution method.'®’ Therefore, the single crystals of KTP are mostly grown by the high temperature solution method and this
is the most popular method.'®'~'%3

4.02.3.1.3 Lithium niobate LiNbO3 (LN)

LN crystallizes in an asymmetric space group R3c (No. 161) with unit cell parameters of a = 5.14829 A, ¢ = 13.8631 A, and
Z = 6."%" LN crystal exhibits perovskite-type structure, which is built by LiOg and NbOg octahedra. A LiOg (NbOg) octahedron
can link with six surrounding LiOg (NbOg) octahedra via corner-sharing O atoms forming the 3D-networks [LiO3]w
(INbO3] ). Then, the [LiO3]. and [NbOs3]. networks are joint together to form the whole structure (Fig. 16).

LN crystal possesses large NLO coefficient (dyy = 2.46, dyy = —4.64, d33 = —41.7 pm V~ ' at 1058 nm),'®” moderate birefrin-
gence (0.08 at 633 nm),'*® wide transparency range from UV to mid-IR spectra (0.45-5.5 um),' stabilized physical and chemical
properties, and easy to grow large-size optical crystals, etc.'®” In addition, owing to the lattice structure and rich defect structures in
the LN crystal whose properties are highly adjustable, many optical properties of LN can be substantially adjusted by crystal compo-
nents adjusting, element doping, valence control and so on. Moreover, LN crystal has excellent photoelectric effects including piezo-
electric effect, electro-optic effect, NLO effect, photorefractive effect, photovoltaic effect, photoelastic effect, acousto-optic effect and
so on. Therefore, LN crystal is one of the most frequently used insulator crystals that can be processed into surface acoustic filters,
optical modulators, phase modulators, optical isolators, electro-optic Q switches and other photoelectric devices, which are widely
applied in the fields of electronic technology, optical communication technology, laser technology and so on.'**~'”? Recently, with
the breakthrough of the 5th generation wireless communication (SG), micro-nano photonics, integrated photonics and quantum
optics and other application fields, LN crystal has once again attracted extensive attention.'”*

According to the phase diagram of the Li,O-Nb,Os binary system, stoichiometric LN crystal melts incongruently, while it
melts congruently in a non-stoichiometric composition of 48.6 mol% Li,O and 51.4 mol% Nb,Os5 '*>"'°? Up to now, the
non-stoichiometric high-quality single crystals of LN are easier to be grown from the melt by the Czochralski method.??% %"
Thus the non-stoichiometric congruent LN (CLN) crystal has been widely applied. However, owing to the Li* cations deficiency
in the CLN crystal, a large number of lattice defects have been generated, which on the one hand affect the optical properties (e.g.,
the values of NLO coefficient and linear electo-optic coefficient are low and coercive field is high in defect CLN crystal) of the
crystal, on the other hand that the lattice defects provide vacancies for ions doping.”” ?°° Fig. 17 shows the CLN and Mg-
doped crystals grown through Czochralski method by Riscob et al.'872""

Near-stoichiometric LN (NSLN) crystal also shows many excellent photoelectric properties (i.e., short UV cutoff edge, the nar-
rowing of several spectral lines, and easier to produce periodically polarized structures for QPM), which are expected to show
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Fig. 15 Transparency curve of KTP crystal grown by the hydrothermal method, Insert: KTP crystal grown by the hydrothermal method.
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Fig. 17 Photographs of undoped CLN (A) and Mg (2, 4 and 6 mol% from left to right) doped CLN crystal (B).

improved performance for some applications.”’’”°” During the last two decades significant innovations in growth techniques have
directed the research and development towards the growth of NSLN crystals. The main growth methods contain the high temper-
ature solution method, vapor transport equilibration method in a Li-rich ambience, as well as lithium-rich melting method.”*”~*'?

4.02.3.1.4 Potassium niobate KNb0O3; (KN)

KN crystal belongs to mm2 point group with the unit cell parameters of a = 5.6896 A, b = 3.9692 A, c = 5.7256 A, and Z =2 1t
features a CaTiO3-type perovskite structure which is built by distorted NbOg octahedra and K atoms. Each distorted NbOg octahe-
dron links with the surrounding six ones via corner-sharing to form the 3D *>[NbOj3] . framework which exhibits quadrilateral holes
stacked in the ab plane in which the K atoms located in the holes (Fig. 18). With decreasing from high temperature to 425, 225
and — 10 °C, KN undergoes a series of structural phase transitions, which hangs from the cubic (centrosymmetric Pm3m) to tetrag-
onal (non-centrosymmetric P4mm), orthorhombic (non-centrosymmetric Ammz2), and thombohedral (non-centrosymmetric R3m)
phases, respectively.”'*

KN possesses large nonlinear optical coefficients (d3; = 11.9, d3p = 13.7, d33 = 20.6 pm V_ ' at 1064 nm), wide transparency
range (0.4-5 pm) and favorable electro-optic quality factor, photorefractive quality factor, piezoelectric property, as well as good
chemical stability and fast crystal growth rate.”’>~*'” As an NLO material, KN crystal is mainly used for low power, especially
the milli-watt frequency conversion based on the semiconductor laser, in which, it has the highest conversion efficiency compared
with other commonly used NLO materials, such as KITP and LN crystal, etc. KN can be used for OPO when pumped by Nd:YAG
lasers at either the fundamental or the SHG wavelength, producing tunable radiation in the near-IR spectral region between

()

Fig. 18 The structure of KN viewed along the b-axis (A) and the NbOg octahedron linked with the surrounding six via corner-sharing O atoms (B).
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0.7 um and 3 pm.”?°7??? Besides, KN crystals have been developed as a bulk acoustic wave and surface acoustic wave devices with
a high coupling and zero-temperature coefficient of delay.>”* However, there are also some disadvantages: The refractive index of
KN crystal changes largely with temperature, which make its phase matching change and results in unstable laser output.”** Low
laser damage threshold of KN crystal limits the application in high-power laser system.”*”*? In addition, two structural phase tran-
sitions have been happened in the process of KN crystal growth, which results in multi-domain crystal, and in which the complex
domain-wall stress causes the crystal easy to crack that makes it difficult to obtain large-size single-domain crystal with complete
structure.””’

According to the phase equilibrium diagram of the K,O-Nb,O5 binary system, a stoichiometric KN could not be grown from the
melt by the Czochralski method.?””~?*° While, KN single crystal can be successfully grown from a solution with potassium enriched
under the condition of shallow temperature gradient using the Kyropoulos or TSSG techniques. However, the crystal obtained usually
contained many cracks presumably due to the thermal stress generated in the process of the phase transition. After many years of
systematic research, it shows that those cracking can be prevented by controlling a low temperature gradient in solid-liquid contact
surface during the crystal growth, and going through a long time cooling. In addition, poling treatment is also an effective way.

4.02.3.1.5 Lithium iodate o-LilO3

a-LilO3 crystallizes in an asymmetric space group P63 (No. 173) with unit cell parameters of a = 5.4815 A, ¢ =5.1709 A, and
Z = 2.7%° In the structure, each I atom is coordinated with three O atoms forming the isolated umbrella-type 105 unit, which is
parallel to each other, and the Li atoms can link with the surrounding six O3 unit via Li—O bonds (Fig. 19). Its SHG coefficient
(dis = —5.53 pm V"~ ! at 1064 nm) is one order of magnitude larger than that of KDP, and its crystal has good optical uniformity
and wide transparency range (0.28-6.0 pm), and it is easy to grow large-size single crystal with high optical quality from aqueous
solution, which shows that it is a kind of practical crystal.>*'~>*° However, the application of a-LilO3 crystal as NLO materials is
seriously limited due to its hygroscopic, low laser damage threshold, as well as low conversion efficiency since it cannot achieve
the optimal phase matching.”*” In addition to the NLO effects, a-LilO3 has optical rotation, pyroelectric and electro-optical effects,
while does not have ferroelectric effects.”*% "'

4.02.3.2 Newly developed near-infrared and visible nonlinear optical materials

4.02.3.2.1 Phosphates
KDP family: Ammonium dihydrogen phosphate NH4H,PO,4 (ADP) is an important member of the KDP family, which shows the
similar structure with KDP (Fig. 20). In 1938, Bush et al. studied the crystal growth habits of ADP. In the 1940s, they found that ADP
had piezoelectric properties, and subsequently, ADP was used in sonar equipment that was devoted to the war. In the 1960s, after
the advent of the laser technology, it was found that ADP crystal has good NLO properties and can realize the SHG, THG and FHG
based on 1064 nm pumped laser.’*??** At Tg = 122.7 K, KDP becomes ferroelectric while ADP becomes antiferroelectric at
Tn = 148.2 K. The transparency spectral range (50% transmission level for 0.2-cm-long crystal) of ADP crystal is from 184 nm
to more than 1500 nm, and it has a considerable SHG coefficient (d3s = 0.47 pm -V~ '), thus it is widely employed as electro-
optic devices.”****> The ADP crystal is usually grown from saturated aqueous solution by slowly cooling.”*°

Deuterated potassium dihydrogen phosphate KD,PO,4 (DKDP) is isotopic crystal of KDP, and it has two phases, tetragonal and
monoclinic,”*”?*% in which, the phase DKDP crystallized in the tetragonal system is widely used as an NLO material. DKDP crystal
has higher transmittance in the IR range and comparable SHG responses to KDP, which is currently used as the SHG material of the
high-energy loaded in high-power laser fusion devices.”*’~>°? The DKDP crystals can be grown by the slow evaporation method.

KTP family: ATIOAsO4 (A = NHy, K, Rb, Tl) and ATiOPO4 (A = NHy, Tl) have been obtained through the monovalent substi-
tution of A cations in ATIOAsO,4 and ATiOPOy. They are isostructural with KTP and crystallize in the space group of Pna2; (No. 33),
which preserve the structure features and excellent properties of KTP. ATIOAsO,4 (A = NHy, K, Rb, Tl) and ATiOPO,4 (A = NHy, T1)
exhibit the 3D ?[TiOAsO4]« and ?[TiOPOy]s anionic frameworks, respectively, and the A cations are located in cavities
(Fig. 21).?>>7?°® They exhibit large SHG efficient and wide transparency ranges, which are comparable or slightly superior to
KTP crystal. They can be grown from high temperature flux.

g,l VO V VO ~’ (B)
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Fig. 19 The isolated umbrella-type 105 units and Li atoms arranged in the bc plane (A) and the coordinated environment of Li atom (B).
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Fig. 21 The 3D 3[TiOAs04]., anionic framework in KTiOAsO, (A) and ®[TiOPOy].. anionic framework in TITIOPO,4 (B).

4.02.3.2.2 lodates
BiO(I03): BiO(103) was obtained using a hydrothermal method by Halasyamani et al. in 2011. It crystallizes in the orthorhombic
system (Pca2;, No. 29)>*° and structurally features a '[Bi, O] chain along the b-axis with the iodate groups hanging on both sides
of the chains (Fig. 22). The local dipole moment of the IO3 polyhedra is additive and results in a macroscopic polarization along the
c-axis. BiO(103) exhibits strong SHG response of about 12.5 x KDP based on the 1064 nm radiation and its measured band gap is
about 3.3 eV.7°0%¢!

BaNbO(103)s: BaNbO(I03)5 was synthesized by the hydrothermal reaction by Mao group in 2009.7%” It crystallizes in the acen-
tric space group Cc (No. 9), and its structure features isolated NbO(103)4(IO4) group which is built up of a Nb atom and
surrounding four 103 units, a 104 unit and a terminal O atom. The NbO(IO3)4(104) groups are further linked via Ba—O bonds
forming the whole 3D structure framework (Fig. 23). By the combination of the Nb>" cation which has a d° electronic configuration
and the lone-pair-containing iodate anion, BaNbO(I03)5 exhibits a large SHG response (~ 14 x KDP based on the powder SHG

(A)

Fig. 22 The structure of BiO(103).
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Fig. 23 The structure of BaNbO(I03)5 (A) and the NbO(I03)4(104) group (B).

measurement). The optical diffuse reflectance spectrum indicates an optical band gap of 3.64 eV. More optical properties are waiting
for evaluation based on large-size crystals.

4.02.3.2.3 Borates
a- and d-BiB3Og: a-BiB3Og and d-BiB3O4 were discovered first in 1962 by Levin et al. and in 2006 by Huppertz et al., respec-
tively.”*>?°* They crystallize in the space group of C2 (No. 5) and Pca2; (No. 29), respectively. a-BiB3Og features the 2D
?|B3O¢]w layers that are made up by B3Og FBBs (Fig. 24A and B). In 1998, Hellwig et al. reported that a-BiB3Og crystal can be
considered as an NLO material owing to large SHG coefficient (desr = 3.2 pm -V~ '), wide transparency ranges covering the visible
and near-infrared regions and high transmittance (~80%).>°>?°° Moreover, it possesses large birefringence and has realized SHG
output within the type-I BPM technology under continuous and pulsed wave pump at 1064 nm. Besides, the SHG of the signal wave
of a quasi-continuous OPO (777-1036 nm, 10 kHz, 50 ns) was performed in &-BiB3Og; as a result, the tuning in the UV range from
450 nm to 494 nm was achieved with maximum blue output of 1.3 W at 470 nm. a-BiB3O; melts congruently with the melting
point of 826 °C, which was conventionally grown by TSSG technique. For the 3-BiB3Og crystal, its structure is exclusively built
up of BOy tetrahedra which share common oxygen to form 3D ?[B3Og]. framework, and Bi atoms are located in voids
(Fig. 24C). The large NLO coefficient (defr = 1.2 pm -V~ '), moderate birefringence (0.0756 at 1014 nm), and wide the transmission
range (from 315 nm to more than 3500 nm, 50% transmission level) indicate that 8-BiB3;Og crystal is suitable for doubling the laser
with a wavelength 1.32 um, especially as the concentrated SFD laser crystal for this wavelength.”®”

Pb,BO3X (X=Cl, Br, I): Pb,BO3Cl was reported earliest by Ok et al. in 2016.7°® Subsequently, Pb,BO3Br and Pb,BO;I were
reported by Ye et al. and Halasyamani et al. in 2018, respectively.’®”?”® They crystallize in the trigonal space group of P321

Fig. 24 The structure of «-BiB30g viewed along the c-axis (A), a 2D 2[83,06]oo layers of a-BiB30g stretching in the ab plane (B), and the structure of
5-BiB30g viewed along the c-axis (C).
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(No. 150) and their structures feature the 2[Pb,BO3]. layers which are linked by Pb-X (X=ClI, Br, I) bonds to form the final 3D
frameworks (Fig. 25). The uniform arrangement of the isolated BO3 units and PbOj trigonal pyramids in the structure leads to
the maximum superposition of SHG effect (~9, 9.5 and 10 x KDP for Cl, Br and I analogs based on the powder SHG
measurements). In addition, they have wide transparency windows from the UV to the mid-IR region,”*®*7%%?° thus the Pb,BO3X
(X=Cl, Br, I) family is considered as NLO materials candidates.

4.02.4 VUltraviolet nonlinear optical materials

UV NLO crystal materials are the key components for multi-stage frequency conversion of UV lasers, especially solid-state laser,
which mainly use parametric up-conversion processes (such as SHG, SFG, THG, etc.) and OPO technology to generate UV laser
radiation.””' *”? Obviously, the primary requirement for the optical properties of UV NLO materials is that they have high trans-
parency in the UV spectral rang. Besides, it is also necessary to possess a large second-order NLO coefficient (d;; > 0.39 pm -V~ h,
a suitable birefringence (0.05-0.10 at 1064 nm) to achieve the phase-matching conditions in the UV spectral range, a large laser
damage threshold, favorable chemical stability, easy growth of large-sized single crystals, as well as other good physical and chem-
ical properties.®>?”* Over the past several decades, many efforts have been devoted to search UV NLO materials with excellent
comprehensive properties. A series of UV NLO materials have been reported, such as 8-BBO, LBO, and CBO, etc., which have
been widely used.®*?”*~27% Remarkably, inorganic borates have the shortest wavelength boundary of the natural absorption of radi-
ation (150-200 nm), which is a significant advantage over other inorganic materials (niobates, titanates, iodates) used in UV
lasers.”””?5° Besides, most nitrates dissolve easily in water and would not be suitable for industrial applications. And for the carbon-
ates, it is difficult to grow due to the decomposition easily of the carbonates at high temperature. Therefore, borate is the most
research inorganic NLO material system in UV and DUV spectra.

4.02.4.1 Representative ultraviolet nonlinear optical materials

4.02.4.1.1 (@-barium borate 3-BaB.0, (3-BB0)

B-BBO was discovered in 1985 by Chen et al., and it quickly became the most popular crystal for visible and UV spectra applications
owing to its excellent overall performance.?’® In the last few decades, the crystal structure, phase transition behavior, crystal growth,
comprehensive optical properties and microscopic mechanism of 8-BBO were systematically studied.

B-BBO crystallizes in an asymmetric space group R3 (No. 146) witha = 12.532 A, ¢ = 12.717 Aand Z = 6. In the structure, three
BOj3 units connect with each other by corner-sharing O atoms to form the isolated six-membered B3O¢ ring, which stacks along the
c-axis, and the Ba®" cations balance the charge in the cavity (Fig. 26). The structure-performance analysis shows that the approxi-
mately parallel B;O; groups are beneficial for large birefringence (0.11 at 1064 nm) and SHG coefficient (der = 6 x KDP).?”° The
alkaline-earth metal Ba atoms without d-d and f-f electron transition are beneficial for the B-BBO crystal to display a wide transpar-
ency range (0.189-3.5 pum). It is a negative uniaxial crystal with the shortest phase-matching wavelength of 205 nm, the high laser
damage threshold (23 GW cm™ 2 for 14 ns pulses at 1064 nm), favorable mechanical properties and good chemical stability. These
excellent properties make it virtually irreplaceable in certain applications.”®' ** At present, B-BBO crystals are widely used in the
processes of the SHG, THG, FHG of Nd: YAG and Nd: YLF leaser. Also, B-BBO crystal has been extensively applied in the other lasers
with SHG, SFG, OPO, OPA technologies.”* %’

B-BBO has a melting point of 1095 °C and a transition temperature of around 925 °C.?’° Therefore, B-BBO crystals are generally
grown by high temperature solution method with TSSG, in which, a variety of oxides or fluorides including, B,O3, Na,O, K,0, NaF,
LiF, LiF-Li,O, Na,0-B,03, Na,O-BaO, etc., as well as K,B,04, Na,B,04 can be selected as the fluxes.””' >°> Herein, three typical
phase diagrams are briefly summarized.

Fig. 25 The 2[PbyB0s]., layer stretching in the ab plane (A) and the structure of Pb,BOsX (X=Cl, Br, ) vied along the a-axis (B).
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(B)

Fig. 26 The structure of B-BBO (A) and isolated six-membered B3Og ring (B).

1) The binary BBO-Na,O system: The phase equilibrium relation of BBO-Na,O is shown in Fig. 27, which was determined by
Huang and Liang.””° It is clearly seen that the crystallization temperature of B-BBO crystal can be extended from ~ 920 to
~755 °C when the solvent concentration is from 22% to 30% in molar ratio.

2) The binary BBO-NaF system: The BBO-NaF pseudo-binary diagram was investigated first by Roth and Perlov and later refined by
Bekker et al. (Fig. 28).””>?°° The ternary BaO-B,03-NaF system was found to be suitable for growing B-BBO crystal due to the
reduced viscosity and wide temperature range of crystallization. The diagram of phase equilibrium shows that B-BBO can be
crystallized in the range of 925-805 °C and the quantity of NaF varies in the range of 31-47% in molar ratio.

3) Phase equilibrium in B-BBO-LiF system: The BaO-B,O3-LiF system was studied by Bykov et al., in 1994 which noted the narrow
growth temperature range.””” In 2015, the phase equilibrium in B-BBO-LiF system was analyzed by Simonova et al.*’® The
concentration changes from 67.5% to 60% B-BBO corresponding to the primary crystallization regions of B-BBO, and
the liquidus curve bends at the point defined by the concentration of 50% B-BBO corresponding to a temperature of 860 °C. The
study reveals that the B-BBO-LiF system can be considered applicable for growing B-BBO crystals owing to the decreased viscosity
of solution and the high yield.

According to the phase diagram, the ratio of raw materials and the temperature range of growth can be roughly determined. Two
methods can be used for the preparation of crystallization of raw materials, one is to mix the components (Ba-contained

1100 =
09513 °C

1000}~ Liquid (L)

BaB,0;'Na,O+L
9200

800

700~
Na,O+L

Temperature (°C)

600

§-BaB,O, 573+3 °C

+BaB,04Na,0

500,

LA |
1
LA |
Cl

100

BaB,0,'Na,0+Na
[ [ R T
BaB,0, 10 20 30 40 50 60 70 80 90 Na,0

Composition (mol % Na,0)
Fig. 27 The BBO-Na,0 pseudo-binary diagram determined by Huang and Liang.?®°



Inorganic nonlinear optical materials 21

1100

Liquid (L)

1000

—
Q
o
S
%]
1=
2 900
-1
=
§ | B-BaB,O,+L
= NaF+L
BNBF+L
£ 800 b
p-BaB,O,+BNBF+L
—r BNBF+NaF+L
o
p-BaB,O,+BNBF | BNBF+BaF,+L
700 2
+BaF, BNBF+BaF,+NaF
L L 1 1 L L L L L
BaB,0, 20 40 60 80 (NaF),

Composition (mol % NaF)

Fig. 28 The BBO-NaF pseudo-binary diagram. Adapted with permission from Ref. Bekker, T. B.; Fedorov, P. P.; Kokh, A. E. The Ternary Reciprocal
System Na, Ba/BOs, F. Cryst. Growth Des. 2012, 12(1), 129-134. Copyright © 2012, American Chemical Society.

compound, B,O3/H3BOj3, and solvents) directly, the other is to synthesize polycrystalline single-phase samples of 3-BBO as raw
materials, and then add the solvent according to the ratio.”*”>°°

4.02.4.1.2 Lithium triborate LiB305 (LBO)

The LBO crystal is another NLO material discovered by Chen and coworkers with excellent NLO properties in the UV spectral
range.”’” Tt crystallizes in the orthorhombic space group Pna2, (No. 33) with unit cell a=8.46A, b=7.38A, c=5.134,
Z = 4.°°" The crystal structure is built up of the fundamental building unit B3O, groups consisting of two BOj3 triangles and one
BO, tetrahedron. Each B3O; group is connected to the surrounding four groups mutually via corner-sharing O atoms to form
the final 3D framework with channels, where the Li atoms are located (Fig. 29).

According to the study of the relationship between the microstructure and properties by Chen et al.,”** the B30 group is the
main contributor to the large SHG coefficient (d3; = 0.67, d3; = 0.85, d33 = 0.04 pm -V~ ') of LBO.?*” Besides, since the exo-ring
O atoms are shared by two B3O7; groups, the dangling bonds of the group are removed which results in a short UV cutoff edge
(155 nm). Besides, the high laser damage threshold (18.9 GW cm™ 2 for 1.3 ns pulses at 1053 nm), wide receiving angle and discrete
angle, large effective SHG coefficient (~3 x KDP), as well as good physical and chemical properties make it be widely used in
frequency conversion which concentrates around SHG and THG of high-power lasers.””*~>°” However, Its major shortcoming as
a UV NLO crystal is that the unfavorable birefringence (0.043 at 532 nm) limits the PM wavelength (Ashortest, Bpm = 277 nm).>®

LBO was first considered a congruent compound by Mazzeti and Carli,*°” but was proved to melt incongruently by Rollet and
Bouaziz in 1955.7'? After these, Sastry and Hummel studied the relationships of Li,O-B,Oj3 system by the quenching method using
20 compositions giving a pseudo-binary phase diagram in 1958.%'" It indicates that LBO crystal can be grown at the B-rich region.
However, the high viscosity and the difficulty of the mass transportation of the solution made the growth rate of LBO crystal too

Fig. 29 The structure of LBO viewed along the c-axis (A), the coordination environment of the Li atom (B) and the B30; group (C).
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low, and the solution tended to super cool. Many efforts were made to find suitable flux to reduce the solution viscosity.>'*~>'*

Parfeniuk et al. found that introducing MoOj3 into the solution can reduce the viscosity of the solution, which was suitable for
growing LBO crystal. After, the Li;O-B,03-MoO3 system was investigated in detail and new growth techniques for LBO crystals
were also developed.’'” In 2010, on the basis of combining the accelerated crucible rotation technique and TSSG methods, Hu's
group successfully grew LBO crystals along the near-phase-matching angle direction in the LBO-MoQj3 solutions, with the LBO
crystal weight of 1.988 kg (Fig. 30).”'° In 2014, high-quality single crystal without visible inclusions were grown by Martirosyan
et al. in the Li;O-B,03-M0O3 system.””>'” In their report, crystals were grown by the Kyropoulos method in a two-zone heating
furnace with vertically positioned heating elements around the muffle. Highly pure Li, O, B,03, and MoO3; compounds and synthe-
sized LBO powder were used as initial agents, and a concentration of 30 wt% was used to grow LBO crystals.

4.02.4.1.3 Cesium triborate CsBs05 (CBO)

In 1958, cesium triborate (CBO) was first reported by Krogh-Moe,'® and then the crystal structure of CBO was refined in 1974. It
belongs to 222 point group and crystallizes in the orthorhombic space group P2,2;2; (No. 18) with cell dimensions a = 6.213,
b=8.521,c=9.170 A, Z = 4.>'? The unit cell of CBO is shown in Fig. 31. The structure of CBO is very similar to that of LBO which
can be described as an infinite 3D network with spiral chains formed by B30 groups. Each of the four exo-ring oxygen atoms is
shared by the surrounding four B3O groups with Cs atoms located in the interstices.

In 1989, Chen et al. estimated the SHG coefficients of CBO crystal by the DFT calculation.””® In 1993, Wu et al. grew the
centimeter-scale CBO crystals from the melt and evaluated the SHG coefficients. Meanwhile, the linear and NLO properties of
CBO crystal were also studied.’”® The CBO crystals possess high SHG coefficients (di4 = 1.08 pm-V~!, 2= 1064 nm),
moderate birefringence (0.0597 at 1064 nm), wide transparency range (0.17-3.0 pm), large laser-induced damage threshold
(26 GW cm™ 2 for 1 ns pulses at 1053 nm) etc. excellent optical properties, which indicate that CBO is a promising NLO crystal
for NLO frequency conversion in the UV spectral region.””®??!732° However, the severe deliquescence limits its application to
some extent.

Phase equilibrium in the Cs,0-B,03 system was first reported by Krogh-Moe in 1958,'® then Penin et al. presented a Cs,O-
B,03 phase diagram in 2003.%?” In the view of the phase diagram (Fig. 32), CBO is a congruent compound with the melt point of
835 °C, and has a broad crystallization composition ranging from 67 to 81 mol% B,0Os3, which indicates that many growth tech-
niques (such as Kyropoulos, Czochralski and TSSG method) could be used to grow CBO single crystals. For example, Kyropoulos
technique using a two-zone resistance-heated furnace was employed to grow the CBO crystal.>?*?%7%3° Platinum crucible with
polycrystalline powder samples of CBO was heated to ~900 °C to make the solid completely melt, and then cooled to
837 °C and the seed was introduced to start crystal growth. CBO crystals grown in different seed orientation (a- or c-axis) exhibit
similar morphology. When CBO crystal was grown by Czochralski or TSSG method, appropriate excessive of Cs,O components
can not only reduce the solution viscosity but also make up the volatilization of Cs,O at high temperature.**'**” The grown CBO
crystals often contain a high density of optical scattering centers, which are responsible for the optical loss and reduction in the
harmonic generation efficiency.’*> Thus, many efforts are needed for obtaining high-quality CBO crystal. Recently, single crystals
without scattering centers have been successfully grown from the Cs;O-B,03-M0O3 ternary system by the TSSG method by Liu
et al. (Fig. 33).7*

4.02.4.1.4 Cesium lithium borate CsLiBg0;9 (CLBO)

CLBO was reported first as NLO materials by More et al. in 1995.7%° It crystallizes in a tetragonal space group of 142d (No. 122) with
a=10.494 A, c = 8.939 A, and Z = 4.3 In the structure, two kinds of crystallographically independent B atoms are surrounded by
three and four O atoms forming the BOj triangle and BO, tetrahedra, respectively, which further connect via corner-sharing O
atoms to form the fundamental building block B3O7. Furthermore, B3O7 groups are linked with each other to form the final

Fig. 30 LBO crystals grown by Hu’s group with the size of 160 x 150 x 77 mm® and weight of 1988 g.
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Fig. 31 The structure of CBO viewed along the a-axis (A), the B307 groups linked with neighboring four (B) and the coordinated environment of Cs
atom (C).
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Fig. 32 The Cs,0-B,03 phase diagram.

Fig. 33 CBO crystal grown from solution by the seed-submerged growth method. Adapted from Ref. Liu, S.; Zhang, G.; Li, X.; Yang, F.; Bo, Y.; Fu,
P.; Wu, Y. Growth and Characterization of CsB305 Crystals Without Scattering Centers. CrystEngComm 2012, 14(14), 4738-4744, with permission
from The Royal Society of Chemistry.



24 Inorganic nonlinear optical materials

Fig. 34 The structure of CLBO viewed along the b-axis (A), the topological structure viewed along the c-axis (B) and viewed along the b-axis (C).
The B307 groups considered as 4-connected nodes.

reticular framework (Fig. 34). The Li and Cs atoms are four and eight-coordinated with O atoms in the CLBO crystal, respectively,
which make them strongly bound in vacant space. Topologically, when the B3O groups are considered as 4-connected nodes,
a simplified anionic framework can be described as a point Schlifli symbol of {472. 8'4} (Fig. 34).

CLBO is a negative uniaxial crystal exhibiting outstanding NLO properties as a frequency converter including short UV cutoff
edge (180 nm), relatively large SHG coefficient (dss = 0.95 pm V™! at 1064 nm), large angular and temperature bandwidths, small
walk-off angles, large laser-induced surface damage threshold (24-26 GW cm™ 2 for 1.1 ns pulses at 1064 nm), etc.>*°~*?° CLBO
crystal has been used for second-, third-, fourth-, and- even fifth-harmonic generations of the laser frequency conversion.>**~?**
Unfortunately, CLBO crystals are extremely hygroscopic to make it have a tendency to crack in air at room temperature, which
has greatly limited their application of devices.”**?*® During the last few years, some techniques has been put out to promote
the progress in the practical application of CLBO.?*”**® For example, the earlier studies show that water impurity of CLBO crystal
can be effectively eliminated by long time heat treatment at 150-160 °C and subsequently in dry atmosphere. Recent studies reveal
that surface degradation due to the invasion of water can be significantly suppressed by Al-doped (Fig. 35).7*?*°° However, it is
difficult to grow Al-doped CLBO crystals with high-quality.

CLBO is a congruent melting compound with the melting point of 848 °C and the TSSG method has been commonly used to
grow CLBO crystals.’”°~**? Traditional TSSG is to stir the solution by rotating a seed crystal. However, Sasaki et al. developed an
effective solution stirring technique that add crucible rotation equipment to stir the solution with the high viscosity.***** The
improved TSSG technology, defined as solution-stirring TSSG, increases the convection of solution and keeps the solution fully
uniform. In addition, Nishioka et al. found that high quality starting materials could be efficiently prepared from a mixture of
raw materials (Cs,CO3 (99.99%), Li;CO3 (99.99%) and B,O3 (99.999%) in a ratio of 1:1:5.5) and aqueous solution.’”**°° The
crystals grown by using this starting material possess an approximately twofold higher LIDT than those grown by the conventional
method.

4.02.4.2 Newly developed ultraviolet nonlinear optical materials

4.02.4.2.1 SBBO family
SryBe;B,07 (SBBO): SBBO was the earliest attempt to overcome the layering tendency of KBBF crystals (described in next section).
Structurally, SBBO belongs to the space group of P62¢ (No. 190) and features ?[Be;B,07]« double layers, in which all the BO3 units
are NLO-active and aligned optimally; the BeOy4 units eliminate the dangling bonds of the BO3 units (Fig. 36). SBBO crystal was
considered as an NLO material owing to the large SHG response (about 3.8 x KDP at 1064 nm), short DUV cutoff edge (155 nm),
a moderate birefringence (about 0.062 at 589 nm based on the DFT calculation), as well as a short phase matching wavelength
(about 200 nm).*” Unfortunately, the cohesion forces between the ?[Be;B,0+]. layers make the structure of SBBO instable and
limit its further application.®”®

K,Al;B,07 (KABO): In 1998, KABO was reported by Chinese and Japanese scientists as a new NLO material.>>”°? It crystallizes
in the trigonal space group P321 (No. 150) with a = 8.5657(9) A, ¢ = 8.463(2) A, and Z = 3.%°' The structure of KABO contains K
atoms, BO3 groups, and AlO4 groups. All the BO3 groups are approximately parallel to the c-axis which connect with AlO, tetra-
hedra via corner-sharing O atoms to form [Al;(B,07);0]« sheets in the ab plane. The [Al;(B,07),0]« sheets are bonded to
each other through O atoms in the AlO, tetrahedra forming a 3D >[Aly(B20O7),0]. framework which exhibits large
11-membered rings along the c-axis where the K atoms are located (Fig. 37).
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Fig. 35 Photograph of as-grown crystals in the Cs,0-Li,0-B,03-Mo0Q3 system: (A) undoped CLBO; (B) 2.5% Al-doped CLBO; (C) 5% Al-doped
CLBO.
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Fig. 36 The structure of SBBO viewed along the a-axis (A), the single-layer 2[BeBOy].. (B) and the double-layer [Be,B;0;].. stretching in the ab
plane with the Sr atoms located in the voids (C).

Fig. 37 The structure of KABO viewed along the a-axis (A), the [Alx(B207)20]. sheets in the ab plane with the K atoms located in the voids (B).

The KABO crystal is transparent far into the DUV region (180-3600 nm). It has a moderate birefringence (0.070 at 1064 nm)
which makes it be phase-matching to 232.5 nm.?*” The values of NLO coefficient and laser damage threshold are measured to be
di; = 0.45 pm V™' and 15 GW cm™ 2 under 10 ns pulses at 1064 nm, respectively.’®* Besides, KABO has the merits of easy growth
and good radiation resistance to UV light. Single crystal has been grown by the TSSG method with NaF as a flux.’*> KABO crystal can
be used for the generation of 266 nm laser by FHG and 193 nm laser by SFG of Nd-based laser systems.*** For a long time, KABO
crystal is shown to exhibit abnormal UV absorption around 230 nm, which is proved to be caused by Fe impurities and thus reduce
the conversion efficiency from 532 nm to 266 nm. Faced with this, large and high optical quality KABO crystals were grown in
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a non-oxygen atmosphere by Chen et al. in 2011 for the first time, which effectively eliminated the abnormal absorption in the UV
region.>®> A 280 mW average output power was obtained by using a 8.85-mm-thick KABO crystal through fourth-harmonic gener-
ation of Nd: YAG laser with 10 kHz, 10 ns pulse.

K3B33Li2Al4B6020F, K3SI'3Li2Al4B6020F and Rb3Ba3Li2Al4B6020FZ In 2016, Luo et al. reported K3Ba3Li2Al4B6020F with a frame-
work structure that exhibits the structural merits of SBBO double-layer configuration.*®® It crystallizes in the hexagonal P62¢ (No.
190) space group with 0D isolated BO3 units. The BOj3 units are linked by the AlO, and LiO5F tetrahedra forming ?[LiAl,B3010F]
sheets stretching in the ab plane, which are further linked along the c-axis by AI—O and Li—F bonds to form the ?[Li;AlBsO20F]
double layers. The ?[Li;Al4BsO40F] . double layers are linked by the Ba cations, while the K cations are located in the interlayers
(Fig. 38). The K3BasLiyAl4BsOyoF crystal preserves the excellent NLO properties, including a DUV absorption edge of 190 nm,
a sufficiently large SHG response of 1.5 x KDP and a suitable birefringence (~0.068 at 852.1 nm), which make it have the potential
to generate the 266 nm coherent light by a direct SHG process.*®” In 2018, Luo et al. reported that the single crystal with sizes up to
18 x 13 x 8 mm?® has been grown by the TSSG method.*®’

In 2017, two more new members in this family, K3Sr3Li;Al4BcO,0F and RbsBasLizAlyBcO,oF, were reported nearly simulta-
neously by Luo et al.>*® and Halasyamani et al.>*”*”° Their structures both feature the similar [Li,Al4B5O,0F]. double layers
with K3BasLiAl4BsOo0F, while they crystallize in different space groups of P62¢ (No. 190) and R32 (No. 155), respectively.
Both crystals exhibit absorption edges below 200 nm, satisfactory SHG responses (1.7 and 1.5 x KDP), moderate birefringence
(0.0637 and 0.057 at 1064 nm for K3Sr3Li,Al4BsO,0F and RbsBasLi,AlyBsO,50F), and shortest type I SHG wavelengths below
266 nm (224 and 243 nm).>*® 7! Thus, together with K3BasLi,Al4BsO,oF analog, they are all potential candidates to generate
266 nm radiation by direct SHG method. The centimeter-size K3Sr3LiyAl4BsO5oF and RbsBasLi;AlyBsOy¢F crystals can be grown
by the TSSG with a Li,O-SrF,/BaF,-B,03 flux.>®*~>""

4.02.4.2.2 Other materials
LigSr(BO3),: The LigSr(BO3); crystal was obtained first by Luo et al. in 2014 with the low symmetry of Cc (No. 9).*”” The structure is
built up of isolated BO3 units and Li and Sr cations (Fig. 39). Li4Sr(BO3), crystals without layering tendency were initially grown by
the TSSG method from the self-flux system.’”? It shows a UV absorption cutoff edge of 186 nm measured based on powders. Owing
to the optically aligned NLO-active anionic groups in the structure of Li;Sr(BO3),, the powder SHG responses of LisSr(BO3), are
detected to be ~2 x KDP under incident laser at 1064 nm.””” The theoretical birefringence of 0.056 at 532 nm for LizSr(BO3); is
sufficient for the phase-matching in the SHG process of 1064 and 532 nm incident lasers. However, attributable to the lack of large
single crystals, the SHG coefficients, laser damage threshold and birefringence have not yet been experimentally measured.
Ba3(ZnBsO19)PO,4 (BZBP): BZBP was synthesized by Halasyamani et al. in 2015.°”* The BZBP crystals with sizes up to
9 x 7 x 3 mm?> were grown from H3BO3-ZnO flux by TSSG method. BZBP crystallizes in the noncentrosymmetric orthorhombic
polar space group Pmn2; (No. 31). In the structure, BO3 and BO, units are linked by corner-sharing O atoms to form the
2|B5O19] » layers stretching in the ac plane with the large channels, where the isolated PO, units are located. The ?[B5O ]« layers
connect with ZnOy tetrahedra to create a *[ZnB501¢]« framework, and the Ba atoms and isolated PO tetrahedra are located in the
voids (Fig. 40). BZBP crystal exhibits a DUV absorption edge (180 nm), large SHG responses (~4 x KDP based on the powder SHG
measurement at 1064 nm), while it has a small birefringence (~0.04 at 532 nm).?”**"* Besides, the crystal is stable in both air and
water and melts congruently, enabling the facile growth of large single crystals.

Fig. 38 The structure of K3BasLi,Al;Bg0x0F viewed along the a-axis (A), the 2[LiAl,B301oF].. sheets (B), and the 2[Li»Al4B02F] .. double layers
stretching in the ab plane.
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Fig. 39 The structure of Li;Sr(BO3). viewed along the a-axis (A), the pseud layer viewed along the c-axis built by isolated BO3 units and Li and Sr
atoms (B) and the pseudo layer viewed along the c-axis built by isolated BO3 units and Li atoms (C).

Fig. 40 The structure of BZBP viewed along the c-axis (A) and the 2[850101oo layers stretching in the ac plane (B).

M,(OH)3NO3 (M=Ba, Sr): My(OH)3NO3 (M=Ba, Sr) were synthesized first by Simone et al. in 2007,?”> and Huang and Dong
et al.””® reported their NLO properties in 2015 and 2018, respectively. Sr,(OH)3NO3 and Ba,(OH)3NOj3 crystal are isostructural
and belong to the hexagonal space group P62m (No. 189). Their structures are built by M cations, OH and plane NO3 units
(Fig. 41). They exhibit large NLO effects (3.6 and 4 x KDP for Sr,(OH)3NO3 and Ba;(OH)3NO3) and moderate birefringence
of 0.08 at 589.6 nm for Bay(OH)3NO3 owing to the alignment of the NOj3 units (the birefringence for Sr,(OH)3NOj3 has not
been reported due to the lack of suitable crystal). Moreover, thermal studies have shown that Sr,(OH)3NO3 and Ba;(OH)3NO;
can be stable up to 450 °C and 320 °C, respectively. Both of them have UV absorption edges shorter than 200 nm, and
Bay(OH)3NOj3 crystal exhibits good physicochemical stabilities.

4.02.5 Deep-ultraviolet nonlinear optical materials

Deep-Ultraviolet (DUV) light sources with wavelength ranges shorter than 200 nm play an important role in photoemission spec-
troscopy, laser processing, precise micromachining, chemical reaction dynamics, surface physics, semiconductor materials and other
scientific and industrial frontier fields.>”” " Several approaches, including synchrotron radiation, gas discharge lamps (He and Xe),
excimer lasers (193 nm ArF and 157 nm F, pulsed lasers), free electron lasers, and nonlinear frequency conversion can generate the
DUV light.’*°~>%% Remarkably, nonlinear frequency conversion has a great application prospecting producing DUV coherent light
based on cascaded SHG with a diode-pumped solid-state laser as the fundamental pump.*”#37?384-387 §¢ far, SHG with a KBe,-
BO3F, (KBBF) NLO crystal is the best way, which is both precise and practical.***?%° However, the layering growth habit in the
KBBF crystal brings significant challenge of single-crystal growth. In last decades, in addition to improve the growth techniques
of KBBF, some crystals with potential application as DUV NLO materials have been explored which are introduced in this chapter.
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Fig. 41 The structure of Bap(OH)3NO3 viewed along the c-axis (A) and the coordinated environment of Ba cations (B).

4.02.5.1 Representative deep-ultraviolet nonlinear optical materials

4.02.5.1.1 Potassium aluminum borate KBe,BOsF, (KBBF)

KBBF compound was first synthesized in the KBF;-BeO system by former Soviet Union scientists in 1968.7”° In 1990s, Chen’s group
successfully grew KBBF single crystal with the size of about 10 x 10 x 0.3 mm? by using the top-seeded high temperature flux
method and they reported that KBBF was a promising DUV NLO material and might achieve sixth-harmonic generation of Nd-
based lasers.”” "7

KBBF crystal was finally determined to crystallize in the trigonal system with the space group of R32 (No. 155). Its unit cell
dimensions are a = 4.427 A, ¢ = 18.774 A, and Z = 3. In the structure of KBBF, the BOj3 and BeOsF units are linked by corner-
sharing O atoms forming the 2D infinite planar *[Be;BO3sF,]« layer optimally aligned in the ab-plane (Fig. 42). The *[Be;BO3F,]
layers are connected by the K—F ionic bond. Thus, the weak interactions between the layers make it difficult to grow along the direc-
tion of [001].

KBBF has excellent optical properties and is the sole NLO material that can successfully applied in DUV laser through the SHG
method. The UV cutoff edge of KBBF is 147 nm which blueshifts 42 nm compared to that of the BBO crystal. According to the anion
group theory reported by Chen et al. terminal O atoms of the BO3 units are linked with BeOsF units in KBBF crystal to eliminate the
dangling bonds, which are beneficial to increase the band gap.’””*”> And the moderate birefringence (0.77 at 1064 nm) makes it
have wide phase-matching wavelength range (shortest phase-matching wavelength <200 nm).>*®*°” Maker fringes measurement
shows that the d,; coefficient of KBBF is 0.47 pm V™ ! which matches well with the calculated value of 0.351 pm V™ '~”® Preliminary
measurements show that the damage threshold of KBBF is as high as 900 GW cm™ 2 and 72 ] cm™ 2 to the following laser parameters
of 1064 nm, 80 ps, 1 Hz, and 60 GW cm™ 2 at 390 nm with a 200 fs pulse width and 1 kHz repetition rate laser.’”” With the opti-
cally contacted KBBF-prism-coupled device, the sixth harmonic of Nd-based lasers and fourth harmonic of Ti:sapphire lasers have
been successfully generated.’”®*°%*°! In 2016, the shortest solid-state laser wavelength generated is 164.9 nm which was demon-
strated by the eighth harmonic generation based on a 1319 nm Nd:YAG laser.**?

KBBF crystals can be grown by the flux method and the hydrothermal method.**”*%**°* Unfortunately, it is found that KBBF
crystals grown by the hydrothermal method have intrinsic structural problems, which results in the very weak SHG responses,
and the conversion efficiency is 1-2 orders of magnitude lower than that of flux-grown crystals, which makes it difficult to be
used practically.**>*°® So far, the practically used crystals have been grown by the flux method. Polycrystalline KBBF prepared
by a traditional solid reaction with the stoichiometric amounts of BeO, KBF,, and B,O3 were put into platinum crucible and sealed.
The crucible was heated above to 700 °C and hold at this temperature for about 50 h. Notably, all the operations must be performed
in a ventilated system to protect the operators from BeO toxicity. Using the flux method, the crystal is grown in a high-temperature
solution growth process, in which KBBF crystallizes out of a molten KBBF and self-flux composition (KF + B,03). Up to now, many
attempts to grow KBBF crystal by seeded technique were unsuccessful, so its crystal growth was performed by spontaneous nucle-
ation.”°” The crystal can be obtained after the residues in the crucible are dissolved by dilute acid.

(A)

OK [+ r>o r-o
OBE b - = (9] . m“
00 !
OF

). e} mn
c e D000 O

LO I oo o h 5
b a

Fig. 42 The whole structure of KBBF viewed along the a-axis (A) and the planar 2[Be,BOsFs].. layer optimally aligned in the ab plane (B).
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Different from seeded growth technique, the spontaneous nucleation growth technique always forms many small crystals. Chen
et al. developed the “localized spontaneous nucleation technique”, which can control or restrict nucleation over one spot or
a narrow region where the crystal starts to grow, and which can combine with the temperature oscillation in the early stages of
growth to further select relatively one single nucleus for growth. Fig. 43 shows the temperature-oscillation process and the as-
grown KBBF crystal grown by Chen et al.*”

4.02.5.2 Newly developed deep-ultraviolet nonlinear optical materials

4.02.5.2.1 KBBF family

RbBe,BO3F, (RBBF): RBBF crystal was synthesized first by former Soviet Union scientists in 1975, which determined that its struc-
ture belongs to the monoclinic system with the space group C2 (No. 5).*°° Later, Chen et al. collected and integrated the single-
crystal X-ray diffraction data based on the grown single crystal and refined the structure and proved that it belongs to the uniaxial
and hexagonal system R32 (No. 155) with unit cell dimensions a = 4.434 A, ¢ = 19.758 A, and Z = 3.°°° The crystal structure of
RBBF is similar to that of KBBF. Its structure is made up of an infinite lattice network of ?[Be;BO3F,] . extended in the ab-plane
with the Rb atoms located between the layers (Fig. 44). The distance between neighboring layer is about 6.3 A and the weak
Rb—F interactions connect the layers to grow thicker crystals difficultly, like KBBF.

RBBF and KBBF have similar crystal growth habit and similar optical properties. Its NLO effect values of 1.15 x KDP at 1064 nm,
and it possesses moderate birefringence (0.073 at 1064 nm) and a short phase-matching cutoff edge (170 nm) that can be used to
direct SHG method to generate DUV laser. At present, RBBF has been experimentally shown to produce DUV coherent laser through
direct SHG.*'° However, compared with KBBF, the layered behavior of RBBF is not improved, which still limits the device
application.

NH4Be;BO3F,: In 2015, Ye and Lin et al. predicted NH4Be;BO3F, (ABBF) first by optimizing the KBBF structure by replacing
monovalent K™ with NH;"*'" Subsequently, centimeter-level ABBF was successfully synthesized by the hydrothermal method
in 2018.""> ABBF exhibits a similar structure with KBBF. It crystallizes in R32 (No. 155) space group with the unit cell parameters
a=4.441,c=19.909 A, Z = 3. The NH," groups occupy the sites of K cations and are located between the ?[Be;BO3F; ] layers in
which the N—H --- F hydrogen bonding interactions form the final architecture (Fig. 45). The distance of the H—F bond (1.993 A) in
ABBF is shorter than that of K—F (2.765 A) in KBBF, indicating the stronger interlayer binding force in ABBF, which effectively
improve the layered behavior. In addition, ABBF also preserves the NLO-favorable features, such as a suitable SHG response
(1.2 x KDP at 1064 nm), moderate calculated birefringence (0.057 at 400 nm), and wide transparency range (153-2000 nm),
but the more physicochemical properties need further evaluation by growing larger-size single crystals.

NaBe,BO3F, (NBBF): The NBBF compound was first reported by Batdtna, and it was first considered to be promising DUV NLO
material by Mei et al. in 1993.'> NBBF crystal is the member of KBBF family, but in contrast with other crystal of KBBF-family,
including KBBF, it crystallizes in the monoclinic system with the unit cell parameters a = 12.643 A b=28.729 A, c=7.591A4,
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Fig. 43 The temperature-oscillation illustration in the phase diagram (A), as-grown crystal (B) and device of KBBF (C), scheme of a special prism-
coupling equipment with KBBF crystal (D).
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Fig. 45 The structure of ABBF viewed along the a-axis.

8 = 113.6°. Its structure is built by the 2D ?[Be,BO3F, ] layers and 1D '[NaF|. chains, and they are connected by Na—F ionic
bonding (Fig. 46). The unequal Na—F bonds form distorted polyhedron breaking the threefold rotation symmetry in R32 (No.
155) and therefore, the crystal adopts the lower space group C2 (No. 5). However, NBBF retains the excellent optical properties
confirmed by some experimental results: short-wavelength absorption edge (Acutoff = 155 nm), a comparative SHG coefficient
(1.1 x KBBF) and a moderate birefringence (0.091 at 200nm)."'* Recently, the NBBF crystal with dimensions of
20 x 20 x 1.5 mm? has been grown from the NaBF,;-NaF-B,0j3 flux system.*'*

v-Be;BO3F (v-BBF): v-BBF was synthesized through high-pressure solid state reaction in a sealed platinum tube by Lin
etal.”!” It crystallizes in R32 (No. 155) space group with the cell dimensions of a = 4.4398 A, c = 12.4697 A, Z = 3. y-BBF
exhibits a similar structure with KBBF and also preserves the NLO-favorable properties. Notably, The Be—F ionic bond
(1.568 A) in y-BBF exhibits super strong bond ability between the adjacent ?[Be,BOsF; ] layers (Fig. 47), and the inter-
layer spacing has been greatly shortened to 4.157 A, which is much shorter than that in KBBF (6.25 A). However, there are
still no large enough crystals for further physical and chemical properties evaluation, thus, more efforts on crystal growth
are needed.
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Fig. 47 The structure of BBF viewed along the a-axis (A) and viewed along the c-axis (B).

4.02.5.2.2 Fluorooxoborates

In recent years, fluorooxoborates containing both B—O and B—F covalent bonds are widely researched due to its exciting optical
properties, especially in the DUV spectral range. It has been recognized that the partial O/F substitutions in the BO, tetrahedra form-
ing the BOxF4.x units reduce the symmetry, which is beneficial to obtain the non-centrosymmetric structures. The non-bridge O
atoms are replaced by F atoms in the borate can eliminate the dangling bonds and lead to a wide UV transmission region; Compared
to BOy in borates, the BOxF4.x units in fluorooxoborates possess comparable or even superior properties in terms of polarizability
anisotropy, hyperpolarizability, and band gap.”'>~*'” Therefore, a series of fluorooxoborates with excellent optical properties and
potential applications of DUV NLO materials have been synthesized and reported, such as Li;BsO9F,, NH4B,O4F (ABF), CsB4O¢F
(CBF), CaB507F;, and S1BsO-F;, etc.

4.02.5.2.2.1 ABF family
NH4B4OgF (ABF): ABF crystallizes in an orthorhombic crystal system and polar space group Pna2; (No. 33) with the cell dimen-
sions of a = 7.5457 (14) A, b=11.177 (2) A, ¢ = 6.5805 (13) A, Z = 3, which was refined based on the X-ray diffraction dada at
140 K.*'® Its structure features *[B4OF]« layered configurations with NH4" cations located between the individual layers, and the
hydrogen bonds connect the layers to construct the final 3D framework. As shown in Fig. 48A, the structure of ABF exhibits similar
structural features of KBBF. The BO3 units align almost in the same direction and the dangling bonds of terminal O atoms are elim-
inated by the BOsF groups, which are beneficial for a short UV cutoff edge. The layer spacing in ABF is reduced from 6.25 A in KBBF
to ~3.8 A, resulting in improved interlayer interactions. In addition, the wide transparency range, large SHG effect (~2.3 KBBF),
short PM SHG wavelength (down to 158 nm) indicate that ABF crystal is a promising DUV NLO candidate material.*'®

Subsequently, a series of new fluorooxoborates, CsB4O¢F (CBF), NaB,OgF (NBF), RbB4O¢F (RBF), CsKBgO1,F, (CKBF) and
CsRbBgO1,F, (CRBF), etc., were synthesized.”'”~*?! Although their structure exhibits similar 2D ?[B4OF| layered features of
ABF, the FBBs of BO3 and BOsF have different connection style (Fig. 48). The FBBs of NBF and RBF are composed of near-
planar rings B3;O¢ and tetrahedral BOsF units, while others are made up of non-planar rings B3OgF and trigonal BO3 units
(Fig. 48). According to the experimental and theoretical results, they exhibit sufficiently large powder SHG efficiencies (0.9-
1.9 x KDP at 1064 nm), short DUV absorption edges (all lower than 180 nm), as well as the short DUV SHG phase-matching wave-
lengths (experimental values of CBF is 172 nm, calculated values of other four crystals are from 166 nm to171 nm). These results
suggest that they have great potential to generate DUV light once they are grown to sizable crystals.

CsAIB3OgF (CABF): CABF arystallizes in the orthorhombic polar space group Pna2; (No. 33).">” The crystal structure shows
some similarities to that of CBF (Fig. 48G), in which the BO3F unit is replaced by AlO3F tetrahedron to build the 2D *[AIB3O¢F] «
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layers and the Cs™ cations reside in the interlayer space. CABF exhibits a high optical transmittance with absorption edge shorter
than 190 nm, large powder SHG intensities (2.0 x KDP), and suitable birefringence (calculated value of 0.091 at 1064 nm) for
phase-matching under 200 nm, so that CABF crystal is considered as the candidate for DUV NLO materials. However, the large-
size crystals need to be grown for further evaluation.

4.02.5.2.2.2 QOther fluorooxoborates

LiyBsOoF, and MBsO;F3 (M=Ca or Sr): They are studied as DUV NLO materials.”'**?*~*?¢ A branched 3D framework is built by
BsO11F, FBBs in the structures of L,BsO9F, (Fig. 49). And the 2D zigzag *[BsO7F3] « single layers composed of BsOyF3 FBBs in the
structures of MBsO7F3; (M=Ca or Sr) are shown in Fig. 50. Both L,BcO9F, and MBsO-F; (M==Ca or Sr) have short UV absorption
wavelength (<190 nm), moderate birefringence (~0.07 at 1064 nm), suitable powder SHG efficiencies (0.9-2.3 x KDP at
1064 nm), as well as short deep-UV SHG phase-matching wavelengths (calculated values from 171 nm to 192 nm). Notably,
the experimental evaluation for these fluorooxoborates phase-matching in the DUV spectra range is lacked, which determines
whether they can be practically applied as DUV NLO crystals.

4.02.5.2.3 Other materials

Fluorophosphates: NaNH4POs3F - H,O is the first example among all the available phosphates and fluorophosphates that could be
phase-matchable in the DUV spectral region. It structure features unique *[NaPO3F - H,O] s layer bonded by the N—H - O bonds
(Fig. 51). The polar P—F bonds of the POsF units lead to the strong anisotropy of unoccupied states around the P atom, which
results in the larger birefringence (0.046 and at 1064 nm) than most of other phosphates and moderate powder SHG responds
(1.1 x KDP). Owing to such a large birefringence, the shortest PM wavelength of NaNH4PO3F - H,O is blue-shifted to 194 nm,
which is much shorter than that of KDP (258 nm).*?” The laser induced damage threshold is measured to be 118.1 MW cm™ 2.
The SHG processes from 800, 670, and 630 to their second harmonic 400, 335, and 315 nm were obtained based on the [010]
wafers of NaNH4POsF-H,0. Besides, it had been grown to the size of 14 x 9 x 2.3 mm?> by dissolving the starting materials in
water and precipitating the product using acetone, which shows feasible growth of large crystals. Thus, in contrast to known phos-
phates, fluorophosphates with improved optical properties might also be suitable for DUV applications.

AEB3O15H4 (AE=Sr, Ca): Recently, Lin group screened from the inorganic structure database and found that two hydroxybo-
rates AEBgO5H4 (AE=Ca, Sr, abbreviated CBOH and SBOH) exhibited excellent NLO properties.’*® They crystallize in the space
group of P2, (No. 4), and the BO3, BO,(OH) and BO4 basic units connect via corner-sharing O atoms to form the BgO,7H, FBBs.
The BgO,7H, FBBs are further linked to form the branched ?[BgO15H4]« layer stacking along the a-axis, and each adjacent layers are
bonded mainly by the St—O bonds (Fig. 52). Theoretical and experimental results demonstrate that they can realize large bandgaps
(Eg = 7.43 and 7.02 eV), strong SHG effects (2 x KDP and 1.8 x KDP) and sufficient birefringence (~0.093 and 0.087), respec-
tively. First-principles analyses show that the balanced properties are closely related to the introduction of H. In addition,
CBOH and SBOH have the shortest phase-matching wavelength reaching to 174 and 185 nm, respectively, according to the first-
principles calculations, which indicate that they have potential applications in the DUV region. At present, the single crystals of
submillimeter-level CBOH and polycrystalline powders of SBOH can be synthesized by the hydrothermal method. However, the
large-size crystals should be grown for more performance evaluations in DUV lasers applications.

Carbonates: The carbonate fluorides ABCOsF (A=K, Rb, Cs; B=Ca, Sr) (abbreviated as ABCO3F family) were synthesized by
spontaneous crystallization with molten fluxes by Zou and Ye et al.*** ASrCOsF (A=K, Rb) and KCaCOsF are isostructural and
crystallize into a hexagonal crystal system with an acentric space group of Pm2 (No. 187), and RbCaCO3F and CsCaCOsF are iso-
structural and also crystallize in the space group of Pm2. In their crystal structure, the CO3 basic units have a coplanar arrangement

(A) (B)

Fig. 49 The structure of L,BgOgF, viewed along the a-axis (A), the BgO11F2 FBB (B) and the coordination environment of Li atoms (C).
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BsOyF;

SrOF,

Fig. 50 The structure of SrB507F3 viewed along the a-axis (A), the single layer with large channels stretching in ac plane (B), the BsOgF; FBB
(C) and the coordination environment of Sr atom (D).
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Fig. 51 The structure of NaNH4POsF-H,0 viewed along the a-axis (A), the [NaPOsF-H,0] layer viewed along the b-axis (B) and the coordinated
environment of Na atom (C).

(A)

Osr
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Fig. 52 The structure of SrBgO45H, viewed along the a-axis (A), a branched ?[BgO1sHa] .. layer stretching in the ab plane (B) and the coordination
environment of Sr atom (C).
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(A) ® (0)

Fig. 53 The whole structure of RbSrCOsF viewed along the a-axis (A), the 2[RbF]., layer (B) and the 2[SrC0s]., layer (C) stretching in the be plane,
the coordination environment of Rb (D) and Sr (E) atoms; The whole structure of RbCaCOgF viewed along the a-axis (F), the 2[RbF]., layer (I) and
the 2[CaC0s].. layer (J) stretching in the b plane, the coordination environment of Rb (K) and Ca (L) atoms.

in the ab plane, giving the contribution to a large birefringence and macroscopic SHG effect. However, the different orientations of
CO3 units in ABCO3F family directed mainly by the different coordination behaviors of the B-site cations result in a different
nonlinearity for these carbonates. For AStCO3F (A=K, Rb) and KCaCOsF, the B-site cations are in eight-coordinate [BOgF,| hexag-
onal bipyramids (Fig. 53), which makes all the CO3 units align parallelly in the ab plane and give the maximum contribution to the
large macroscopic SHG effects (3.33-3.61 x KDP at 1064 nm). While in the structure of RbCaCO3F and CsCaCOj3F crystal, the B-
site cations are in seven-coordinate pentagonal bipyramids[BOsF;], which make one-third of the COj3 units align antiparallelly to
the others, weakening the SHG coefficients to 1.11 x KDP at 1064 nm. And they have been evaluated and shown the potential
applications as DUV crystals due to the short-wavelength absorption edges (< 200 resulted from the UV-vis diffuse reflectance spec-
troscopy studies) and the sufficient birefringences (calculated values from 0.102-0.116 at 1064 nm by Lin group) enable phase-
matching to the DUV spectra.”*°

4.02.6 Conclusion

This chapter briefly summarized the developments of primary inorganic nonlinear optical materials, including their structures,
linear and nonlinear optical properties, single-crystal growth and applications in the laser system. Through the analysis of the rela-
tionship between the structures and the properties, some ideas of material design were put forward which have served as a guide to
create excellent and exciting nonlinear optical materials. Since the laser was invented, the better part of the past six decades has wit-
nessed the thriving of inorganic nonlinear optical materials. However, commercial inorganic nonlinear materials are still few and
cannot meet social needs. The growth of single crystal with large size and high optical quality is one of the problems that need to be
solved urgently at present.
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Abstract

In this chapter, the chemistry of the thermoelectric materials is discussed. First a basic introduction to the thermoelectrics
phenomena, fundamental materials parameters, and potential device applications is provided. Then, basic approaches to
optimize thermoelectric properties are discussed by relating phonon and electronic structure to heat and charge transport
properties, respectively, in both single-phase materials and multi-phase composites. The next four sections cover selected
examples from different families of materials to emphasize the chemical and structural diversity of thermoelectrics, to
provide examples of state-of-the-art thermoelectric materials, and to illustrate the aforementioned optimization strategies.
The described materials include: classic thermoelectric materials, such as Bi,Te; and Si-Ge alloys; tetrel monochalcogenides
with record-high thermoelectric performance at elevated temperatures; earth-abundant, inexpensive, and environmentally-
benign Mg-containing thermoelectrics; as well as compounds with complex crystal structures that exhibit atomic disorder
and rattling species that aid in decoupling electron-phonon interactions.
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4.03.1 Introduction to thermoelectrics

Modern society is highly reliant on energy. Besides all the issues associated with energy generation, the utilization of energy is
a process where significant losses occur. Lawrence Livermore National Laboratory monitors the annual generation and consumption
of energy in the US (Fig. 1)." This flowchart shows that more than 2/3 of the energy generated in 2020 was wasted. Converting even
2% of the rejected energy into a useful form would be comparable to all the energy generated by photovoltaics. When reading this
chapter, you are emitting ~ 100 W (J + s) which is comparable to the emission of incandescent light bulb. A gasoline combustion
car’s efficiency is 30-35% and majority of the wasted energy is in the form of heat. The majority of industrial processes, such as
fossil fuel power plants or steelmaking, involve heating and the emission of heat. In this chapter, we discuss thermoelectric (TE)
materials which are used in solid state devices and capable of direct conversion of heat into electrical energy, and vice versa, to
aid in waste heat reduction and recovery.

An attractive idea of utilizing a thermal gradient to generate useful energy was recognized a while ago and popularized in science
fiction. Back in 1870, thermoelectric power generation was proposed in the classic novel “Twenty Thousand Leagues under the Sea”
by Jules Verne. He proposed that the submarine of the main hero, Captain Nemo, was powered by a thermoelectric generator: “...by
establishing a circuit between two wires immersed to different depths, I'd be able to obtain electricity through the diverging temperatures they
experience.” > Another attractive idea originating in science fiction is using nuclear fuel to replace fossil fuels, such as for driving
a car or navigating a ship. For a large ship or submarine, it is feasible to have the complex assembly of a nuclear reactor on board
with all the associated safety concerns. For small cars, the only promise for this technology is to convert heat from radioisotope
decay directly into electrical energy using a thermoelectric device. This concept has long been realized in practice by the National
Aeronautics and Space Administration (NASA) who pioneered the use of TE power generators. Missions to explore deep space, outer
planets, or extraterrestrial surfaces cannot rely on solar energy and must have an autonomous, reliable, and long-lasting power
source. For example, Voyager 1, the farthest human-made object from Earth in February 2022, is powered by a thermoelectric radio-
isotope power generator (RTG). In RTGs, the radioactive decay of a >**Pu source produces heat which is converted to electrical
power by a thermoelectric generator. As of January 2022, 44 years since its launch, the RTG in Voyager 1 still provides power for
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Fig. 1 The Estimated US energy consumption in 2020 created by Lawrence Livermore National Laboratory under auspices of the US Department of
Energy. A quad is a unit of energy equal to 10'® BTU, or 1.055 x 10'® J. The British thermal unit (BTU) is the amount of heat required to raise the
temperature of one pound of water by one degree Fahrenheit. 1 BTU = 1055 J. Source: LLNL March, 2021. Data is based on DOE/EIA HER (2020). If
this information or a reproduction of it is used, credit must be given to the Lawrence Livermore National Laboratory and the Department of Energy,
under whose auspices the work was performed. Distributed electricity represents only retail electricity sales and does not include self-generation. EIA
reports consumption of renewable resources (i.e., hydro, wind, geothermal and solar) for electricity in BTU-equivalent values by assuming a typical
fossil fuel plant heat rate. The efficiency of electricity production is calculated as the total retail electricity delivered divided by the primary energy
input into electricity generation. End use efficiency is estimated as 65% for the residential sector, 65% for the commercial sector, 21% for the
transportation sector and 49% for the industrial sector, which was updated in 2017 to reflect DOE’s analysis of manufacturing. Totals may not equal
sum of components due to independent rounding. LLNL-MI-410527.
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the mission.” In addition to other NASA missions for deep space exploration (New Horizons, Cassini-Huygens, etc.), two recent
Mars exploration rovers are also powered by RTGs: Curiosity and Perseverance (Fig. 2)."

The thermoelectric phenomena were discovered in the beginning of the 19th century. The Seebeck effect is named after the
discoverer, Thomas Seebeck. He observed that heating one of two junctions of wires of two different metals deflected a compass
magnet; moreover, the deviation of the compass increased with increasing temperature difference of the two junctions.” In the
current interpretation, placing a material in a temperature gradient creates a potential because charge carriers excited by the temper-
ature gradient diffuse toward the colder, lower energy boundary. When two materials with opposite charge carrier types—i.e.,
a p-type semiconductor (holes are the majority carriers) and an n-type semiconductor (electrons are the majority carriers)—are con-
nected in series and placed in a temperature gradient, an electrical current is generated (Fig. 3A). This is the basis for a thermoelectric
generator. The opposite effect, known as the Peltier effect, was discovered several years later by Jean Charles Athanase Peltier during an
experiment where he passed an electric current through a circuit composed of two wires of different metals. Peltier was able to obtain
either heating or cooling of the junction depending on the direction of the current.® In the Peltier process, the application of
a voltage bias causes cooling of the working junction due to the removal of charge carriers. Considering a TE device composed
of two materials, the application of a current induces a temperature gradient, as in the Seebeck effect (Fig. 3B). The term, thermo-
electric, was introduced by Hans Christian @Qrsted upon realization of the first thermoelectric device.” A more detailed history of the
thermoelectric effect discovery is provided in Beretta et al.®

The basic advantages of thermoelectrics are due to the solid-state nature of the devices—they are small in size, have no moving
parts, no vibrations, and thus have very long lifetimes. The Voyager RTG, which was manufactured using 1970s technology, is still
operational today after 44 years. After the discovery and misinterpretation of the basic physics behind the Peltier and Seebeck
effects, thermoelectrics found no application for almost a century. However, in the mid-20th century, research studying semicon-
ductors as thermoelectrics was performed by Abram Fedorovich Ioffe and inspired a burgeoning interest in thermoelectric applica-
tions.” Several traditional thermoelectric materials used today are based on Bi,Tes, PbTe, and SiGe.'*'?

Nowadays, TE materials are used for both cooling and waste heat conversion purposes. Peltier coolers are implemented in appli-
cations where reliability and precise temperature control are required, such as in CCD (charge-coupled device) detectors or in the
heat sinks of microprocessors. Passenger-selective TE cooling in automobiles is an attractive, energy efficient, and actively-
developing replacement to convection air-conditioning. The absence of vibrations is crucial for wine coolers which therefore often
rely on thermoelectric-based cooling. However, the lower conversion efficacy of TE coolers prevents them from being competitive
with modern compressor-based refrigerators. Heat conversion applications range from converting different sources of heat from the
human body to power portable electronics and medical sensors, to modules in the exhaust pipe of the combustion engine vehicles.
However, for these technologies to come to commercial fruition, the energy conversion efficiencies of these generators must be
enhanced."’

Fig. 2 NASA’s Perseverance Mars rover took a selfie. This image was taken by the WASTON camera on the rover’s robotic arm on April 6, 2021,
the 46th Martian day, or sol, of the mission. Credits: NASA/JPL-Caltech/MSSS. RTG radiator is pointed out in the back.
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Fig. 3 Schematics of (A) a Seebeck power generation TE device and (B) a Peltier cooler.

4.03.1.1 Basic thermoelectric parameters related to efficiency

The efficiency of the thermoelectric generator describes its ability to convert thermal energy into useful electrical energy. For TE
coolers it is opposite—the ability to convert applied electrical energy into cooling power. Formally, a thermoelectric generator’s effi-
ciency, 0, is defined as the ratio of the energy provided at the electrical load to the heat energy absorbed at the hot junction. Accord-
ing to the basic principles of thermodynamics, the Carnot theorem postulates that for any heat engine operating between a cold

temperature, Tc, and a hot temperature, Ty, the maximum efficiency is n¢ o = T“,EITC

obtained, and any engine will have lower than Carnot efficiency. For the thermoelectric generator, efficiency nyy depends on the
intrinsic properties of the specific materials used:

. This idealized efficiency cannot be practically

TH7TCX V1+Z7ZT -1
Ntm = —

MUy TV
where T = THZLTL ' Individual p- and n-type materials can be described by the parameter z which summarizes a material’s intrinsic

transport properties. The thermoelectric figure-of-merit, zT, is a product of z and temperature; this value is preferred to describe
a material’s thermoelectric efficiency because zT is dimensionless.

(1)

s

K

zT T (2)

In Eq. (2), S is the thermopower (UVK '), also called Seebeck coefficient; T is the absolute temperature (K); o is the electrical
conductivity (7' m™'); and « is the thermal conductivity (Wm~' K~ ')."* A positive value for thermopower indicates that holes
are the primary charge carrier (p-type), while negative Seebeck corresponds to electrons as the main carrier (n-type).

For a material to be an efficient thermoelectric, it should conduct electricity well (high ¢) to pass current through and conduct
heat poorly (low k) to maintain the thermal gradient. In addition, a high induced voltage response to the temperature gradient (high
S) is required. The optimization of TE properties is challenging because of the interdependent nature of intrinsic transport properties
(Eq. 3 and 4). Electrical conductivity is proportional to charge carrier concentration (n), mobility (), and charge of the carrier (e).
Thermopower is proportional to effective mass (m*) and inversely related to carrier concentration, indicating that a simple adjust-
ment of charge carrier concentration might not be sufficient to optimize materials’ thermoelectric performance.

o = neu (3)
8m2ky . s m\2/3
RV T(%) (4)

In fact, materials with high carrier concentration (metals) exhibit high electrical conductivities but low thermopowers, while
insulators suffer from low electrical conductivities despite having high thermopowers (Fig. 4).

Total thermal conductivity is also dependent on a material’s carrier concentration. It can be represented as a sum of the electronic
and lattice contributions, Kejecronic and Kigyices Tespectively. The lattice contribution comes from phonon interactions in a solid and is
independent of the charge carrier concentration (Fig. 5A). Kjanice is determined by the crystal structure and type and strength of
chemical bonds in the compound. The electronic contribution, Kejecyronic; €an be approximated by the Wiedemann-Franz law, where
L is the Lorenz number (Fig. 5A)."*'°

Kelectronic = LTa = LTneu (5)
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Fig. 4 Schematic of the dependencies of Seebeck coefficient, S (red), electrical conductivity o (blue), and thermoelectric figure-of-merit zT (black)
as a function of charge carrier concentration.
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Fig. 5 (A) Schematic of the dependence of the lattice and electronic contributions to total thermal conductivity on the material’s resistivity; (B)
Dependence of zT on resistivity for selected values of the thermopower. In all cases, the lattice thermal conductivity is assumed to be 1 Wm~" K’
and temperature 7= 300 K. Not all shown combinations of Sand p can be realized practically due to their interdependence. The yellow area
highlights practically relevant values of zT. Note the double-log scale in both graphs.
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As seen from Fig. 4, the materials best suited for TE applications are heavily doped semiconductors with a charge carrier concen-
tration ranging from 10" to 10?' cm™>, depending on the particular system, i.e., the mobility and effective mass of the carrier.
When measurable thermoelectric properties are considered, practically relevant values of zT may be achieved only for specific
combinations of transport properties (yellow area in Fig. 5B). For example, if the material’s thermopower is 10 uWWK™ ' (red curve
in Fig. 5B), the material cannot achieve practically relevant values of zT' > 0.1 for any combination of other properties. Similarly, if
a material’s electrical resistivity is higher than 0.001 Q m, high values of zT are not attainable for any practical values of the thermo-
power. Fig. 5A also illustrates that the optimum resistivity for a thermoelectric material is around 10~°> Q m (~1 mQ cm). A further
decrease in resistivity results in a substantial electronic contribution to thermal conductivity, which causes a plateau of zT values in
the left part of the Fig. 5B. Given that resistivity and Seebeck coefficient are related, high Seebeck coefficients are impossible for good
metals with resistivities of 107%-10"7 Q m; however, in heavily doped semiconductors with resistivities of 1074-107°Qm,
reasonably high values of the thermopower can be obtained.

In addition to the interrelation of the transport properties for a material at a fixed temperature, all thermoelectric parameters vary
with temperature (Fig. 6). Generally, at higher temperatures zT is higher for an obvious reason—zT has a multiplier of temper-
ature—as well as the following reasons. First, the electrical resistivity of a semiconductor decreases with temperature due to activa-
tion of the charge carriers over the bandgap into the conduction band. Thermal conductivity first increases with temperature due to
the population of additional phonon levels but eventually, at quite low temperatures of ~ 100 K, lattice thermal conductivity starts
to decrease with temperature due to Umklapp phonon-phonon scattering. The absolute value of the Seebeck coefficient increases
with temperature up to a maximum value. At this temperature the activation of the minority charge carriers over the bandgap occurs,
resulting in the decrease of magnitude of the thermopower. The latter process is one of the factors which limits the maximum appli-
cation temperature for a given thermoelectric material. Another more important reason for this limitation is the stability of the
compound. Obviously, melting or decomposition temperature is a limiting factor. Even at temperatures lower than the melting/
decomposition point, a thermoelectric material may develop substantial vapor pressure of the constituent elements, such as S,
Se, Te, P, As, Sb, Bi, or react with the metallic leads; both processes will deteriorate the device.

In research papers, zT is reported at specified temperatures and, sometimes, the main achievement is perceived as producing as
high zT as possible. Currently, values of zT ~ 3 have been experimentally reported for bulk materials at elevated temperatures.
However, from the point of view of practical application, the maximum zT is less crucial and the real property which defines the
energy efficacy of TE generator or cooler is the average zT over the desired operating temperature range.'®

4.03.2 Common approaches to thermoelectric materials development and optimization

The ideal thermoelectric material will have high electrical conductivity, poor thermal conductivity, and high voltage response across
a temperature gradient. It should also be thermally and chemically stable for the desired application temperature, composed of
earth-abundant elements, and inexpensive so the material can be practical for commercial applications. So far, no such perfect mate-
rial exists. So how do we approach developing promising thermoelectrics? The discovery of novel thermoelectrics with outstanding prop-
erties is still serendipitous; examples of ab initio prediction of novel types of thermoelectrics are extremely rare. On the other hand,
there are several guiding principles and pathways to designing a new material or improving the performance of a specific material or
composite for thermoelectric applications. Depending on the transport properties of the prototype material, modifications target
either charge or heat transport (Fig. 7).

Knowledge of composition-structure-property relationships are crucial to developing functional thermoelectrics. From a compo-
sition perspective, heavy elements such as Pb, Bi, and Te have been used to promote low thermal conductivity and good electronic
properties in materials. However, the common use of these materials is inhibited by the scarcity of these heavy elements and the
potential health and environmental issues associated with them. Several good thermoelectric materials are known with light
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Fig. 6 Temperature dependence of electrical resistivity, p, (blue), total thermal conductivity, , (green), and thermopower, S, (red) for
a semiconductor.
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Fig. 7 Strategies for optimizing thermoelectric performance are graphically illustrated showing two major categories: optimization of charge
transport (left), and optimization of heat transport (right).

elements like Mg or Si. These elements are cheaper and more mechanically robust, making them good candidates for practical use.
An ongoing challenge is addressing the high thermal conductivity in materials containing such elements.

Complexity, both in a material’s composition and crystal structure, is another way of modifying thermoelectric properties. It can
be introduced by increasing the number of components (i.e., elements or phases) in a material, forming large unit cells, introducing
crystallographic disorder, and combining various types of bonding. As a result, complex materials often exhibit inherently low
thermal conductivities. Zintl phases are a popular choice for exploration of thermoelectrics because they offer a good balance of
electrical conductivity and Seebeck coefficient.'” These complex intermetallics exhibit crystal structures that combine ionic, cova-
lent, and metal-metal bonding. The Zintl-Klemm approach is applied for counting valence electrons to determine whether a material
is charge-balanced (semiconducting or semimetallic in nature) or imbalanced (metallic). This concept of electron-counting can be
quite powerful in designing materials for thermoelectrics by (i) tuning an imbalanced (electron-poor or electron-rich) composition
toward a charge-balanced one, or (ii) taking an existing electron-balanced composition and substituting elements of different
valence to carefully modify carrier concentration (Fig. 8). Additional examples of complex structures will be described later in
this chapter.

Anisotropic crystal structures offer avenues for exploration of direction-dependent charge and heat transport. In layered mate-
rials, covalent bonding within the layers allows for efficient charge carrier conduction and good transfer of phonons. Meanwhile, the
van der Waals gaps between layers inhibit the conduction of heat and charge. In materials with high thermopower, promising ther-
moelectric properties can be achieved in certain orientations. Incorporating structural complexity into these materials can reduce
lattice thermal conductivity further to enhance the thermoelectric figure-of-merit. Aliovalent substitution, or aliovalent doping,
is another technique that can be used to tune thermal and electronic character to maximize thermoelectric performance. Doping
aims at optimizing charge carrier concentration, mobility, and effective mass as well as altering the electronic density of states
(DOS) curvature near the Fermi level (Ep) to enhance thermopower. Such approaches include convergence of electronic band
valleys, hybridization gaps, Kondo levels, or resonant levels in DOS."®~?" Alloying can have similar effects on the electronic structure
as well as reducing the lattice thermal conductivity. For example, pristine Bi,Tes; has low thermal conductivity as well as a substantial
thermoelectric quality factor, a parameter which describes the maximum feasible zT in doped semiconductor alloys.?” This factor is
dependent on a material’s crystal and electronic structure and rationalizes how a material’s power factor (S?¢) can be tuned by
doping and alloying. The superior quality factor for Bi,Tes has been one motivating factor in studying its alloys and conducting
related properties optimization over the last few decades.

While the electronic contribution to thermal conductivity is defined by charge transport, lattice thermal conductivity can be
significantly reduced either within a single material or by making composites. Anharmonicity in thermal conductivity can be real-
ized in a single crystal by size mismatches of neighboring atoms, the presence of heavy atoms with anharmonic vibrations, or the
mixing of different types of bonding i.e., ionic vs. covalent vs. van der Waals. When combined with overall complexity of the crystal
structure, this can yield a complex phonon structure with multiple crossings of acoustic and optical phonon branches. Defect



52 Thermoelectric materials

Metal Semiconductor Semimetal

Conduction

e Band (CB)

>

d A —— = g

L E

2

2 \

] Valence .
Band (VB)

p-type n-type
Semiconductor Semiconductor

Energy (eV)

Fig. 8 Comparison of the band structure of a metal, semiconductor, and semimetal. The blue region represents bands occupied by electrons while
the white region is composed of empty bands. The Fermi level is given by the dashed line labeled Er. In metals, the Fermi level is found inside one or
more bands leading to partial filling of the conduction (CB) or valence (VB) band. However, in semiconductors the VB is filled, and a bandgap (£,)
separates the VB and CB; the Fermi level may fall at the top of the VB (p-type), bottom of the CB (n-type), or in between the two bands (intrinsic). In
semimetals, one or more bands touch or cross at the Fermi level leading to small overlap between the bottom of the CB and top of the VB; there is
no bandgap and a negligible number of states at the Fermi level.

engineering manipulates electron-phonon interactions in solids through controlling the number, size, and distribution of crystal-
lographic defects (vacancies, interstitial sites, atomic mixing), intrinsic strain, Kondo interactions, spin-state transitions, etc.”’ In
bulk polycrystalline materials, the shortening of the mean free path for phonons can be achieved by increasing the number of grain
boundaries and structural defects. Point defects in solid solutions and the rattling of guest atoms in some materials can also affect
the mean free path of phonons with minimal influence on electrical properties. Nanostructuring is another promising method to
enhance thermoelectric performance by drastic reduction in lattice thermal conductivity.”*>> Nanoinclusions scatter phonons more
effectively by shortening their mean free path. In the case of composite materials, the formation of point defects or nano- or
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Fig. 9 Band structure (left) and density-of-states (right) for a hypothetical semiconductor. Grey bands and shaded regions correspond to
conduction band orbitals, while colored ones correspond to P, (orange) or Py, P, orbitals (blue), respectively. The Fermi level is given by the dashed
line. (A) Bands corresponding to p-orbitals in the valence band are diverged with energy difference, AE, between the maxima of the P, and
degenerate P, P, orbitals. (B) With band engineering, the positions of bands can be tuned such that AE = 0 due to convergence of all three p-orbital
bands. (C and D) The corresponding density-of-states (DOS) shows that this modification of the band structure leads to a higher number of total
states just below the Fermi level, which can lead to improvement in a material’s electronic properties.
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mesoscale precipitates will also affect the phonon mean free path. In nanocomposites of SiGe, the random distribution of nano-
structures promotes a significant reduction in thermal conductivity and can even enhance the power factor.”®

Computational methods allow for prediction of electron-phonon interactions and transport in materials.”’*’~>° Band engi-
neering allows for tuning of the band structure by modification of composition, such as alloying or doping. By inducing band
convergence and increasing the degeneracy of states at the top of the valence band or bottom of the conduction band, power factor
can be enhanced (Fig. 9). As mentioned previously, shortening the mean free path of phonons can reduce thermal conductivity in
materials. Calculating accurate phonon band structures and exploring the effects of defects on the acoustic and phonon branches is
an active area of current research. Apart from calculating the electronic and phonon structures of single materials, high-throughput
studies across various chemical and structural phase spaces can arouse interest in new classes of thermoelectrics. Further tailoring of
the composition and crystal structure of these predicted compounds allows for the rational design of materials with desired trans-
port properties.

The popularization of ‘predictive power’ has prompted the use of chemical heuristics, data mining, and machine learning to aid
in materials discovery. Extrapolation of chemical trends from the classification of known thermoelectric materials can provide
predictions of novel or unexplored high-performance materials for future investigation.’® > Visualizing thousands of data points
from experimental studies provides insight to phase spaces for continued exploration of thermoelectric materials with favorable
transport properties, while also considered scarcity and supply rick for commercialization purposes.”® Combining machine learning
with high-throughput calculations can guide synthetic efforts to discover new members in known classes of materials such as full-
Heuslers, which are attractive for thermoelectric applications.”* While the goal of these predictive methods is to minimize the time
and cost of materials discovery, the success of this method is dependent on obtaining large amounts of high-quality experimental
data that can be used as training sets for predictions. The subsequent need for experimental validation creates a crucial feedback
loop between experimental and data-driven efforts, further emphasizing the importance of collaboration within the field of
thermoelectrics.

The remainder of this chapter is divided into four sections corresponding to different classes of thermoelectric materials. The first
section addresses “classic” thermoelectrics that were discovered nearly 200 years ago, but still dominate thermoelectric applications
today. The following section describes chalcogenide materials that exhibit unique changes in their structure and properties at low vs.
high temperature. The third section discusses the dual role of Mg in thermoelectric materials and highlights some promising
compounds for continued research. The final class of materials discussed in this chpater exhibit varying degrees of structural
complexity which drastically lowers the materials’ lattice thermal conductivities. While there are several other interesting composi-
tional and structural phase spaces to discuss in the field of thermoelectrics, the selected materials provide an idea of the history and
current stage of research for well-known compounds in the community. The reader is referred to additional sources to get deeper
understanding of fundamental concepts and recent advances in thermoelectrics.®?%2?3°73%

4.03.3 Classic thermoelectric materials

Like other functional materials, studies of thermoelectrics can be perceived as falling into three general stages: (i) materials
discovery, (ii) characterization, and (iii) properties optimization. Given the long history of thermoelectrics, one may conceive
that most modern research efforts are concentrated on the last stage. However, even today, novel materials are synthesized and iden-
tified as potential candidates for clean energy conversion. Studying structure-property relationships among known materials
provides chemists with guidelines for what characteristics are desired or should be avoided in potential thermoelectrics. Often
many of the developed optimization techniques are first tested on so-called “classic” thermoelectric materials which were initially
investigated over 200 years ago.

Early studies of thermoelectric properties were qualitative and limited to elements, alloys, or simple compounds observed in
naturally occurring minerals. In the early 1800s, Johann Seebeck studied materials such as Bi, PbS (galena), and CoAsjs (skutterudite),
then developed a qualitative ordering of their relative Seebeck values.?” Investigations in the following century adopted a quantita-
tive approach to compare materials’ Seebeck coefficients and electrical conductivities, while simultaneously moving into more
complex materials such as metal alloys, zinc antimonides, and tetradymites.*’ High Seebeck coefficients and overall promising ther-
moelectric properties were observed in variety of materials, notably binary tellurides and silicon-containing materials.

In the mid-20th century, Abram Fedorovich Ioffe’s investigations into the thermoelectric properties of semiconducting materials
revealed that heavily doped semiconductors composed of tellurium (such as Bi,Tes, PbTe, and Sb,Tes) were the most promising
candidates for thermoelectric conversion.” With minimal optimization, these heavy metal-containing materials already exhibited
favorable properties and came to the forefront as prime candidates for implementation into thermoelectric devices. These “classic”
thermoelectric materials have relatively simple crystal structures and have served as a platform for studying the modification of
carrier concentration through doping or the reduction of thermal conductivity by alloying.

The following section discusses the merits of two well-studied thermoelectric materials: Bi;Te; and SiGe. For over half a century,
Bi,Tes and its alloys have dominated the low temperature regime for thermoelectric cooling (with Ty = 300 K) with peak efficiency
near room temperature. On the other hand, SiGe alloys have long been studied for their thermal stability and promising properties
at high temperatures for waste heat conversion. Both materials have been adopted into modern technologies such as refrigerators
and RTGs, respectively, to aid in thermoelectric conversion. But, even today, a significant portion of research in thermoelectrics is
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dedicated to understanding the origin of superior properties in these classic thermoelectrics and exploring pathways to further
improve the efficiency of these materials.

4.03.3.1 Bi2T63

Bismuth chalcogenides in naturally occurring minerals such as such as pilsenite (BisTes) and bismuth glance (Bi,S3) were originally
investigated by Johann Seebeck in the early 1800s. Investigations into the Bi-Te phase space led to the discovery of tellurobismuthite,
the mineral form of Bi;Tes, in 1815. Initial characterization studies conducted by Werner Haken revealed that Bi,;Tes possessed
a large Seebeck coefficient and could be prepared as a p-type or n-type material depending on whether the composition was Bi
or Te-rich, respectively.”® Today, bismuth telluride is considered a state-of-the-art thermoelectric material for low temperature appli-
cations, such as refrigerators or CCD coolers.”' Commercial Peltier coolers with bismuth telluride exhibit maximum temperature
differences of 65-75 K with the hot end maintained at 300 K.**

The large zT of bismuth telluride and its alloys is ultimately a result of the materials’ crystal and electronic structures. Bi;Tes crys-
tallizes in the tetradymite structure type in the rhombohedral space group R3m (No.166). The structure can be considered a deriv-
ative of the NaCl rock-salt structure with tilted Bi@Tes octahedra (Fig. 10). However, every third Bi layer is absent allowing for
charge balance between the Bi*" and Te?~ ions. The resulting layered crystal structure has 2 inequivalent crystallographic sites
for tellurium: Te(1) and Te(2). 2D Slabs of Bi;Tes stack along the c-axis with a [Te(1)-Bi-Te(2)-Bi-Te(1)] ordering where each Bi
atom is connected to 3 Te(1) and 3 Te(2) atoms in a facial coordination. The interlayer distance between the Te(1) planes is
~2.6 A. Tt is uncertain whether the Te(1)-Te(1) interactions between layers are exclusively van der Waals bonding or if there is
a degree of weak covalent bonding.”” The combination of weak interlayer interactions and heavy element atoms in Bi;Te3 manifests
as low lattice thermal conductivity on the order of 1.5 Wm™ ' K™ '.'° The anisotropic structure of Bi,Te; makes it an excellent candi-
date for studying directional thermoelectric properties, i.e., within the plane of Bi,Te; slabs or across the interlayer spacing. From
oriented single crystals, it was found that the zT of Bi,Tes is nearly doubled in the ab-plane in comparison to along the ¢-stacking
axis."* This difference in zT originates from differences in thermal conductivity (lower when measured perpendicular to the plane of
the layers) and electrical conductivity (higher when measured parallel to the plane of the layers).

Bi,Tes exhibits great thermoelectric efficiency due to its electronic structure. Pristine Bi;Te; is a narrow bandgap semiconductor
with ~0.15 eV bandgap. Depending on the synthetic technique employed, Bi,Te; can be made p-type (Bi-rich composition) or
n-type (Te-rich composition). Both p- and n-type Bi,Te; exhibit similar magnitudes of Seebeck coefficient because the isotropic
nature of the density-of-states.”” As a result, both types of Bi,Te; can be used as platforms for the optimization of thermoelectric
properties. Bi;Tes has high band degeneracy, low effective mass, and high carrier mobility. Combined with low thermal conduc-
tivity, this gives bismuth telluride a substantial thermoelectric quality factor, meaning the electronic and thermal properties of
Bi,Te; can be tuned effectively through the doping of its alloys.””

Changes in carrier type can be induced in Bi,Tes by alloying with other tetradymites such as Sb,Tes; and Bi,Ses or tellurides like
PbTe. The large band degeneracy at the Fermi level in the density-of-states can be increased with minor alloying to improve the
Seebeck coefficient.”® Alloying with isostructural Sb,Tes or Bi,Se; further increases the bandgap and improves the thermoelectric
performance of these materials above room temperature. The resultant band convergence reduces lattice thermal conductivity to

(A) (B) (©)
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‘/ -

Fig. 10 (A) Layered crystal structure of Bi,Tes highlighting the connectivity of Bi and Te atoms. The absence of every third Bi atom results in two
inequivalent chalcogen sites: Te(1) and Te(2). (B) Polyhedral view of BioTes; emphasizing the stacking of [Bi,Tes] slabs along the c-axis. (C) Facial
coordination of Te(1) and Te(2) atoms around Bi in tilted Bi@Teg octahedra.
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enhance thermoelectric efficiency as well. Today, commercial thermoelectric cooling relies on alloys of Bi,Te; with p-type
Bi,.Sb,Te3 boasting a zT of ~ 1 at 300 K, while n-type Bi,Tes_Se, has a slightly lower efficiency of zT' = 0.8 at 300 K.*°

Band engineering, defect engineering, and nanostructuring are growing research areas that strive to enhance the thermoelectric
performance of materials.”®” The desire to study bismuth telluride as a topological insulator (TI) has led to more accurate predic-
tions of the bulk band structure which have also been useful to those studying the material for thermoelectrics.”>*“*” Band engi-
neering studies can help enhance the power factor of a material by increasing the band degeneracy. Grain boundary engineering has
been shown to be an effective method to dissipate phonons and reduce thermal conductivity in Bi;Tes. Nanostructuring is an alter-
nate approach that can be applied as the difference in the mean free paths between electrons and phonons allows for effective scat-
tering of phonons with limited detriment to the electrical conductivity.*' Further control of microstructure and defects can be
achieved through various synthetic techniques and offer an alternate method to enhance the thermoelectric efficiency of Bi,Tes.*°

From its discovery nearly two centuries ago, Bi;Te; has a long history within the thermoelectrics community and is still
employed in cooling devices. Studies have spanned the previously discussed three stages of materials research with optimization
efforts ranging from simple doping/alloying via crystal structure engineering to more recent works on employing band, defect,
and nanostructure engineering to enhance performance (Fig. 11). Research on Bi;Te;s is still a hot topic today and continues to
advance our understanding on key factors when designing novel materials for thermoelectric applications. One important consid-
eration for the future of Bi;Tes will be accounting for the cost-effectiveness and toxicity of tellurium, which was featured on the
2022 United States Geological Survey list of critical minerals.”® With the push for implementation of predictive tools such as
machine learning, future studies on Bi,Te; may focus on compiling the numerous experimental data points reported in literature
over the last few decades to obtain valuable trends and insights. Combining this research with advancing computational methods
could provide guidance for experimentalists to prepare more efficient materials for implementation in thermoelectric devices.

Fig. 11 Summary of peak zT values for selected BioTes alloys. The orange bars indicate p-type materials, while blue bars correspond to r-type
materials. The peak zT temperature is given above each bar.*¢-2
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Fig. 12 (A) Diamond-type crystal structure of Si, Ge, and Si.,Ge alloys. (B) Body-diagonal perspective of alloy emphasizing tetrahedral
coordination about tetrel atoms. Tetrahedra share corners resulting in a 3D crystal structure.

4.03.3.2 SiGe

Amorphous silicon was discovered in the early 19th century by Jons Jacob Berzelius and later prepared in its crystalline form by Henri
Sainte-Claire Deville.”">> Si crystallizes in the Fd3m space group (No. 227) in the diamond-type structure. In the crystal structure, Si
atoms are tetrahedrally-coordinated resulting in Si@Siy tetrahedra that share corners to generate a three-dimensional structure
(Fig. 12). An alternative description is a cubic close packing of Si atoms with % of all the tetrahedral holes filled with Si atoms.
Silicon has been well-studied for its uses in the semiconductor industry for optoelectronics and circuitry, as well as for high temper-
ature thermoelectric applications. Compared to other classic thermoelectric materials like Bi,Tes, silicon is thermally stable at much
higher temperatures (melting point >1400 °C) and has a larger bandgap (~ 1.1 eV) making it a great potential high-temperature
thermoelectric. As the second most abundant element in the earth’s crust (primarily found in mineral silicates), Si is significantly
easier to obtain and cheaper for commercialization than other elements associated with classic thermoelectrics. High mechanical
strength and non-toxicity are additional benefits posed by silicon-based thermoelectrics as opposed to their tellurium counterparts.

Despite the numerous merits of silicon, it has one significant drawback when considered for thermoelectric applications—its
thermal conductivity. Crystalline silicon is an excellent conductor of heat with lattice thermal conductivity of ~150 Wm™ ' K™ !
at 300 K which inhibits its thermoelectric efficiency (2T ~ 0.01 at 300 K).** In the mid-20th century, Si;.,Ge, alloys were studied
as an alternative to elemental Si. Germanium is isostructural to silicon and has a narrower bandgap of ~0.7 eV. On its own, Ge
exhibits thermal conductivity of ~60 Wm ™' K~ ' but alloying with Si reduces this value significantly. Nanostructured SiGe alloys
can exhibit thermal conductivities of 2-5 Wm ™' K~ ! with zT values exceeding 1 at elevated temperatures.’”

The ability to form the full solid solution of Si; 4Ge, allowed for methodical studies of the thermoelectric properties of SiGe. In
general, SiGe alloys have high electrical conductivity which leads to an enhanced power factor.’® The best balance of properties is
observed for Si-rich alloys with SiggGep, and Sip7Gep 3 compositions. These compositions have been the focus of subsequent
studies including large crystal growth and properties optimization. While Ge is miscible in Si for the full range of the solid solution,
it is challenging to pull large homogenous crystals of alloys due to segregation of the solidus and liquidus curves in the Si-Ge phase
diagram.”” Despite these challenges, even initial studies of SiGe alloys showed promising efficiency. Dismukes et al. first reported the
thermoelectric properties of Sig 7Geg 3 alloys doped with triels (such as B) or pnictogens (such as P or As). At ~ 1100 K, these mate-
rials had 2T values of ~0.7 and ~ 1.0 for p- and n-type, respectively.'”

Si; xGex alloys have been applied for high temperature thermoelectric applications with a maximum operating temperature of
1200-1300 K. Both p- and n-type materials have been implemented into GPHS (general purpose heat source) RTGs for deep space
exploration since the 1970s for missions such as Voyagers 1 and 2 as well as New Horizons. In the late 1900s, PbTe and related
materials came into the limelight for use in MM (multi-mission) RTGs and have dominated the application for the first part of
the 21st century. However, today, NASA is once again considering SiGe unicouples for implementation in the Next-Generation
RTG.®° Compared to other candidate materials for RTGs, SiGe alloys have longer lifetimes, are less sensitive to radiation damage,
and are more attractive for multi-year deep space exploration missions. By combining modern fabrication methods with decades-
old knowledge of SiGe alloys, current researchers aim to design a long-term high performance RTG that could be used on future
missions such as the Interstellar Probe.®’

Most studies on bulk samples of SiGe were conducted in the late 1900s. This was followed by several decades of stalemate in
terms of enhancement of the thermoelectric performance of these alloys. With emerging technologies in thin films and



Thermoelectric materials 57

nanostructures, significant advances in the research of SiGe alloys have been made. The thermal conductivity of Si is substantially
reduced by alloying with Ge such that room temperature k is ~9 Wm™ ' K~ ! for Sij gGey o; this value, however, is still quite high for
thermoelectrics.’' Thermal conductivity can be lowered further via nanostructuring and nanoinclusions. Compared to the bulk SiGe
alloy found in RTGs, hot-pressed mechanically alloyed SiGe nanopowders showed much improved zT. The presence of randomly
oriented polycrystals of varying sizes allowed for increased dissipation of phonons at the grain boundaries while retaining the pris-
tine alloy’s notoriously strong electrical conductivity and high power factor at elevated temperatures.®” n-type phosphorus-doped
Sip sGep » with SiC nanoinclusions was found to exhibit a high zT'~ 1.7 at 1173 K, a significant improvement over the SiGe alloys
previously employed in space exploration (Fig. 13).°® Future research in SiGe alloys will likely be approached by a combination of
multi-element doping, formation of composite materials, and microstructure manipulation.

Classic thermoelectric materials have clearly spanned the three general stages of research—materials discovery, characterization,
and properties optimization. For several decades, Bi;Te; and SiGe have dominated low and high-temperature thermoelectric appli-
cations, respectively. These compounds exhibit simple crystal structures, are relatively easy to synthesize, and can be manipulated in
their bulk, micro-, and nanostructure forms. While they are “well-studied” by the thermoelectrics community, interest in these
classic materials is still strong and attempts to enhance their performance are continuously explored. Our understanding of the
fundamental relationships between composition, crystal structure, electron and phonon structure, defects, microstructure, and
chemical bonding in these well-known materials can guide the exploration of novel thermoelectrics and allude to new optimization
strategies.

4.03.4 Equimolar tetrel chalcogenides

Equimolar tetrel chalcogenides, TQ (T: tetrel elements Si, Ge, Sn, or Pb; Q: chalcogen elements S, Se, or Te) are one of the most
widely studied materials in the field of thermoelectricity. The fascinating and complex chemistry is the reason for the high thermo-
electric performance observed in these materials. They crystallize in different crystal structures which are dictated by the stereochem-
istry of the electron lone pair and electronegativity of the chalcogen. Rock-salt structures with octahedral T@ Qg building blocks are
formed when more electropositive chalcogens are combined with lead or tin with suppressed stereoactivity of the electron lone pair

Fig. 13 Summary of zT values for selected SiGe alloys at 1173 K. The orange bars indicate p-type materials, while blue bars correspond to n-type
materials. The general notation “SiGe: X + ¥’ conveys that the SiGe alloy is doped with X and has nanoinclusions of 575
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Fig. 14 An overview of the tetrel-centered building blocks in the crystal structures of tetrel monochalcogenides. Regular octahedral environment is
achieved only in the cases of the suppressed stereoactivity of the electron lone pair, while distorted local coordination environments are observed for
other compositions. Note that, GeO and SiQ monochalcogenides have not been reported, unlike compounds with 4 + oxidation states, such as GeO»
or SiSe,.

Fig. 15 An increase in the band gap between the valence band and the conduction band is observed with increasing temperature due to the
decrease in band dispersion.
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due to the relativistic effects and the poor shielding by 4f/5d (Pb) or 4d (Sn) electrons. When the electronegativity of chalcogen
increases, different structures can form with reduced coordination number for the tetrel (Fig. 14).

Unlike most semiconductors, tetrel chalcogenides demonstrate an increase in their bandgap and decrease in their symmetry with
increasing temperature. From the perspective of high-temperature thermoelectric applications, lower symmetry decreases band
dispersion in these materials which leads to an increased gap between the valence and conduction bands (Fig. 15). This phenom-
enon can be explained by the existence of the ‘inert lone pair’ because of relativistic effects and the ineffective shielding by core d/f
electrons for heavy elements such as Pb and Sn.®” Two types of environments are possible in octahedral TQg coordination: (i) the
lone pair being ‘quenched’, resulting in a perfect octahedral environment, or (ii) the lone pair being stereo-active and expressed,
violating the overall octahedral symmetry and sometimes leading to much lower coordination numbers (Fig. 16). Valence s orbitals
of the tetrel contribute near the Fermi level, and changing the coordination environment in the structure can have significant
impacts on the bandgap.

The thermoelectric performance of equimolar tetrel chalcogenides is enhanced with temperature in several ways. As band gap
increases with increasing temperature, bipolar conduction reduces and band convergence takes place which enhances the Seebeck
coefficient. For cubic NaCl-type structures, states originating from the suppressed valence s*>-lone pair shift the valence band to the L
point in the Brillouin zone, with predominantly s-like characteristics. The resulting direct band gap at the L-point, which has high
valley degeneracy (N,), improves the thermoelectric quality factor, and the Seebeck coefficient. Lead chalcogenides (PbQ) exhibit
high N, in the valence band, which can drastically improve the properties for doped p-type materials. Band convergence with
increasing temperatures can further increase the effective N, resulting in an enhanced zT. Doping with more ionic elements can
increase the band gap and band convergence, such as in Sr- or Mg-doped PbTe.?*3%%%~"! Besides the above-mentioned factors,
thermal conductivity also has a significant contribution to the overall thermoelectric performance of these TQ materials. Heavier
elements and the structural distortion due to the s*-lone pair result in substantial reduction of lattice thermal conductivity.”®
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Fig. 16 A few common crystal structure types of equimolar tetrel chalcogenides (A) cubic Fm3m rock-salt type which is the most common
structure type for TQ materials; (B) rhombohedral R3m structure type, on the example of GeTe; (C) room temperature orthorhombic Pnma structure
of a-SnSe; (D) high temperature orthorhombic Cmem structure of 8-SnSe.
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For the sake of simplicity, the following discussion will begin with the tetrel chalcogenides with the simplest structures and build
to more complex ones.

4.03.4.1 PbTe

PbTe is the top performing thermoelectric material for this class of compounds in the elevated temperature range of 500-900 K. It
crystallizes in NaCl structure-type, in cubic Fm3m space group and is an n-type semiconductor. As discussed above, the presence of
the heavy ligand Te and the strong relativistic effect of Pb help quench the 6s°-lone pair, making the structure highly symmetric with
each atom coordinated in a regular octahedral manner. As a result of band convergence at elevated temperatures, the thermoelectric
performance of PbTe-based materials improves at higher temperatures. For example, the energy difference between the two VB's at
L- and =-points are in the range of 0.15-0.20 eV at 300 K. Due to such close lying VB’s, band engineering via doping has been
explored to enhance the degeneracy. In PbTe ,Se, alloys, doping leads to the convergence of at least 12 valleys and results in
a high 2T of 1.8 at 850 K.*°

Complex nanostructuring in PbTe has led to both band convergence and the introduction of point defects which can simulta-
neously increase thermopower and decrease lattice thermal conductivity, respectively. Co-doping of PbTe with SiTe and Na intro-
duces nanostructural inclusions (SrTe) and point defects (Na). The material PbTe-(4 mol% SiTe)-(2 mol% Na) exhibits low Kjaice of
0.5Wm~ 'K~ ! at 850 K and an ultra-high zT of 2.2 at 913 K. Although the thermodynamic solubility limit of SiTe in PbTe
is <1 mol%, non-equilibrium processes were explored to help extend SrTe solubility. As a result, hole-doped PbTe-(8% SiTe)
demonstrated a widened band gap and band convergence, resulting in an improved power factor (S?¢) of 30 pWem ™' K2 at
500 K. Endotaxial StTe nanostructures helped lower Ky iceto 0.5 Wm ™! K~ ! at 950 K. A maximum zT of 2.5 at 923 K was observed
for hole-doped PbTe-8% SrTe.”” Another example of a co-doped PbTe-based material is Nag o3Eug 93Sng 92Pbg 95Te in which a signif-
icant reduction of Ky, was observed without any reduction in carrier mobility. The introduction of stable lattice dislocations led to
a low Kjugice of 0.5 Wm ™' K™ ! at 850 K and a high 2T of 2.57 at 850 K.”*

4.03.42 PbSe

PbSe is a less popular candidate for thermoelectric studies in this group of materials, generally due to its low valley degeneracy. PbSe
crystallizes in cubic Fm3m space group and is a low-cost n-type material to synthesize. Resonant level engineering has been reported
for Al-doped PbSe, where an ultra-high power factor of 2030 yWem ™! K~ 2 was reported with 2% Al-doping and a high zT of 1.3 at
850 K was reported with 1% Al-doping.”* Increased band effective mass was obtained in 1% Mo-doped PbSe, with a peak power
factor of 3300 yWem ™' K™ 2 and a peak zT of 0.5 at 673 K.”° In the composite PbSe-SiO,, boundary scattering resulted in a low
Kiagice Of 0.6 Wm™ 'K~ at 600 K.”® One of the most interesting examples of PbSe-based materials with ultra-low Kjugice is
Pbo.95(Sbo.0338 0.017)Se14Te;, where a combination of vacancy-driven dense dislocations, point defects, nanoprecipitates of
different sizes, and mass fluctuations are considered to be the reasons for the ultra-low lattice thermal conductivity of
0.4Wm™ 'K '’

4.03.43 GeTe

At low temperatures, pristine GeTe crystallizes in a thombohedral R3m space group with a distorted rock-salt structure (Fig. 16).
Rhombohedral GeTe converts to the more symmetric cubic rock-salt structure at ~ 700 K. Cubic GeTe (c-GeTe) exhibits better ther-
moelectric behavior than its thombohedral (r-GeTe) counterpart.

GeTe as a p-type material usually has a very high carrier concentration ~ 102! cm™> which inhibits achieving superior thermo-
electric properties. But high band degeneracy and strong band anisotropy result in a high hole effective mass which helps achieve
a high power factor. ¢-GeTe has a higher band degeneracy than -GeTe due to the lower energy gap, AE, between multiple valence
band maxima in the cubic phase. The cubic phase is a direct gap semiconductor while the rhombohedral phase is an indirect gap
semiconductor. The large bandgap in the cubic phase reduces the bipolar conduction which adversely affects thermopower at high
temperatures. On the other hand, strong anharmonicity and large acoustic-optical phonon scattering lend to low lattice thermal
conductivity in GeTe, especially for the cubic phase.

Despite the above-mentioned properties, pristine GeTe has a peak thermoelectric figure of merit of less than 1. To achieve
a higher zT in robust, stable GeTe-based materials, recent research has focused on bringing the structural transition temperature
down, reducing carrier concentration, introducing phonon scattering, and increasing band degeneracy by means of doping and
alloying.”® Doping of GeTe can result in significant improvements in the properties compared to the pristine material. Doping
with elements that lack an s’-lone pair at the cationic site can decrease the energy difference between multiple VB maxima. However,
a group 15 dopant (pnictogens) on the cationic site can decrease the carrier concentration as well. Two such materials, Ge1.,Sb,y/3Te
and Ge_,,Bi,Cu,Te, have been found so far with significantly reduced carrier concentrations; the latter having the lowest observed
carrier concentration (5.8 x 10" cm™?) reported so far for any GeTe-based material.””*°

Band engineering has been attempted on GeTe in various ways. Doping with Zn or Cd improves the thermopower due to band
convergence. As stated before, AE decreases with using dopants that are devoid of valence s>-lone pair. Some examples of such mate-
rials are Ge1.,Cd,Te, Ge;.,SbxZn,Te, and Ge;.,.,Cd,Bi,Te. DOS distortion has been reported by resonant level doping, such as in
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GegsInTegy and GeySbyIn,Te, which improves the overall thermopower. Reduction of symmetry can also induce a higher band
degeneracy.”’

In addition to the above-mentioned techniques, the common practice of enhancing phonon scattering has been studied in GeTe
materials. Alloying GeTe with Sb can reduce phonon group velocity and lower lattice thermal conductivity. GeTe can also have
vacancies that enhance phonon scattering. Introducing planar vacancies can scatter mid-frequency phonons while Ge-vacancies
and alloy scattering can perturb high-frequency phonons. Geg 9Sbg 1Teo gsS€0.14 has a low kjgyice of 0.5 Wm™ ! K~ ! because of point
defect scattering induced by Sb and Se-alloying.®> Formation of sub-microfeatures and interfaces in Gegg;Pbg 13Te cause yields
a low lattice contribution to thermal conductivity of 0.4 Wm™' K~ ! at 423 K, while the emergence of dense planar vacancies in
GeCdg ¢5Big g5Te can lead to a Kjuuiee of 0.4 Wm™ ' K~ ! at 650 K.%*%* The lowest recorded ki for any GeTe-based material is
0.2Wm™ 'K~ ! at 800 K for Geg gsMng 1Sbg 04Te.*” A combination of regular and twin grain boundaries, point defects created
by Ge-vacancies and Sb/Mn-doping, low phonon group velocity, and the emergence of dislocations is believed to be the reason
for the ultra-low thermal conductivity. Scanning electron microscopy (SEM) can be used to detect further reasons for phonon scat-
tering. The appearance of nanoprecipitates, multigrain features and high-density stripes were detected on Geg goSbg.1Ing 01 Te pellets,
causing a reduction in Kjace. Transmission electron microscopy (TEM) studies carried out on Gey.,,Cd,Bi,Te pellets have also estab-
lished the presence of an array of planar vacancies.®*

Besides having a high average zT, thermoelectric materials must be stable and robust for practical applications, like GeTe. Some
GeTe-based materials have been reported to achieve promising efficiencies for potential practical usage. Thermoelectric generators
with Gepg;Pbg13Te as a p-type material exhibited a 14% conversion at 723 K. p-type GepoSboiTe and n-type
(Pb.95Sn0.05T€)0.92(PbS)0.0s can be coupled and reach 12% conversion at 700 K. p-type Geg g7Pbg 13Te can be coupled with
PbTe-based n-type sides to reach an efficiency of 11.5% at 773 K.”®

4.03.44 SnSe

In SnSe the stereoactivity of the 5s> electron lone pair is present. Unique structural transitions have been noted for SnSe. At low
temperatures, it crystallizes in the orthorhombic Pnma space group where Sn is essentially three coordinated (Fig. 16C). This
form, termed as a-SnSe, converts to orthorhombic Cmcm $-SnSe around 600 K. In the latter structure, Se atoms form square
pyramid around Sn atoms (Fig. 16D). This phase transition has been confirmed by diffraction and electron microscopy studies
for both single crystalline and polycrystalline doped and undoped SnSe samples. For polycrystalline Sng 9gSe samples, the phase
transition is continuous from 573 K to 843 K, with a peak zT of 1.4 being observed at 823 K. a-SnSe (0.92 eV) has a larger band
gap than $-SnSe (0.28 eV). The enhanced power factor in SnSe materials can be attributed to the presence of multi-valley valence
bands. As a result, a peak zT of 1.37 for pristine polycrystalline SnSe was recorded at 823 K. Thus, recent thermoelectric research has
focused on employing band convergence in SnSe to increase carrier mobility while retaining high thermopower.®®

Another unique intrinsic feature of the SnSe structure is the presence of strong anharmonic bonding which leads to unbalanced
phonon transmission and increased phonon-phonon scattering which contributes to the ultra-low lattice thermal conductivity. This
intrinsically low lattice thermal conductivity has led to exceptional zT values in single crystalline SnSe. Direction-dependent trans-
port properties on single crystals reveal outstanding zT values of 2.6 + 0.3 along the b-axis and 2.3 £ 0.3 along the c-axis, while only
a moderate zT of 0.8 + 0.2 was obtained along the a-axis.*°

Further studies were focused on the polycrystalline samples. Lower formation energy of tin vacancies (Vs,) than that of selenium
vacancies (Vs,) explains the p-type behavior in SnSe. Since vacancies can influence the band gap of a material, zT can be engineered
by manipulating the carrier concentration which can consequently change the formation energies of Sn and Se vacancies. In
Sng 948Cdg 023Se, Cd-doping results in 2.9% cation vacancies; this reduces the formation energy of Vg, enabling a peak zT of 1.7
with a hole concentration of 2.6 x 10'® cm™>. On the other hand, the high Vs, of 2.0% in SnSeg 9Sbg .02 leads to a carrier concen-
tration of 3.9 x 10" cm™? and a peak zT of 1.1 at 773 K. In Sng 5Se (with 5% Vy,,), a combination of higher hole carriers, enhanced
power factor, and reduced lattice thermal conductivity by lattice distortions leads to a zT of 2.1 at 873 K. Doping with heteroatoms
such as Na can move the Fermi level closer to the valence band, turning SnSe into a p-type degenerate semiconductor. This also
flattens the VB maximum and thus provides extra holes which increases electrical conductivity. In Sng 9g5Nag 015Se, interstitial atoms
help scatter phonons which, combined with a high power factor of 15 yW cm™ ' K™ 2 can lead to a zT of 2.0 at 773 K. Lattice distor-
tions due to the presence of heteroatoms such as 2% Te-alloying in Sng 9gNag o,Se leads to a high zT' > 2 at 723 K, due to enhanced
$%¢ and reduced Kjugice." %

In SnSeg 9Bry 1, the introduction of edge-dislocations reduces Ky, and helps achieve a zT of 1.3 at 773 K.”" The introduction of
heterojunctions as phase boundaries at the interfaces of dominant and secondary phases can scatter phonons and lower lattice
thermal conductivity. This has been observed in the SnSe-AggSnSeg alloy with high-resolution TEM in which the presence of distor-
tions, dislocations, and stacking faults lowered Kjuice and helped increase zT to 1.33 at 773 K.°' Nano-inclusions in the form of
nano-precipitates and nano-pores can reduce ki, to enhance zT. For example, the introduction of SnSe, microdomains in
SnSe nanoparticles lowered the total thermal conductivity to 0.54 Wm™' K~ ' and yielded an ultra-high zT of 2.2 at 773 K.”’
The introduction of nanopores can work in a similar way although it may hamper the power factor such as in bulk polycrystalline
SnSe-1.0 wt% LaCls, where k is reduced to 0.3 Wm ™' K™ ! and the highest zT achieved is 0.55 at 750 K>®

The synthesis of nanocrystals of SnSe in solution has been explored heavily in recent years, where quantum confinement can lead
to an enlargement of the band gap (up to ~2.8 eV) and nanostructures can lead to more grain boundaries than in bulk SnSe, which
helps lower lattice thermal conductivity. Heavily Cu-doped nanobelts of SnSe achieved a high $%s of 5.57 uWcm ™' K™ 2, low k of
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0.32Wm™ ' K !, and zT of 1.41 at 823 K.”* Nanosheets are also suitable for fabrication of 2D flexible thermoelectric materials. SnSe
nanosheets/PEDOT:PSS hybrid films incorporating 20% SnSe can reach a peak zT of 0.32 at room temperature.’”

One of the biggest drawbacks in polycrystalline SnSe is the occurrence of fast surface oxidation, resulting in moderate zT values,
in contrast to the single crystals of SnSe discussed before. Surface oxidation leads to both higher resistivity and thermal conductivity.
Recently, hole-doped polycrystalline SnSe reduced under a hydrogen atmosphere exhibited an extraordinary peak zT of 3.1 at 783 K,
overtaking the previous record held by single crystalline SnSe.”®

While tin monoselenide (SnSe) is popular material in current thermoelectrics research, it is also important to mention layered
SnSe,, which can be synthesized in the solution phase, and is also a decent thermoelectric material. An in-plane zT of 0.63 at 673 K
can be achieved in pellets of 1.5% Cu-doped SnSe; 95 nanoplates.”” Overall, SnSe materials are one of the most promising materials
in the field of thermoelectrics and have been subject to numerous optimizations in recent years.

4.03.45 SnTe

Like SnSe, SnTe is also a promising material in the field of thermoelectrics and has been explored a lot in recent years. SnTe has three
different polymorphs: (i) thombohedral R3m «-SnTe which is a very low-temperature phase that exists below 100 K, (ii) cubic
Fm3m (-SnTe which is the most stable form and exists above 100 K, and (iii) orthorhombic Pnma y-SnTe which is formed by
applying > 18 kbar pressure to $-SnTe. As 3-SnTe is the most stable form under ambient pressure and in a wide temperature range,
it is the most studied phase for thermoelectric properties. 3-SnTe is a direct gap semiconductor with a band gap of 0.18 eV at the L-
point in the Brillouin zone.”’

Like SnSe, the abundance of Vg, makes pristine SnTe a p-type material with a high carrier concentration of 10?°-10?" cm™?
which leads to high ¢ but low S at room temperature. Thus, one of the main focuses in SnTe research has been optimizing its carrier
concentration. In iodine doped SnTe( 98510015, @ peak zT of 0.6 (twice that of pristine SnTe) was obtained due to the lower carrier
concentration of 4 x 10" cm™3.”%

Several attempts at band engineering have been carried out on SnTe to enhance electronic behavior. Mg-doping in
Sng.9sMgoosTe increases the carrier effective mass and increased thermopower to 200 uVK™ !, compared to 10 uVK™ ' for
Snj o3Te at 856 K.”° Valence band convergence and increasing the carrier effective mass were carried out by doping SnTe with
Mn to form Sng 93Mng o4Te; the Seebeck in this material reaches 270 uVK™ ' at 873 K. The energy difference between VB maxima
drops to as low as 0.13 eV due to Mn-doping.'’° Resonance energy level engineering was reported in Ing gg25Sng.9975Te where
In-doping resulted in an increase in DOS near the Fermi level. This enabled a peak $%¢ of 20.3 pWcm ™' K~ 2 and peak 2T of 1.1
at 873 K. The synergistic effect combines resonance energy level doping and VB maxima convergence. Applying this to In/Cd co-
doped SnTe yielded a peak S of 200 VK™ ' and a peak zT of 1.4 at 823 K. In/Mg co-doping have a similar effect achieving
a peak power factor of 42 pWem™ ' K2 and a peak zT of 1.5 at 840 K.'°%1!

Reduction of lattice thermal conductivity by various means have also been reported for SnTe. Point defect scattering has been
observed in SnTe-Cu,Te alloys; an ultra-low Kjice of 0.5 Wm™ ' K~ ! and maximum zT of > 1 at 850 K were found in Sng 94Cug 1,Te.
Formation of nanoprecipitates of 5% SrTe in Sng 97Big g3Te can help achieve low kjuyice values of 0.7 Wm™' K~ ! at 823 K, while 3%
SrTe nanoprecipitates in Sng 97Big o3Te improve the zT to 1.2 at 823 K.102103

In conclusion, SnTe has been a moderately popular candidate among tetrel chalcogenides for thermoelectric applications. One
of the best SnTe-based candidates is Ca/In co-doped SnTe with 5% Cu,Te alloying that has been reported to have a high zT of 1.85 at
823 K. This high performance is achieved as a result of the presence of grain boundaries, dense dislocations, and the synergistic
effect.'**

4.03.46 GeSe

Like PbSe, GeSe has been explored to a lesser extent due to its moderate thermoelectric performance. Under ambient conditions,
GeSe crystallizes in orthorhombic Pnma which is isostructural to o-SnSe. However, owing to a large band gap and strong covalent
bonding, pristine GeSe has a low 2T of 0.2.'°> GeSe can also exist in the thombohedral R3m space group. With the application of
temperature and pressure, the hombohedral phase can be transformed into the cubic Fm3m polymorph. The different polymorphs
of GeSe exhibit drastically different solubility of the dopants. The rhombohedral phase is more intriguing in terms of thermoelectric
properties due to much smaller band gap . The best performing GeSe-based thermoelectric material is p-type (GeSe)q o(AgBiTe;)o.1
with a reported zT of 1.35 at 627 K. Band convergence in this material results in an elevated power factor of 12.8 yWcm ™' K~ 2. The
presence of soft optical phonons results in an ultra-low kjuice of 0.38 Wm™' K~ ! at 578 K.'*°

4.03.4.7 Complex tetrel chalcogenide thermoelectric materials

In addition to having a high thermoelectric figure-of-merit, a material needs to have long durability, high elastic modulus, and low
toxicity for practical applications. Most high-performing thermoelectric materials are restricted by the drawbacks arising from one or
more of these parameters. Thus, it has been extremely important in this research area to select prospective candidates for commercial
applications based on practicality as well as thermoelectric performance.
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One of the most widely used thermoelectric materials has been the (GeTe),(AgSbTe;)100.x solid solution, which is commonly
referred to as TAGS-x (abbreviating Tellurium—Antimony—Germanium—Silver with x being the percentage of GeTe in the alloy).
TAGS-x is used as the p-type leg in MMRTGs for deep space missions.'” In these alloys, the band structure of GeTe is manipulated by
doping with AgSbTe,, where the concentration of AgSbTe, results in varying degrees of band engineering, while simultaneously
introducing a microstructure that reduces lattice thermal conductivity to realize high thermopower and zT. AgSbTe, exhibits the
rock-salt type Fm3m structure at room temperature, while GeTe exhibits the rhombohedral R3m structure and undergoes a phase
transition to cubic Fm3m above 700 K, as mentioned in Section 4.03.4.3. TAGS alloys retain the rhombohedral structure of
GeTe at room temperature and TAGS-x alloys with x >80 show phase transition behavior like GeTe at high temperatures. The cubic
and rhombohedral phases of TAGS alloys are isostructural to the ones depicted in Fig. 16A and B.

One of the most explored TAGS alloys is TAGS-85 which has been reported to show a peak zT of 1.5 at 720 K.'°® Self-doping by
optimizing the Ag:Sb ratio in TAGS-80 can optimize the carrier concentration. A peak zT of 1.8 at 700 K has been reported for
(Geo.97Sbo.03Te) 0.8 (Ag2Te)o.4(SbaTes)o.s]o.2 Where the Ag:Sb ratio was modified to 2:3.'°” The introduction of rare-earth elements
with localized magnetic moments site can introduce resonant states around Fermi level. Such an example is 1% Yb doped TAGS-85
where an increase in Seebeck coefficient raises the peak zT up to 1.8 at 730 K.'%? Thermoelectric devices with PbTe as the n-type leg
and TAGS as the p-type leg have been used in MMRTGs for power generation on the Mars Perseverance Rover by NASA in 2020
(Fig. 2). While this PbTe/TAGS thermoelectric couple has been reliably employed in MMRTGs for several NASA missions, at the
same time a continuous search for higher performance materials is underway.

Tetrel chalcogenides have been one of the most promising groups of materials in thermoelectric research, possessing high figure-
of-merits at elevated temperatures. The widespread focus on band engineering, phonon scattering, doping, optimization of carrier
concentration, and tuning effective mass has led to ever-improving zT values for materials based on this class of compounds. Fig. 17
shows the peak zT values of selected materials based on PbTe, GeTe, SnSe, and SnTe in recent years. Due to simplicity of equimolar
tetrel chalcogenide crystal structures and the presence of only two elements in the parent phase, the effects of dopants on the elec-
tronic structure can be relatively well-estimated using a combination of experimental and computational methods. The differing
chemical nature of the dopants (such as Na, Sr, Sb, Cu, and Ag) as compared to the tetrel or chalcogen is expected to alter the local
bonding in the crystal structure or lead to phase segregation and the formation of nanoprecipitates. While the latter case can be
probed with electron microscopy, small perturbations of the local structure are often ignored, and optimal dopants are found seren-
dipitously. Local probes, such as HRTEM, extended X-ray absorption fine structure (EXAFS) spectroscopy, and total scattering
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Fig. 17 Peak zT values for TQ thermoelectric materials based on (A) PbTe, (B) GeTe, (C) SnSe, and (D) SnTe.
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Fig. 18 A summary of commonly used elements in the thermoelectric community, excluding dopant elements which are present in thermoelectrics
in small quantities. The orange color indicates the cationic role of the element, while the blue color indicates the anionic role of the element. Mg is
the only element located on the left side of the periodic table which plays a dual role.

methods are crucial to understand the local structure around dopant elements and perform composition optimization in the more
rational way.

4.03.5 Mg-containing thermoelectric materials

The first question encountered upon designing new thermoelectric materials is “which elements should I start with?” The elements
commonly used in the thermoelectric community are presented in Fig. 18.

Thermoelectric materials should simultaneously demonstrate low thermal conductivity and high electrical conductivity. To
suppress thermal conductivity, heavy elements located in the right bottom corner of the periodic table are preferred, such as tellu-
rium, antimony, lead, bismuth, etc. Low thermal conductivity is not enough, as a “simple and tunable electronic structure” is
another criterion that must meet. This requirement is crucial since most thermoelectric materials require various strategies to achieve
a good balance between thermal and charge transport properties.'*”?>3%!1° Translating these criteria into chemistry language
would mean selecting an element or a combination of elements. Magnesium is a dual-role element able to serve as cation or as
covalent metal which forms directed bonds with extremely flexible coordination environments.''" Such Janus-like properties makes
Mg a good choice for designing thermoelectric materials from the point-of-view of the “simple and tunable electronic structure”
requirement. In this part, selected Mg-containing thermoelectric materials are discussed, including Mg,Si, MgsSb,, a-MgAgSb,
and Yb;4MgSby;. The thermoelectric properties of these Mg-containing thermoelectrics and their structure-property relationships
are summarized. The highest reported zT of Mg-containing thermoelectric materials are summarized in Fig. 19.

4.0351 Mg,Si

Mg,Si was selected as the first example due to its simple crystal structure (Fig. 20A). Mg,Si crystallizes in the anti-CaF,-structure,
where Si atoms construct a FCC (face-centered cubic) lattice with all tetrahedral voids filled by Mg atoms. Mg and Si atoms occupy
8¢ (V4;Y4;V4) and 4a (0;0;0) sites, respectively, with 100% occupancy. Each Si is surrounded by cube made of eight Mg atoms. The
coordination number of fully occupied Mg is four, which constructs a tetrahedron. There is an additional interstitial site 4b
(V5;¥5;%) which is partially occupied by Mg atoms with an occupancy of ~10%, as shown in Fig. 20B. The interstitial Mg atoms
are in the center of a Sig octahedron. These interstitial Mg atoms play a dominant role in controlling the major carrier type in
MgsSi and affects the thermoelectric properties.''®
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Fig. 19 The highest reported zT values of selected Mg-containing thermoelectric materials. MgsSby gBig»,"'? Mgs 15Mng.05Sb1 5Big 49 Te0.01,' °
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One reason that Mg,Si attracts the attention of the thermoelectric community is its cost-effectiveness and non-toxic constituent
elements. When abundant terrestrial applications are considered, the cost of the constituent elements and processing becomes
a dominant factor for industry to decide on the type of thermoelectric material to use. Moreover, Mg,Si exhibits excellent transport
properties which combine a high Seebeck coefficient and good electrical conductivity. A disadvantage comes from the high thermal
conductivity, which is expected for a simple crystal structure composed of the light elements, Mg and Si. Hence many efforts have
been focused on substituting Si with heavier Ge or Sn to reduce thermal conductivity.''”~'?' Due to the presence of interstitial Mg
atoms, Mg,Si can be tuned to be an n-type material. As shown in Fig. 19, the zT of n-type Cr- and Bi-doped and Sn-substituted Mg,Si
[Mg1.98Cro.02(Si0.35N0.7)0.98Big.02] is 1.7 at 680 K.''* This is about two times higher than the highest values achieved for p-type
Mg,Si (Mg 9gLig 028104006, 2T = 0.7 at 780 K).''® Other effective dopants are heavier Sb and Bi, which would play a dual-role
of reducing lattice thermal conductivity and enhancing the electron concentration given the additional valence electron compared
to that of Si.'?*'%> A few examples such as Mgy ¢sSio 364SN0.6Sb0.036 '~° and Mgy 0sSig.37Sn0.6Big 03,' '~ have demonstrated zT values
of 1.55 at 773 Kand 1.5 at 716 K, respectively. For n-type Mg,Si, the substitution of Mg by other elements is not as common as the
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Fig. 20 (A) Idealized crystal structure of Mg,Si without interstitial Mg atoms viewed along [001] direction. (B) Crystal structure of Mg,Si viewed
along [001] direction with the interstitial Mg atoms shown. Mg: orange, Sh: blue.
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replacement of Si atoms. p-type Mg,Si-based thermoelectric materials are heavily underdeveloped. To shift the major carrier type of
Mg,Si from electrons to holes, monovalent metals should be selected to substitute divalent Mg. The ionic size of Mg is 0.72 A,
which is comparable to Li™ of 0.76 A.'**'?> A few Li-doped compounds including Mg 9gLig 02Si0.4Sn0.¢ '>® and Mg;Li 925810 4SNg.6
"5 have been reported so far. The former compound exhibits promising performance with zT' = 0.55 at 700 K. Future research on
Mg,Si will mainly focus on the enhancement of properties of p-type Mg,Si and improving the stability and mechanical properties of
these materials.

4.03.5.2 MgsSh,

MgsSb; is another system composed of non-toxic and cheap constituent elements. Both, n-type and p-type materials based on
MgsSb, can be produced, making it attractive for practical applications.’'*'?” The same material used for both legs of a thermoelec-
tric device eliminates issues associated with the different thermal expansion coefficients of the p- and n-type legs. Mg;Sb, belongs to
the AM,X; family, where Mg atoms occupy both the A and M atomic positions (Fig. 21). Hence, the chemical formula of MgsSb,
can be presented as Mg'Mg",Sb,. MgsSb, crystallizes in the hexagonal system in the space group P3m1in the La,Oj crystal structure
type.''! There are three distinct atomic sites, Mg' (0;0;0), Mg" (*/3;%/3;0.6339), and Sb1 ('/3;%/3;0.2283) in the asymmetric unit cell.
MgsSb, features anionic [Mg,Sb,] slabs which are built by [Mg"Sb,] tetrahedra sharing edges with Mg"—Sb bond distances of 2.82-
2.86 A. The anionic [Mg,Sb,] slabs are sandwiched by layers of Mg' atoms, where Mg' are surrounded by six Sb atoms in a regular
octahedron with Mg'—Sb distances of 3.12 A. Analysis of the chemical bonding in MgsSb, shows that a significant degree of cova-
lent interactions are still present in [Mg'Sbs] octahedra.''''?812?

Similar to magnesium silicide, n-type MgszSb, shows much better performance than p-type MgsSb, (Fig. 19). n-type MgsSb, can
be realized via incorporating excess amounts of Mg atoms, which makes the chemical formula of Mgz  ,Sb, (x > 0). The small
percentage of additional Mg atoms reside at the interstitial atomic positions within MgzSb,. Mg atoms play an important role in
contributing to the electrical properties by forming a highly degenerate conduction band structure.''"'?%'?? The six-coordinated
Mg' has a major contribution to the bottom of the conduction band coupled with a significant contributions from four-
coordinated Mg" and Sb atoms. In contrast to conventional Zintl compounds, which exhibit coexistence of ionic and covalent
bonds within one crystal structure, all Mg—Sb interactions in Mg3Sb, exhibit strong covalent character.''"'?*'?° The complex
bonding picture of Mg3Sb, may account for its promising electrical properties and low thermal conductivity. In addition to the
interstitial Mg atoms, aliovalent substitutions, such as trivalent metals to replace divalent Mg atoms, were proved to be an efficient
way to control the carrier concentration.'**'*! For Mg3Sb,, most doping activities happen at Sb atomic sites. Replacement of the Sb
with the heavier Bi atoms suppresses the lattice thermal conductivity.'**~'*® Aliovalent Sb/Te substitution is another efficient way to
tune the carrier concentration as well as lowering the thermal conductivity.'>?'?*'37 Future research efforts will be mainly focused
on enhancing the properties of p-type MgsSb,, perhaps with Li as potential dopant, as in the case of Mg,Si. Another applicable opti-
mization method would be microstructure management, which can further suppress thermal conductivity and improve thermoelec-
tric performance.

4.03.5.3 MgAgSh

o-MgAgSb has sparked growing research interests with promising thermoelectric performance around room temperature. A recent
study demonstrated that an Mg;Sb,/MgAgSb module can achieve ~7.3% thermoelectric efficiency for low-temperature energy har-

vesting.'*” a-MgAgSb crystallizes in the non-centrosymmetric tetragonal space group I4c2. The structure of a-MgAgSb is built by

Sb

Q

Fig. 21 The crystal structure of MgsSh, viewed along the [110] direction. Mg': red, Mg": pink, Sb; black. [Mg'Sbg] octahedra and [Mg"'Sby]
tetrahedra are presented in cyan and blue colors, respectively.
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Fig. 22 (A) Ball-and-stick and (B) polyhedral representations of the crystal structure of a-MgAgSb viewed along [001] direction. Mg: orange, Ag:
green, Sb; blue.

interconnected edge-sharing [AgSb,] tetrahedra forming a three-dimensional framework (Fig. 22A) in which voids are filled with
highly distorted [MgSbe] octahedra (Fig. 22B). In the asymmetric unit of a-MgAgSb, there are five fully occupied independent
atomic positions, one for Mg, one for Sb, and three for Ag atoms. Despite the simple equimolar formula, the crystal structure of
o-MgAgSb is complex and contains 24 atoms within a unit cell.

The complex crystal structure of a-MgAgSb accounts for its low thermal conductivity. Two structural features can be considered
the origin of low thermal conductivity of a-MgAgSb. One is the unique three-centered Mg—Ag—Sb bonds.'*° Another is the rattling-
like behavior of Ag atoms in Ag@Sby tetrahedra.'*'~'*° Ag defects play a dominant role in controlling the thermoelectric properties
of a-MgAgSb. There are three crystallographic Ag positions. Both theoretical and experimental findings verify the presence of
intrinsic Ag defects in a-MgAgSb, which may explain why the major carriers are holes. Intrinsic Ag imperfections were applied to
suppress the lattice thermal conductivity and tune the electrical properties of a-MgAgSb simultaneously.'**'*® Various dopants,
such as Li, Ca, and Yb replacing Mg atoms or As, Sn, Bi, and Pb substituting Sb atoms, have been incorporated to enhance the ther-
moelectric properties of a-MgAgSb.'*>'“® Like Mg,Si, the major theme of the future research on a-MgAgSb will be pursuing high-
purity samples free from secondary admixtures and investigating proper dopants.

4.03.5.4 Yb14MQSb11

As discussed in the Sections 4.03.2 and 4.03.6, Zintl phases with complex crystal structures are promising thermoelectrics due to
their intrinsically low thermal conductivity. Yb;4;MnSby;, the first example of a high-temperature thermoelectric material in the
A14MX 1, family, was reported in 2006."*” The “14-1-11" structure type demonstrates amazing flexibility and many compounds
have been synthesized with overall composition of A;4MX;; (A= Ca, Sr, Ba, Yb, Euy; M =Al, Zn, Cd, Mn, Mg, X = As, Sb,
Bi).'*%!*? 9 years later Mn was replaced with isovalent Mg, resulting in the formation of Yb;4MgSb;;."'” The crystal structure of
Yb;4MgSb;; can be represented as a combination of an anionic sublattice of [MgSb4]°~ tetrahedra, linear [Sb3]”~ trimers, and iso-
lated Sb>~ anions surrounded by the Yb>" cations (Fig. 23A), or as a three-dimensional network of Sb-centered [Yb;] or [YbsMg]
polyhedra, hosting [Sbs] trimers (Fig. 23B).

®) ® Sb@Yb, or Sb@YbgMg,

Cc

Fig. 23 The crystal structure of Yb14MgSh4;. (A) A view emphasizing MgSh, tetrahedra and Sb trimers. (B) An alternative view showing polyhedra
around isolated Sb atoms—either Sb@Yb; or Sh@YbgMg+. Yb: yellow, Mg: orange, Sb: blue.
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In A14MXy,, different di- and trivalent cations M may be realized: M = Al, Zn, Cd, Mn, and Mg. The latter three elements all
exhibit formal + 2 oxidation state with identical valence electron counts. Nevertheless, Yb;4MgSb; is the record holder of zT within
the A;4MX;; family when stoichiometric, unsubstituted, or undoped compositions are considered. Chemical bonding analysis veri-
fied the covalent nature of Mg—Sb interactions. A recent study revealed the complex crystal structure nature of Yb14,MgSb;; with Mg
atoms partially occupying the Yb positions.'*° The coexistence of covalent and ionic bonding types in one compound are important
for both charge and heat transport properties. With high performance of the unoptimized material, there are multiple ways to
improve the thermoelectric performance of Yb;4;MgSb;; such as carefully controlling the hole concentration, alloy engineering
to further reduce lattice thermal conductivity, and microstructure management.

In summary, the element magnesium—which is cheap, abundant, and nontoxic—plays an important role in the field of ther-
moelectrics. The flexible chemical characteristics such as the ability to form ionic or covalent bonds (sometimes within the same
compound) and variable coordination environments enable high zT values by forming complex crystal structures and contributing
to the electronic structure. During synthesis, a precise control of the stoichiometry of Mg is challenging due to the high vapor pres-
sure of Mg, which needs careful attention. Isovalent replacement of Mg by Mn, Zn, or Cd is possible due to their comparable ionic
sizes.'”"!? Aliovalent substitution of Mg is more difficult due to the small ionic size of Mg** (0.72 A), leaving Li* (0.76 A) and Y>*
(1.01 A) as potential candidates. For practical applications, the mechanical properties (brittleness) of Mg-containing materials also
need to be improved.

4.03.6 Complex crystal structures for thermoelectric materials
4.03.6.1 Crystal structure—Phonon structure—Thermal conductivity relationship

As discussed previously, optimization of the thermoelectric figure-of-merit depends on many interdependent material properties.
For many traditional thermoelectric materials discussed in the previous sections, the electrical resistivity and Seebeck effect are
preeminent while the thermal conductivity leaves something to be desired. Many attempts to lower the thermal conductivity result
in negative impacts on the resistivity and Seebeck. While the charge carrier contribution to electronic thermal conductivity cannot be
avoided, lattice thermal conductivity can be reduced somewhat independently. Therefore, the disentanglement of the thermal
conductivity and electronic properties is highly attractive. From the point-of-view of the phonon structure, acoustic phonons trans-
fer heat while optical phonons, upon crossing with the acoustic ones, are responsible for the heat dissipation. In materials with
simple cubic structures, like diamond or boron arsenide, there is an optical gap between acoustic and thermal phonons which leads
to extremely high lattice thermal conductivities of >1000 Wm™* K~ ! (Fig. 24A)."”'~">* For complex crystal structures with many
atoms in the unit cell, multiple crossings of the optical and acoustic phonons lead to an overall decrease in the thermal conductivity
(Fig. 24B). An even higher degree of the disentanglement can be achieved if the structure has weakly-bound atoms, or “rattlers.” This
was first proposed by G.A. Slack who coined the “phonon-glass-electron-crystal” concept.' In the proposed hypothetical material,
phonons are efficiently scattered just as they are in a glass-like compound which lacks any long-range order. Meanwhile, the charges
(electrons or holes) move as they do in a crystalline lattice. The presence of rattling atoms introduces low-energy flat optical modes
which suppress acoustic modes due to avoided crossings (Fig. 24C).

A complex crystal structure with many atoms and some weakly-bound atoms is preferable for low lattice thermal conductivity.
But what does it mean for a crystal structure to be complex? Several factors can contribute to the complexity of a given crystal structure
such as unit cell volume, atomic disorder, vacancies, mixed occupied sites, and the presence of different types of bonding (covalent,
ionic, etc.). Increasing structural complexity generally decreases lattice thermal conductivity making complex crystal structures an
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Fig. 24 Schematic representation of the phonon structure of different hypothetical materials. (A) A simple crystal structure with an optical gap
between the acoustic and optical phonons. (B) A complex crystal structure with multiple acoustic-optical phonons overlapping. (C) A structure with
rattling atoms and corresponding flat optical modes which suppress the acoustic phonon branches.
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Fig. 25 A comparison of the room temperature thermal conductivities of relatively simple (left) and complex (right) structures composed of similar
elements.

enticing characteristic for developing highly efficient thermoelectric materials. To better explain the intricacy of complex crystal
structures, contrasting a simple crystal structure is helpful. Silicon has a very simple face-centered cubic crystal structure with
a unit cell volume of only 160 A*. The crystal structure contains no vacancies or partially occupied sites, and only one type of bonds
can be found (i.e., Si—Si covalent bonds). As a result of its simple structure, the thermal conductivity of elemental silicon is above
100 Wm™ ' K™ ! at 300 K. Increasing the complexity of the crystal structure can lead to a significant decrease in thermal conductivity,
as seen in SiGe alloys (Section 4.03.3.2), and crystalline materials with very complex structures are known to have thermal conduc-
tivities below 1 Wm ™' K~ ' at 300 K (Fig. 25). Of course, the need for favorable electronic conduction and high Seebeck coefficient
further limits the selection of promising materials for thermoelectric applications. In this section, several promising thermoelectric
materials will be discussed—all of which possess low lattice thermal conductivities due to their complex crystal structures.

4.03.6.2 Large unit cells in 14-1-11 compounds

One example of materials with very large unit cell volumes are the A14BX;; compounds briefly discussed in Section 4.03.5.4. The
unit cell of Yb;4MgSb;; does not contain substantial atomic disorder or significant vacancies, but the unit cell volume is over
6100 A and the structure contains a variety of bonding types. The Mg—Sb bonds can be considered covalent as well as the Sb—Sb
bonds in Sbj trimer, while the interactions between Yb and isolated Sb atoms are ionic. The Mg atoms are tetrahedrally coordinated
by 4 Sb atoms making the [MgSb4]'°~ unit. Another structural unit is the Sb trimer [Sb3]” . These trimers feature linear bonding due
to the hypervalent nature of the central Sb atom. These tetrahedral and trimer motifs combine with 12 Yb®" cations and 4 Sb*~
anions to make up the Yb;4MgSb; crystal structure. The multiple types of bonding and large unit cell constitute a complex crystal
structure with a thermal conductivity of ~0.8 Wm™' K~ ' at 300 K.""”

This structure type has been thoroughly studied and it has been found that the electronic properties of these materials can be
adjusted while maintaining or even further lowering the thermal conductivity. Yb;4MnSb;; and Yb14MgSb1; have high =T values
of ~1 approaching 1000 K, making them a very attractive platform for high-temperature thermoelectric applications."'”'*”
Many approaches have been taken to further increase the efficiency of these materials. The Mn site can be fully alloyed with Mg,
Zn, and Al The Sb site can be replaced with Bi or partially replaced with Sn. Yb can be partially replaced with La or fully replaced
with Ca, Sr, and Eu. This resulting vast phase space generates an enormous number of possibilities to tune the electronic and
thermal transport in this family of materials.

An interesting aspect of complex crystal structures is that they are complex because of the elements that have been combined and,
therefore, a structure with similar composition has a potential to exhibit similar complexity. Such is the case for Yb,y1MnySbqg.'>®
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Yb,1Mn,Sbg combines large unit cell volume with another form of structural complexity: positional atomic disorder. The increase
in the concentration of Mn compared to Yb;4sMnSb is realized through the condensation of the [MnSb,]°~ unit into the tetramer
[MnySb0]**~. However, within the voids filled by Yb?*, one of the Yb sites becomes disordered, presumably as the void becomes
larger, and the Yb atom's electron density is partially distributed over two crystallographic sites. Often atomic disorder creates
a cascade of partially distributed sites; accordingly, the crystal structure of Yb;;Mn,Sb;g has Yb, Sb, and Mn positional disorder.
The complexity of the unit cell again manifests as ultra-low thermal conductivity of 0.4 Wm™' K~ ' at 300 K.

4.03.6.3 Atomic disorder in zinc antimonides

As mentioned previously, atomic disorder is another way of introducing structural complexity and lowering the thermal conduc-
tivity. Vacancies or partially occupied sites are a type of atomic disorder in which the presence of an atom in the unit cell is statistical.
For example, if a particular atom site has a 20% occupancy, then one in five unit cells in the material will contain that atom in that
crystallographic site.

-Zn,Sbs is an example of a good thermoelectric material with zT > 1 that exhibits atomic disorder.'>®

B-Zn4Sbs crystallizes in
the R3¢ space group and has a unit cell volume of ~ 1600 A®. The antimony atoms form both isolated Sb>~ ions as well as [Sb,]*~
dimers. The Zn 36f site is partially occupied at ~ 90% resulting in an actual composition of Zn;3Sb(. This means that the Zn atom is
missing in one out of 10 unit cells. This description of the unit cell has not been depicted consistently in the literature. Originally
Mayer et al. reported that Zn partially occupied an Sb site so that the stoichiometry was in agreement with the nominal composi-
tion.'®” Later, reinvestigation found that the composition was Zn deficient and there were several very closely related phases with
varying Zn content.'*® Even more detailed structural studies were performed with synchrotron radiation and revealed that addi-
tional partially occupied Zn sites were present in the crystal structure.'””'°° These interstitial Zn atoms effectively lower thermal
conductivity by introducing disorder into the lattice.

ZnSb is another binary of Zn and Sb with room temperature thermal conductivity of ~3.5 Wm™' K™ !, while B-ZnsSbs has
a thermal conductivity of 0.8 Wm™' K~ '."°?'°" From electronic structure calculations, the modulation of interstitial Zn atoms
should have a large effect on electronic properties. This is consistent with the variability of thermoelectric property data for this
phase. In a systematic manipulation of the Zn content for single phase B-Zn4Sbs, the Seebeck coefficient changed by as much as
20%."'*? Other binary Zn antimonides have been reported to have similar disorder of Zn sites and low lattice thermal conductivities,
such as 8-ZngSb; and ZnoSb,.'%>1¢3

4.03.6.4 Skutterudites and clathrates: Rattling atoms and superstructures

Skutterudites are compounds with the CoAss-type structure, crystallizing in the cubic Im3 space group. The structure contains 8
corner-sharing tilted Co@Asg octahedral units per unit cell. The octahedral units are connected in such a way that there is a large
icosahedral void in the crystal structure (Fig. 26). While skutterudites can be composed of metals Co, Rh, and Ir and pnictogens (P,
As, and Sb), the Sb-based materials are of interest for thermoelectrics due to their favorable electrical resistivities and Seebeck coef-
ficients. CoSbs has a reasonable power factor of 30 uWcm™' K™% however, the thermal conductivity is too high at
8.9 Wm™ ! K~ '."°* Lowering the thermal conductivity is an active challenge for this class of materials and adding complexity to
the crystal structure is a potential solution. An effective way to achieve this is by introducing a rattling atom in the void of the crystal
structure.

Upon occupation of the interstitial space—that is the two icosahedral voids in the structure—with a rattling atom, (Fig. 26), the
compound is referred to as a filled skutterudite with composition A;_sT4Z;,. These are some of the most promising thermoelectric
materials in the skutterudite family. Many elements have been incorporated into the Co (T) and As (Z) sites of the filled skutterudite
(T = Fe, Co, Ni, Ry, Rh, Os, Ir, Pt, Au; Z = Si, P, Ge, As, Sn, Sb). 165 Cations A such as alkali (Li, Na, K, Rb) and alkaline-earth metals
(Ca, Sr, Ba), triels (In, T1), early transition metals (Y, Hf), lanthanides (La, Ce, Pr, Nd, Sm, Eu, Yb), and actinides (Th, U, Np) can be
partially or fully inserted into the large void between the tilted octahedra. Even the smallest inclusion of cations into the void can
moderately lower the thermal conductivity such as in Kg22C04Sbio with Kjuuice of 6.7 Wm™ ' K™' at 300 K.>® However, the

Skutterudite Clathrate-I
leosahadron Pentagonal Tetrakai-
dodecahedron decahedron
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Fig. 26 Polyhedral view of cages with rattling cations inside shown for the skutterudite (left) and clathrate-I (right) structure types.

12 vertices
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interstitial atom also affects the charge carrier concentration which effectively modulates the electrical resistivity and Seebeck coef-
ficient. Adding interstitial atoms reduces thermal conductivity which improves overall zT, but it also adds additional electrons
making all subsequent materials n-type. For the Co4Sb;, framework, there is a limit to incorporating interstitial atoms before
the excess electrons destabilize the structure. However, higher occupancies of the interstitial site can be accommodated when the
Co site is alloyed with Fe. In Lag ;Fe3CoSb,, the thermal conductivity was reduced to 1.6 Wm™ ' K~ '. This low thermal conductivity
combined with the electrical transport properties brought the overall zT to approach 1 at 800 K.'°°

Clathrates are a large family of cage-like compounds. (Figs. 25 and 26). The cages in clathrates are formed by tetrahedrally- coor-
dinated “framework atoms” and the atoms that occupy the space in these cages are referred to as “guest atoms”. Guest atoms may
have either positive charge (serving a cationic role, the more common case), or negative charge (anions, which are present in so-
called inverted clathrates).'®”'°® Similar to skutterudites, these guest atoms are rattlers and play a role in lowering the thermal
conductivity of these materials. Out of the 11 structure-types of clathrates reported, type I clathrates are the most common with
over 200 compounds reported.'®” Type I clathrates crystallize in the space group Pm3n and have the composition of AgX,s where
A represents the guest atoms and X denotes the framework atoms. The unit cell consists of 2 pentagonal dodecahedra and 6 tetra-
kaidecahedra (Fig. 26).

Because all the framework atoms are tetrahedral in coordination, tetrel elements (Si, Ge, and Sn) compose many of the reported
clathrate frameworks. As discussed earlier, unit cell volume has a great influence on the thermal conductivity, and type I clathrates
have a unit cell volume on the order of ~1000 A3. This sufficiently large unit cell is only one of the factors that reduces thermal
conductivity. The guest atoms in the clathrates also reduce lattice thermal conductivity as they are loosely bound to the cages
and often have large anisotropic atomic displacement parameters. Sometimes, the guest atoms are even best described as being posi-
tionally disordered in the large cages. Calculation of phonon modes help us understand the addition of certain complexity. Just like
Si, a-Ge has high thermal conductivity (Fig. 25) due to its small unit cell and lack of complexity. A study comparing the phonon
modes of crystalline a-Ge, Gey (clathrate-I structure without guest atoms), and SrgGeyq (clathrate-I with Sr guest atoms) found that
the larger unit cell of Geyg, even without occupancy of the guest atom positions, exhibited much lower thermal conductivity than
a-Ge.'”? Upon addition of Sr guest atoms, additional phonon modes were observed that dramatically impact the scattering of heat-
carrying phonons which lowers the thermal conductivity even further. Just like the other structures discussed in this section, the low
thermal conductivity of clathrates provides a suitable starting point for potential thermoelectric materials. Exceptionally low
thermal conductivities for BagAuP39 (0.6 Wm™' K™ at 300 K) and BagGajs.9Sn3o; (0.71 Wm™' K™ ! at 300 K) have been re-
ported. However, optimal efficiency can only be reached if the clathrate’s electrical properties are exceptional. Optimization of
the electrical properties in clathrates can be achieved by substitution of the framework atoms. A few clathrates have surpassed
a peak zT of >1 including BagSb,Ga;4Geso, BagGas »3Al;( 525n30.26, and BagGas.gCug 033Sn30.17."%°

Type-I clathrates can exhibit a range of electrical properties from metallic to semiconducting with a straightforward design prin-
ciple guided by electron counting. For a semiconducting type-I clathrate, the 46 framework atoms need 4 valence electrons per atom
(184 total). The guest atoms donate their valence electrons (v.e.) to the framework in accordance with the Zintl concept. One of the
best performing clathrates, BagGa;sGeso, satisfies this criteria with 8 x 2 v.e. from Ba, 16 x 3 v.e. from Ga, and 30 x 4 v.e. from Ge.
In total this yields 184 v.e. and BagGa;Geso exhibits intrinsic semiconducting behavior. Advantageously, the 184-electron rule is
not a rigid rule and there is some tolerance—although the extent of this boundary is not necessarily well-defined. For instance,
NagSiss has an electron count of 192 v.e. and accordingly shows n-type metallic behavior.'”" This clathrate framework made
from Si can accept 8 excess electrons, but the Ge framework is less accepting. BagGeys does not exist presumably because the total
electron count would be too high at 200 v.e. Instead of inducing vacancy formation in the guest atom sites, the clathrate framework
starts to form vacancies. BagGeys forms a clathrate-I type structure with three framework vacancies per formula unit to bring the v.e.
count to 188.

Another interesting discovery in BagGeys is the formation of a superstructure.'”” A superstructure is formed when there is
a change in the crystal structure (like vacancies or mixed occupancies in one site). To accommodate this change in the ordered struc-
ture, there is a need to break original translational symmetry via either decreasing the symmetry or increasing the volume of the
primitive part of the unit cell or both. In BagGeys, the translation of the primitive unit cell is broken when the framework vacancies
become ordered. Because it is still a crystalline material, a unit cell is larger, or less symmetric, or both. In BagGeys, the new unit cell
is defined as 2 x 2 x 2 superstructure of the archetypal clathrate-I cell.

Type I clathrate frameworks are typically composed of tetrel elements, but the discovery of BagCu;4P3 realized clathrate frame-
works devoid of Si, Ge, or Sn.'”* This growing subset of clathrates, termed “unconventional clathrates,” '’* is especially prone to
forming superstructures. Because Cu and P have different bonding preferences and electronegativity values, they segregate over
different Wyckoff sites and create a superstructure. As a result, BagCu4P3¢ crystallizes in Pbcn with a unit cell four times the size
of the primitive cubic clathrate. Enlargement of the unit cell helps reduce the thermal conductivity thus making superstructure
formation an important mechanism to understand so that it may be used as a strategy for thermoelectric optimization.'”*~'78

4.03.6.5 Complex Intermetallics of the Ry7Fes2Geq12 structure-type

An extreme case of structure complexity can be achieved in intermetallic compounds with giant unit cells. Simple compositions, like
Mg,Al3 or NaCd,, may correspond to a complex unit cell with volumes over 22,000 A3.'7~'®! Ternary structures exhibit even more
complicated structures such as in Al—-Cu—Ta intermetallics with unit cell volumes of 93,000-365,000 A>.'%>'%3 As stated above,
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ternary systems with a combination of ionic and covalent bonding are preferred for thermoelectric applications, such as materials
with the Ry17Fes;Ge; 1, (R = rare earth) structure type. This complex structure type is an intergrowth of various nested polyhedra with
the Ge-containing compounds having unit cell volumes of 23,000-24,000 A3, while the Sn-based analogues have larger volumes
of 27,000-29,000 A3.'5418% Lattice thermal conductivity of these compounds is, as expected, very low owing to the structural
complexity of these compounds. A Kjqyice value of 0.28 Wm ™" K™ ! was reported for Gd;;7C056Sn11,."*° The main drawback of
such complex intermetallics is the low Seebeck coefficient which prevents their utilization as effective thermoelectric materials.
However, recent developments in the method of analysis of chemical bonding in complex intermetallic structures'®” and the
discovery of semiconducting intermetallics such as TalrGe'**~'°° leave hope for complex intermetallics to find future applications
in the thermoelectrics field.

Complex unit cells are one way of ensuring low thermal conductivity for a given material. However, certain challenges in the
characterization and understanding of the materials arise from this complexity. For instance, B-Zn,Sbs is a misnomer because its
composition is much closer to Zn3 9Sbs = Zn;3Sb;o. This mistake originates from the difficulty in determining the partial site
occupancy of the disordered Zn atom. Originally the structure was also thought to have Zn/Sb site mixing, and this was later shown to
be an incorrect interpretation of X-ray diffraction data. The incorrect composition and/or crystal structure description can distort the
fundamental understanding of the experimental properties and prevent rational ‘materials’ optimization. Another challenge in studying
mixed or partially occupied crystallographic sites is the difficulty in performing computations on these materials. Calculating accurate
band structures and predicting optimal carrier concentrations for a given material provides an invaluable feedback loop for
experimentalists that can greatly reduce laboratory efforts when designing efficient thermoelectric materials. The efficiency of such
approach was demonstrated for tetrel monochalcogenides as discussed in Section 4.03.4. However, large unit cells of complex
thermoelectrics increase computational costs and disorder or mixed occupied sites cannot be easily accounted for in computations. As
computational efficiency is improving, and high-quality instrumentation is becoming more available, complex materials are becoming
more routine to fully characterize. This sector of thermoelectrics remains an active and exciting research area for both experimental and
theoretical chemists.

4.03.7 Outlook

Thermoelectric materials are important for the solid-state interconversion of heat and electrical energy. There are multiple potential
applications for thermoelectrics in both refrigeration (food, vehicle air-conditioning, CCD matrices, microelectronics, and light sources)
and energy generation (wearable technology for body heat conversion, waste heat from combustion engine operations and
manufacturing, and RTGs for space exploration). These applications dictate the operating temperature regimes and basic requirements
for performance, cost, toxicity, and compatibility of the component materials. Development of novel thermoelectric materials with
improved performance is a dynamic field located on the intersection of solid-state chemistry, condensed matter physics, and materials
science. Optimization of the charge and heat transport in thermoelectric materials requires an understanding of the relationship between
composition, real long-range and short-range crystal structures, interstitial and substitutional defects, microstructure and phase
boundaries, electronic and phonon structures, and chemical bonding. In this chapter, several examples of different families of
thermoelectric materials were discussed to illustrate the diversity of these chemical systems and various optimization approaches. Cleatly,
there is no single recipe for how to produce a superior thermoelectric material, and new exciting discoveries from both well-studied
“classic” and completely new systems are yet to come.

4.03.8 Appendix A: Summary of zT values for materials discussed in this chapter.

For more extensive lists of the thermoelectric properties in inorganic materials, the reader is referred to the recent topical review by
Freer et al.”®

Composition Temperature (K) T
Bis.,Sb,Tes 300 1
BioTes-,Sey 300 0.8
BixShy.cTes 373 14
Big5Sh15Tes 350 1.24
BigTBz]SGo.g 398 1.04
BisTeoS 573 0.8
Ko.06Bi2Tes.18 350 1.1
Si 300 0.01
Sig.7Geg3: B 1100 0.7
Sig.7Geg 3 P 1100 1
Sig.sGego: B 1173 1.22
Sig.sGego: B + WSiy 1173 0.66

(Continued)



Thermoelectric materials

73

Composition Temperature (K) T
Sio.sGeo.2: P 1173 1.3
Sio.sGeo.2: P + WSip 1173 1.16
Sig sGeg2: P+ SiC 1173 1.72
PbTeq-xSey 850 1.8
PbTe—(4 mol% SrTe)—(2 mol% Na) 913 2.2
PbTe—8% SrTe 923 2.5
Nag.03EU0.03SN0.02Pbo.92Te 850 2.57
PbSe—1% Al 850 1.3
PbSe—1% Mo 673 0.5
Snp.gsSe 823 1.4
SnSe 823 1.37
SnSe (single crystal; along b-axis) 923 26
SnSe (single crystal; along a-axis) 923 0.8
Sno.948Gdo.0235¢€ 823 1.7
SnSep.965b0.02 773 1.1
Snp.g5Se 873 2.1
Sno.ggsNag 0155 773 2.0
Sng.ggNag 02Se—2% Te 723 )
SnSeo.9Bro.1 773 13
SnSe—AgsSnSes 773 1.33
(SnSe)1-«(SnSez)x 773 2.2
SnSe—1.0 wt% LaCls 750 0.55
SnSe: Cu 823 1.41
SnSe nanosheets/PEDOT:PSS hybrid films incorporating 300 0.32
20% SnSe
Reduced hole-doped polycrystalline SnSe 783 3.1
SnSeq g5.1.5% Cu 673 0.63
SnTeo.985l0.015 700 0.6
Ing.00258N0.9975T€ 873 1.1
SnTe: In/Cd 823 1.4
SnTe: In/Mg 840 1.5
Snp.94Cug 12Te 850 >1
Sng g7Big o3Te + SrTe 823 1.2
SnTe: Ca/In +5% CupTe 823 1.85
Gep.79Ag0.01SN0 25 700 0.2
(GeSe)o.o(AgBiTe)o.1 627 1.35
(GeTe)o.s5(AgSbTe2)o.15 720 15
(Geo.97Sbo.03Te)o.s[(AgaTe)o.4(SbaTes)oslo.2 700 1.8
(GeTe)g.g5(AgShTe2)p 15-1% Yb 730 1.8
Mg1.98Cro.02(Si0.3Sn0.7)0.98Bi0.02 680 1.7
Mg+ 9sLi0.02Si0.4Sn0.6 780 0.7
Mg2.08Si0.3645M0.65b0.036 773 1.55
Mg2.08Si0.37Sn0.6Bi0.03 716 15
Mg3Sb1 gBig.2 773 0.94
Mg3.15Mng.055b1 5Bi0.49T€0.01 720 1.85
Mgo.97ZN0.03Ag0.95bo.95 423 14
Yb14MgSby 1075 1.02
Yb14MnSh1 1223 1
B-Zn4Shs 550 0.8
Lag 7Fe3CoSbyz 800 1
BagShoGai4Gesp 980 1.1
BagGas 23Al10.525N30.26 480 1.2
BagGas,8Cuo.0335N30.17 550 1.38
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Abstract

Non-oxide (semi)metal chalcogenide clusters bear a large variety of structural motifs, mainly due to the large atomic size of
the S, Se, and Te atoms, as compared to an O atom, connecting the (semi)metal atoms. This way, not only the bridging
modes are more flexible, easily reaching a p*- or p>-type situations, but also a larger distance of the positively charged (semi)
metal atoms that are connected by larger atoms enable an increase of the variety of possible connection patterns. In this
survey, we present the variety of non-oxide chalcogenide clusters of p-block (semi)metals. Besides a summary of the broad
spectrum of different cage and cluster architectures, we also refer to other chemical or physical properties of such compounds,
which point towards their meaningfulness beyond purely fundamental synthetic or analytic work. However, we would like to
emphasize that the basic research that allowed for to the discovery of this multitude of cluster types was key to all subsequent
findings.

4.04.1 Introduction

(Semi)metal chalcogenide clusters have been in the focus of many research groups over the past decades, as they exhibit a large
variety of interesting structural, chemical, and physical properties as a consequence of different synthetic approaches as well as
difference elemental combinations.' ™ While the structures inform about possible formation processes and trends as well as restric-
tions during the generation of such species, the elemental combinations enable to fine-tune not only the structures but also the
opto-electronic properties; the latter affects both the physical properties of the cluster compounds and their reactivity in homoge-
neous and heterogeneous environments.””

In this review chapter, we summarize known cage and cluster compounds, in which p-block (semi)metal atoms of group 13
(triels, Tr; Al, Ga, In, T1), group 14 (tetrels. Tt; Si, Ge, Sn, Pb), or group 15 (pnictogens, Pn; Sb, Bi) are combined with group 16
atoms (chalcogens, E; S, Se, Te) as ligands. We exclude oxide clusters, which would probably double the contents, and concentrate
the collection on heavier homologues, mostly because these allow for narrower band gaps and an even broader structural variety.
The latter can be put down to the general possibility to expand the bridging mode of the chalcogenide ligand, and to allow for virtu-
ally all possible modes of connections of subunits given the larger atomic sizes. We intend to introduce all kinds of structural motifs
and the compounds based on them, and shed light on additional physical and chemical properties of the compounds.

In the sections to follow, we will present molecular compounds of group 13, 14, or 15 atoms, ordered by S, Se, or Te atoms as
bridging ligands. We will use common cluster structures with increasing size as another classification criterion. We explicitly exclude
all kinds of extended structures in this overview.
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4.04.2 Group 13 chalcogenide clusters

Chalcogenide clusters of group 13 (semi)metals are often discussed with respect to the semiconducting properties of the underlying
binary phases, as the molecules may be used as precursors for controlled single-source phase-formation, and for the preparation of
corresponding quantum dots or other model systems. Dominating cluster archetypes found for the corresponding elemental combi-
nations are heterocubane-type cages and different types of supertetrahedral architectures. Both will be detailed below.

4.04.2.1 Heterocubane-type and related cluster cores

The most common structural archetype in group 13 chalcogenide cluster chemistry is the ligand-stabilized heterocubane [RTrE]4
(Tr=Al, Ga, In; E=S, Se, Te). In the following paragraphs, we will summarize general synthesis methods, besides reactivity
and applications of such compounds.

4.04.2.1.1 General synthesis methods of group 13 chalcogenide clusters

The first successful synthesis and structural characterizations were carried out in 1991, simultaneously by two groups. In one of the
reports, this cluster family was observed during an investigation of the reactivity of ‘BusGa towards an excess of H,S.® The resulting
dimeric complex [‘Bu,Ga(u-SH)], eliminates ‘Bu units above 45 °C to form the air-insensitive and temperature-stable [‘BuGaS]4 (1,
Fig. 1), which is based on a heterocubane-type cage. The other author team obtained the same compound and its heavier congeners
by using elemental chalcogenides instead of H,E,’ a synthesis method which was also explored in a follow up paper.'® [‘BuGaS],
(1) can be obtained via the usage of Sg at higher temperatures, while an analogue reaction using red Se can already transform ‘Bu3Ga
to [‘BuGaSe]4 (2) at room temperature. Gray selenium as well as tellurium only yield the chalcogenolate-bridged dimers [(‘Bu),-
Ga(p-Et,Bu)], (E = Se, Te). To generate the desired heterocubane-type clusters-type clusters 2 or [‘BuGaTe]4 (3), either those chal-
cogenolate dimers or ‘BusGa need to be treated with an excess of the corresponding chalcogen at higher temperatures. The work
reported in ref. 9 additionally covered analogous reactions of ‘BusAl to form [‘BuAlE]4 (E = S: 4; E = Se: 5; E = Te: 6), which mirror
those of their Ga homologues.’

Another synthesis method for obtaining Al-containing heterocubane-type chalcogenide clusters is the treatment of the tetrahe-
dral Al(I) compound [Cp*Al]s (Cp* = n°-CsMes) with elemental Se or Te at room temperature to quantitatively form the
compounds [Cp*AlE]4 (E = Se: 7; E = Te: 8, Fig. 1)."" The reactivity in this case can be attributed to the formation of a (favored)
Al(IIT) product. The utilization of H,E (E = S, Se) as a chalcogenide source in reactions with (Me,EtC)3Al can lead to [Me,EtCAIE]4
(E =S:9; E = Se: 10), similarly to reactions with Ga congeners described above, while the heaviest homologue, [Me,EtCAlTe|, (11),
remains accessible through the use of elemental Te only.'”

Similar to one of the Al-based examples described above, the first In congeners stabilized by organic ligands could be obtained
by reacting tetrahedral [RIn]4 compounds with elemental chalcogens, although elevated temperatures are needed for the reactions
to take place. This way, the cages [{(SiMe3);C}InE]; (E=S: 12, E=Se: 13, E=Te: 14, Fig. 1) can be isolated from [In
{C(SiMe3)3}]4.">"* It was shown later that RsIn can also be used as In source to form compounds like [(Me,EtC)InSe]4 (15) or
[(Me,EtC)InTe]4 (16)."7'°

Apart from elemental and hydrogenated chalcogen sources, a third valuable alternative are silylated compounds E(SiMes),,
which can be used to generate heterocubane-type clusters upon addition to RTrCl,. This was shown first for a reaction of Cp*GaCls
with Te(SiMes), resulting in the synthesis of [Cp*GaTe], (17)."”

While other routes starting out from dimeric intermediates exist, similar to the first ones described for Ga compounds, these can
most often be skipped by using an excess of the chalcogen source and/or higher temperatures. Thus, the three predominant
synthesis methods for heterocubane-type cages can be summarized in Scheme 1.

There are a few different and more exotic methods of cluster preparation. It was reported, for instance, that tmp,GaCl
(tmp = 2,2,6,6-tetramethylpiperidin) forms [tmpGaS], (18) upon treatment with KSCN as the sulfide source and a K*-sequestering
reagent (18-crown-6).'®

1 8 14

Fig. 1 Three examples of simple group 13/16 heterocubane-type clusters with different elemental compositions and ligands. ['BuGaS]4 (1),
[Cp*AlITel4 (8), and [{(SiMe3)3C}InSe], (14).
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Scheme 1 Three possible synthesis routes towards heterocubane-type clusters: (A) using HoE and R3Tr, (B) starting from an elemental chalcogen
and R3Tr or [RTr]4 and (C) utilizing a condensation reaction of E(SiMg), with RTrCls.

In a variation to method C, the addition of H,S to (Me3Si);CAlMe; resulted in a dimeric solvent-coordinated intermediate, [(thf)
{(Me5Si);C}Al(p-SH)], which upon heating yields a mixture of [(MesSi)3CAIS]4 (19) and the unsymmetrically substituted cluster
[{(Me3Si)3CAl} 3MeAlS,] (20), in which one organic ligand is replaced by a Me group stemming from the decomposition of the
(Me3Si)sC ligand (Fig. 2)."”

Although in this survey, we intend to concentrate on cages that do not contain transition metal atoms, it needs to be noted that
In and Ga heterocubane-type clusters that are prepared via route C can also be stabilized by {(Cp)(CO;),M} moieties (M = Fe, Mo)
instead of an organic ligand. In this way, [{(Cp)(CO,),Fe}InE], (E = S: 21; E = Se: 22), [{(Cp)(CO,),Mo}InE]4 (E = S: 23; E = Te:
24), and [{(Cp)(CO,),Fe}InE]4 (E = S: 25; E = Se: 26; E = Te: 27) were obtained.”””'

The solvothermal reaction of InCl; with the tridentate chelating ligand 1,10-phenanthroline (phen) and elemental S or Se in
aqueous solution leads to the formation of heterocubane-type clusters [phenInCIE], (28: E =S; 29: E = Se, Fig. 3), stabilized by
the coordinative attachment of a neutral ligand.”” To compensate for the resulting positive charges, each In atom additionally carries
a Cl ligand, thereby expanding the coordination sphere to an octahedron. The experiments could also be reproduced using 2,2’-
bipyridine (bipy) instead of phen, leading to the isostructural molecules [2,2’-bipyInCIE]4 (E = S: 30; E = Se: 31).? The absorption
behavior of these compounds is of interest, owing to the cluster-ligand charge transfer, which affects the electronic properties of the
compounds.

Going one step further, a cationic cage with exclusively neutral ligands, [(dmtf)3InS]4(ClO4)4 (32, Fig. 3), was realized in 2011 by
reaction of indium perchlorate with N,N-dimethylthioformamid (DMTF). The cluster exhibits an octahedral coordination sphere at
the In atoms.”

Notably, a stable Tl congener could not be obtained yet. When using an unconventional synthesis method by reacting the ditriels
[RyTr], (R = Si'Bus) with elemental selenium the presence of [(Si'Bus)TISe], (33) is suggested by ““Se NMR, while the Al and In
congeners could be isolated using this approach.””

4.04.2.1.2 Reactivity and application

While most heterocubane-type clusters can be sublimated without decomposition, repeated vaporization and recrystallization of
[‘BuGaS]4 (1) at atmospheric pressure leads to the formation of an octameric cluster ['BuGaS|g (34). Most likely, it consists of
two {GayS4} eight-membered rings that are arranged in an octagonal-prismatic fashion.'® This rearrangement was expanded in
a subsequent study, where it was shown that prolonged refluxing in n-hexane or a solid state thermolysis caused the formation
of a heptamer, ['BuGaS]; (35), the crystal structure of which could be determined. According to it, a condensation of two defect-
heterocubane subunits, [(‘BuGa)4Ss] and [(‘BuGa)3S,], obviously took place at their deficient position. Dissolving 1, or any of
the aforementioned oligomers, in pyridine yields compounds based on a trimeric unit, ['BuGa(py)S]s, that can be further pyrolysed
to form hexagonal crystals of the hexagonal prismatic hexamer ['BuGaS]s (36, Fig. 4). Here, two parallel, six-membered rings are

Fig. 2 Compound [{(Me3Si)sCAI}sMeAlS4] (20) with an unsymmetrical substitution pattern.
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Fig. 3 Cluster compounds with neutral organic ligands [pheninClSe], (29, phen = 1,10-phenanthroline) and [(dmtf);InS]4(Cl04)4 (32, dmtf = N N-
dimethylthioformamid).

Fig. 4 Hexameric clusters [BuGaS]4 (36) and [(BuGa)g(n3-S)4(1-S)o("PrNHy),] (37) formed from ['BuGaS]4 (1).

slightly distorted towards a chair conformation.”® A hexameric unit with a different structural motif, [(‘BuGa)g(u3-S)a(u-

$),("PrNH,),] (37, Fig. 4) is obtained by the addition of "PrNH; to 1 and subsequent heating in toluene.”” The inorganic core
comprises two GasS; six-membered rings adopting a boat conformation. These are connected via four in-plane Ga and S atom
by four Ga—S bonds between the rings to result in a heterocubane-type motif. Each of the Ga atoms carries a ‘Bu ligand, with
the two out-of-plane Ga atoms being additionally coordinated by an "PrNH, unit each. This ligand interacts with the out-of-plane
u-S ligand of an adjacent cluster via hydrogen bridging. Heating at 110 °C in vacuum leads to the elimination of "PrNH; and subse-
quent formation of 36 by returning the out-off-plane Ga and S atoms to an in-plane position.

For compounds with sterically highly demanding ligands, like [{(SiMe3)3C}GaS], (38), the dissociation of the heterocubane
into two dimeric molecules [{(SiMe3)3;C}GaS], was shown in benzene, with the coordinatively unsaturated product being stabi-
lized by its shielding ligands. This effect does not occur in the Se and Te congeners, which is attributed to the higher strain on the
cage in 38.7°

The stability and relative ease of sublimation of the heterocubane-type clusters, which was observed in studies on their forma-
tion, and later more deeply explored in a study about the volatility of [RGaE]4 (R = Me,Et,_3C; E = S, Se, Te),?” render them inter-
esting single source precursors for the generation of TrE semiconductor layers or nanoparticles by metal organic chemical vapor
deposition (MOCVD). [‘BuGaS], (1) can be evaporated at 225 °C and deposited on various substrates at 400 °C to form a previ-
ously unknown metastable cubic modification of Ga$S with a NaCl-type crystal structure (Scheme 2 and Fig. 5).*°

S L : |
S/GI—aG/S| A S/GI—aG/T | s Ga
e — P —— s
| S—|-Ga | S—|-Ga
/ /Yy / /
Ga—S % Ga—S
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-
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Scheme 2 Vapor-phase deposition leading to a cubic GaS phase under retention of structural features of [BuGaS]4 (1).
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Below a temperature of 380 °C, or above 400 °C, a deposition leads to amorphous layers instead, with the high temperature
deposition showing an additional sulfur-rich polycrystalline, yet unidentified, phase down-flow of a sulfur deficient amorphous
phase.’! As neither the heptameric ['BuGaS]; (35) nor a dimeric compound [(‘Bu),GaS], can be used to deposit the novel cubic
GaS-phase, it was concluded that the arrangement of the inorganic cores plays a major role during MOCVD; presumably, the reten-
tion of the cubic structure in 1 can lead to a crystal packing, while the topology of 35 does not allow for it, hence logically yielding
amorphous materials. Similarly, if the cluster core were to decompose before deposition, as was shown through photolysis during
photo-assisted CVD, the thermodynamically stable hexagonal GaS would be favored.*”

In order to create a liquid alternative to 1 that does not rearrange to a heptamer, and at the same time can be synthesized more
easily in large scale, two derivatives with asymmetric ligands were synthesized, [(Me;EtC)GaS]4 (39) and [(MeEt,C)GaS], (40).>?
Both compounds show an excellent stability in the solid state as well as in the gas phase and, while vaporizing at higher temper-
atures when compared to 1, melt before doing so. In addition, they do not exhibit any rearrangement of the cluster core under
thermal treatment. Compound 39, vaporizing at lower temperatures (221 °C) was also shown to produce the same cubic GaS layer
as was observed for 1.

To investigate the deposition of heterocubanes-type compounds with a different elemental buildup, [‘BuGaSe]4 (2) and
[(Me,EtC)InSe]4 (15) were vaporized (which required vacuum conditions for 15) and deposited, and the resulting films were
analyzed.'® These were shown to consist of nanoparticular spheres of hexagonal GaSe and InSe (Fig. 6). The fact that no cubic

Fig. 6 TEM images of polycrystalline spheres of InS (left) obtained from [Me,EtCInS]4 (15), and strings of beads of GaSe (right) obtained from
[BuGaSe]4 (2)."°
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structure related to the cluster cores was found was put down to the weaker bonds in the (semi)metal selenide cluster cores; their
much quicker decomposition thus leads to similar results as in the photo-assisted CVD studies discussed before.

The telluride compound [‘BuGaTe]4 (3) as well as its derivatives [(Me,EtC)GaTe], (41) and [(MeEt,C)Te]4 (42) could only be
successfully volatilized in vacuum.* The layers resulting from MOCVD consist of a hexagonal GaTe modification analogous to that
obtained from GaSe heterocubane-type clusters, albeit metastable in this case. This also sheds light on the decomposition mecha-
nism of the heterocubane-type clusters in the gas phase. An indiscriminate decomposition would lead to the thermodynamically
most stable modifications, or an amorphous layer being formed, but the consistent formation of hexagonal phases suggests
a more controlled deconstruction of the cluster compounds to [RTrE]; (E = Se, Te) trimers, which can also be found in mass spectra
of such compounds.

The notable influence of the organic ligand on the buildup of deposited layers was made obvious in a study about CVD exper-
iments using [Cp*Ga$], (43) and [Cp*GaSe], (44).%° While these compounds can be sublimed without decomposition at 185 °C
and 205 °C, respectively, depositions on substrates at a temperature of 310 °C and 290 °C does lead to Ga-deficient uniform and
amorphous layers with an elemental composition of GayE; (E =S, Se). Thus, unlike for the previously discussed Se and Te
compounds, these cluster cores seem to decompose more heavily, or in a more uncontrolled fashion. This effect was also reported
for ['BulnSe]4 (45), a compound more similar to the previously discussed [(Me,EtC)InSe], (46). MOCVD of 45 leads to smooth In
metal layers, while hexagonal crystalline material could not be observed at any temperature or substrate such as for 15.%°

One study on the reactivity of a heterocubane-type cluster with a transition metal complex has been reported.>” Addition of
[Cpa2ZrMe;] to ['BuAlS]4 (4) ina 1:1 ratio leads to the fragmentation of the initial cluster under formation of the intermediate prod-
ucts [Cp,Zr(p-S)(n-Me)Al(‘Bu)Me] and [Cp,Zr(ii3-S)3Al3(‘Bu)sMe;], both of which decompose over time to form the dimeric
compound [Cp,Zru-S],. The same reaction, yet starting from [‘BuGaS]|s (1), only yielded the analogous cage compound
[Cp2Zr(u3-S)3Gasz(‘Bu)sMe;,]. Those cages can be understood as a [‘BuTrS]; trimer with a Dewar benzene like buildup comple-
mented by Cp,Zr. When changing the reactant ratio of 1 versus Cp,ZrMe; to 4:1, only the dimeric complex [Cp,Zr{p-SGa(Me,)
‘Bu}] is obtained.

4.04.2.2 Supertetrahedral clusters

Another prominent structural motif for many chalcogenide clusters across the periodic table is the supertetrahedron in its diverse
modes of appearance. The construction of larger tetrahedral molecules by (formally) condensing tetrahedral {TrEs} units via
corner-sharing is summarized in the Tn nomenclature. This is based upon the number of {TrE,} units along one edge of the large
tetrahedron (see Fig. 7). A T1 cluster thus denominates a simple {TrE4} unit, while an adamantane-like topology corresponds to
a T2 cluster, and so on. Another series of supertetrahedra are constructed by additionally considering inverted tetrahedral units,
{EM4} (with M being a (semi) metal in general), thus leading to another construction principle and the so-called pentatetrahedral
Pn family. There exist also defect-variants of the respective clusters or mixed forms, which are not detailed herein. As there are many
different synthetic approaches, we mention them in the context of the respective compounds.

In this chapter, all known compounds of such clusters will be discussed, starting from adamantane-type units and proceeding to
the larger T3-type compounds.

T2 LE]

Fig. 7 Examples for the first four family members of Tn-type supertetrahedral clusters beyond the simple tetrahedron T1.2
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Fig. 8 Anionic adamantane-type clusters [GasS10]®~ (47), [InsS10]®~ (48) and [InsS10]2~ (49) as simple examples for T2 clusters.

Fig. 9 Anionic adamantane-type cluster [GasSe(SH)4]*~ and its coordination to a [Ni(tepa)|>* (tepa = tetraethylenepentamine) complex fragment in
compound 51.

The first examples of adamantane-type group 13 chalcogenide compounds were obtained by reactions of Ga,S3 or In,S3 with
K;S, or In,Ses with K;Se. In all cases, the products were reacted in aqueous solutions at 90 °C to yield air-sensitive potassium salts
of the anions [TryE1]® ™ (Tr= Ga, E=S: 47; Tr=In, E = S: 48; Tr = In, E = Se: 49; Fig. 8).*°

The charge of the anion in {(C3H7),N}4[IngSs(SH)4] (50) was reduced by protonation of the terminal sulfide ligands.?” It was
obtained as a side product during the formation of a salt with a layered anionic substructure of the sum formula {[IngS1;H]* "} « in
a reaction of the elements and dipropylamine. 50 was found to crystallize only after the layered compound crystallized from the
mother liquor.

The only other example of a [Tr4E;o] T2-type compound was observed much later in reactions of elemental Ga and S with Ni$
and the reagent tetraethylenepentamine (tepa) under solvothermal conditions. The resulting compound, {[Ni(tepa)],SO4}[Ni(te-
pa)(GasSs(SH)4)] (51, Fig. 9), comprises [GasSs(SH)g]*™ units, which coordinate to one [Ni(tepa)]*" fragment via one of their p-
$?~ ligands to form the [Ni(tepa)(GasSs(SH)4)]>~ anion.*®

In neutral adamantane-like compounds of groups 13 and 14, the terminal chalcogenide ligands are exchanged with lower-charge
alternatives, and/or the p-E atoms are replaced with chalcogenolate groups. For Ga and Al, this is achieved by reacting Me,S, and
Gayly (for the Ga species) or AlGaly (for the Al species) in boiling Me,S,. Crystals of [(ITr)4(p1-S)2(SMe)4] (Tr = Al: 52; Tr = Ga: 53;
Fig. 10) form at cooling, all with significant distortion in their adamantane-type buildup.”'*>

| Hﬁr/

bgte THEYY

53
Fig. 10 Neutral adamantane-type clusters [(1Ga)s4(p-S)2(SMe)4] (53) and [(MesNAl)4Sg] (54).
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Fig. 11 Anion with a ligand-substituted T3 buildup in (H3,5-dmep),[Ga;0S1¢(3,5-dmep)4] (53, dmep = dimethylpyridine).

Another example of the exchange of the terminal chalcogenide ligand is given by [(Me3NAl)4S¢] (54, Fig. 10), in which a neutral
ligands causes a neutral cluster to form. 54 is obtained by a stoichiometric reaction of 4 equivalents of [Me3NAIH;3| with 6 equiv-
alents of S(SiMes),.”” In a similar reaction, (dmap)dichlorogallane (dmap = 4-dimethylamino-pyridine) is treated with S(SiMes),
to yield an unknown intermediate product, which is converted by an excess of dmap in a second step to yield the desired
adamantane-like cluster [{(dmap)Ga}4Ss] (55).""

Clusters based on the larger T3-type core are the biggest representatives of group 13 chalcogenide supertetrahedra, as a further
increase in size would lead to an overabundance of bond valence at the core sulfur sites.” Due to the high formal charge of
[Tr1oE20]'°~, these clusters tend to form networks unless stabilized by ligands to remain molecular (and exhibit lower charges).
This was first achieved by a solvothermal reaction of Ga and $ in 3,5-3,5’-dimethylpyridine (3,5-dmep) for 16 days."” The cluster
formed in this reaction was obtained in an ionic compound (H3,5-dmep),[Ga10S16(3,5-dmep)4] (56, Fig. 11); the four terminal
sulfur atoms were replaced by pyridine ligands, as compared to the naked T3-type cluster. This followed the same principle
described for some ligands in T2-based compounds above.

Upon addition of bidentate ligands to the reaction mixture, crystals comprising linked T3-type cluster anions are obtained.*® By
using 1,2-di-4-pyridylethylene (dpe), crystals of (H3,5-dmep)s|(Ga10S16(3,5-dmep),SH)adpe] (57, Fig. 12) form, in which two T3
clusters with one terminal SH and two terminal 3,5-dmep moieties each are linked by a DPE spacer at their remaining terminal
position. A similar result was obtained by using 4,4’-bipyridine instead. However, in the crystals of the resulting compound
(H3,5-dmep)s[(Ga10S16(3,5-dmep) (4,4’ -bipy)3)][(Ga10S16(4-mep)aNH3),4,4"-bipy] (58, mep = methylpyridin, Fig. 12), not only
SH groups are replaced by NHj3, as compared to 57: in addition, a monomeric T3-type cluster forms, [(Ga10S1¢(3,5-dmep)(4,4’-
bipy)3])*~, being terminated by three non-bridging 4,4’-bipy molecules and one 3,5-dmp ligand.

Inspired by the successful utilization of pyridine derivatives, more strongly coordinating organic superbases were used to better
stabilize highly charged molecules and obtain larger supertetrahedra.*” This approach was successful in creating discrete T4-type and
T5-type anions, yet only with transition metal ions included in the cluster cores. Nevertheless, when screening reactivities of
different organic ligands, two new Ga chalcogenide T3-type cluster and one corresponding In compound were synthesized,
(H3,5-dmp)3[Ga10S16(3,5-dmp)sSH]  (59) [GayoS16(3,4-dmp)sSH]*~ (60, cations could not be determined) and
(Hdbn),[In1S16(dbn)s]-MeCN-2.5(2-amino-1-butanol)-H,O (61, dpn = 1,5-diazabicyclo[4.3.0]non-5-ene).

The synthesis of a series of indium sulfide cluster anions of the formula [In;(S,0H,]*° =™~ provided virtually “naked” indium
sulfide T3-type anions.*® Although the hydrogen atoms in those anions could not be observed directly from the crystallographic
data, a combination of elemental analysis, IR, In—S bond lengths analysis, and charge balance considerations resulted in sum
formulas (Hdma),[Ni(phen)s]3[In10S20H2]-7H,0 (62, dma = dimethylamine, Fig. 13) and [Ni(phen)s]s[In;oSooH4]-14.5H,0
(63), with dma stemming from the decomposition of the solvent DMF. Again, the clusters were generated by solvothermal reactions
from the elemental metals and the phen ligand over multiple days, with the sulfur sources being L-cystine for 62 and Na,S for 63.
The phen complex in 62 and 63 is needed for two reasons: First, it stabilizes the anions by steric hindrance as well as providing an
aromatic system in close contact to it, as can be concluded from the strong C-S interactions. Second, it leads to an intense charge
transfer between the anion and cation in the absorption spectra.

A compound with the same anion as in 60 was obtained later on with a different Ni complex ligand, [Ni(2,2’-
bipy)s]s[In;0S20Ha] - 2,2"-bipy- 2EG-6H,0 (64; EG = ethylene glycol). It formed from a solvothermal reaction with elemental sulfur
in an aqueous EG solution.*’

Finally, reactions in ionic liquids can substitute traditional solvothermal approaches for synthesizing supertetrahedral cluster
compounds. However, for the 13/16 elemental compositions, only one publication exists to date.’® During the reactions of indium
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Fig. 12 Linked T3-type clusters in (H3,5-dmep)s[Ga10S16(3,5-dmep),SH).dpe] (57; dmep = dimethylpyridine; dpe = 1,2-di-4-pyridylethylene, top)
and (H3,5-dmep)s[Ga10S16(3,5-dmep)(4,4'-bipy) 3][Ga10S16(3,5-dmep)oNH3)24,4-bipy] (58; bipy = bipyridine, bottom).

Fig. 13 T3-type anion [InmSgng]B* in 62 (without H atoms).

with elemental chalcogens in 1-butyl-2,3-dimethylimidazolium chloride, (C4C;C;Im)Cl, in the presence of an aqueous solution of
methylamine as a viscosity-lowering auxiliary solvent, the ionic liquid partially decomposes to form 1-butyl-2-methylimidazole
(bim), which then coordinates the products (C4C;C;iIm)s[InioE;6Clsbim] (E16 = S: 65; E16 = S7.12Ses8s: 66; E16 = Seqq: 67;
Ei6 = SeysgoTez0: 68, Fig. 14). Even though the chalcogens were used in a near 1:1 ratio at the formation of both 66 and 68,
Te was barely incorporated into the anion in 68, as was determined by EDX analysis and from crystal structure refinement.

4.04.2.3 Clusters based on other architectures

While a reaction using stoichiometric amounts of the reactants [Me;NAIH;3] and (SiMe;3),S leads to the formation of compound 54,
a change of the ratio from 4:6 to 4:5 yields a different cluster compound, [(Me3N)4H,AlSs] (69, Fig. 15) with a borax-like
buildup.*® Two six-membered Al3S; rings in boat conformation are condensed together, creating two different Al positions. The
two bridgehead Al atoms are bonded to three sulfur atoms and one MesN ligands, while the metal atoms at the other position
are bonded to two sulfur atoms, one Me3N ligand, and a hydrogen. The transformation of 69 to 54 by addition of (SiMes),S
has only been successful in low yields, as an unidentified side product occurs when trying to re-dissolve compound 69. The
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68

Fig. 14 T3-type cluster with mixed chalcogenide sites in (Bmmim)s[In{oSe13.goTe2.20Cl3bim] (68, C4C1C1lm = 1-butyl-2,3-dimethylimidazolium,
bim = 1-butyl-2-methylimidazolium), obtained from an ionothermal reaction.

69 71
Fig. 15 Neutral [(Me3N)4H2Al4Ss] (69) and cationic cluster in [(dmap)sGasSs]Bro (71, dmap = 4-dimethylamino-pyridine).

selenium congener was generated by a different reaction in a simultaneous study involving the dimer [(Me3;N)HAISe],. Addition of
N-N.N/,N”,N”-pentamethyldiethylenetriamine in toluene in a 1:1 ratio initiated the rearrangement towards [(MesN)4H,Al;Ses]
(70).°!

The same structural motif is present in the ionic compound [(dmap)GasSs|Br; (71, Fig. 15).°” The target compound is obtained
by reacting [GaSBr], with dmap in MeCN under reflux conditions. Reactions at room temperature yield an intermediate based on
a six-membered {Ga3S3} ring, [(4-Me;NCsH4N)GaSBr]3, which can be further reacted to yield 71 by heating and addition of more
ligand.

Another small cluster family comprises [In;gTeso]°” nanowheels. The first example was stabilized by addition of 1,2-
diaminocyclohexane (dach) ligands, as well as by (Hdach)™ and [Mn(dach)s]> " countercations. Upon solvothermal treatment
of InCl with Mn and Te powder in an aqueous dach solution, the compound was isolated as [Mn(dach)s],[InysTeso(dach)e]-
2Hdach-H,0 (72, Fig. 16).>” The anion comprises six {In,Tes} units constructed from condensed {InTe,} tetrahedra and six
{InTes(dach)} subunits with bipyramidally-coordinated In sites. This creates wheels with average outer diameters of 15.54 A
centered around an Hdach-coordinated water molecule, which is ascribed a templating function. Two further rings of this type
are obtained by varying the ligands and the transition metal ions.

Addition of phen to a solvothermal reaction of elemental Te, In, and M (M = Fe, Ni) in 1,3-diaminepropane (dapn) results in
the formation of «crystals of the two derivatives [Fe(phen)s],[InigTeso(dapn)e]-2Hdapn-dapn (73) and
[Ni(phen)s],[In;gTeso(dapn)s]-2Hdapn-dapn (74).”* Both compounds do not differ significantly in their anionic sub-structures
though. Due to the monodentate coordination of dapn, however, the In atom in the {InTe;(dapn)} subunits of the nanoclusters
adopt a tetrahedral coordination sphere. As discussed before, the presence of [M(phen),|"" complexes leads to strong cation-
anion interaction in the clusters’ optical spectra.
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Fig. 16 Wheel-shaped cluster anion in [Mn(dach)s]o[In1gTeso(dach)s]-2Hdach-H,0 (69, dach = 1,2-diaminochyclohexane).

Another type of an In/Te nanocluster, [IngTe;,(trien)4] (75, trien = triethylenetetramine, Fig. 17), consists of four corner-sharing
{InTe,} tetrahedra that are further connected to four {In(trien)} units.’” This resembles a cutout of the a-In,Te; phase at a diameter
of about 1 nm. The nanoclusters can be dispersed in ethanol and deposited on surfaces, where they form particles of 8-10 nm.
Owing to the nano-structuring and the shielding by organic ligands, the optical gap of these clusters is heavily blue-shifted relative
to the gap of a-In,Te; bulk (2.7 eV as compared to 0.6 eV).

A compound that is structurally more closely related to a cubane-type cage is [(NEt4)]s[In3Te;]-0.5Et,O (76, Fig. 18). Its inor-
ganic cluster can be derived from a heterocubane-like architecture, in which one In corner is missing. In addition, the three remain-
ing In moieties carry another Te ligand each, instead of an organic rest. This defect-heterocubane-type structural motif is much more
often encountered in group 14 chalcogenides.”® To obtain 76, potassium was dissolved together with the sequestering reagent
4,7,13,16,21,24-hexaoxa-1,10-diazabicyclo|8.8.8 |hexacosane (crypt-222) in liquid ammonia and reacted with In,Tes powder for
2 days. After evaporation of the solvent, the mixture was extracted with acetonitrile and treated with NEt,Br. Crystals could be grown
by layering with Et,O.

While no crystals of Tl congeners of the more common structural motifs have been reported in the literature, some examples exist
with varying structural motifs. The mixed-valence compound [K(crypt-222]5[Tl5Ses] (77, Fig. 19) comprises an inorganic cage that
can be describes as a {TI"™;Se,} heterocubane, which is further extended by an {SeTl'} unit above one of its planes.”” It is obtained
by extracting KT1Se with ethylenediamine (en) in the presence of crypt-222. Two further compounds, which reversibly transform
into one another in a 1:1 equilibrium, can be extracted from the same precursor in liquid ammonia. While the latter do not
form crystals, NMR experiments lead to the sum formulas [Tl4Ses]*” and [Tl;Seg]*” for their inorganic cores. Both, like 77, are

75

Fig. 17 [IngTeqo(trien)s] (75, trien = triethylenetetramine), based on a cutout of the a-InyTeg phase.
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76
Fig. 18 Anion in (NEt)4[In3Te;]-0.5Et,0 (76) exhibiting a defect-heterocubane-type structure.

Fig. 19 Anion in (NEt)4[TIsSes]-0.5Et,0 (77) with a defect-heterocubane-type structure.

assumed to possess a {Tl4Ses} heterocubane-like structure with one or two Tl atoms, respectively, being coordinated by an addi-
tional Se atom.

By reactions of thiolates with TI(T) salts, the neutral compound [Tlg(S'Bu)g] (78, Fig. 20) was isolated.”® It can be regarded as two
{TI5S4} defect-heterocubane-type cages that are connected at their missing corner via two Tl atoms.

4.04.3 Group 14 chalcogenide clusters

Chalcogenido metalates of Group 14 elements have been shown to form extended networks, most prominently based on super-
tetrahedral or {T3E;} defect-heterocubane-type subunits. However, these and other chalcogenido metalate units can also be ob-
tained in a molecular form, either as [T4E;o]*~ anions, which will be presented first hereupon, or as neutral clusters with
organic ligands that saturate the T atoms, which are outlined thereafter. Especially the organometallic clusters show a variety of
structural motifs, that can be converted into one another or coexist in corresponding equilibria. We will thus illustrate the basic
structural motifs and the relationship between the cluster topologies in a chapter to follow.
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Fig. 20 The thiolate cluster [Tlg(SBu)g] (78) with two Tl-bridged defect-heterocubane-type units.
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Fig. 21 Adamantane-type clusters with different elemental combinations in Na4[SisS10] (78, top), Rbs[GesSeqo] (89, left) and [K(18-crown-6)]
[Sn4Teqo] (100, right).

4.04.3.1 Compounds based on purely inorganic [T4E1g]* ~ supertetrahedra

A plethora of salts comprising [T4E;0]* ~ anions and a variety of cations have been known. Their simplest examples, which comprise
metal or ammonium cations, were reported mainly regarding their syntheses and structures. Most of these compounds were ob-
tained by high-temperature solid-state or solvothermal synthesis from the elements or from simple binary salts. Eventually, the
research focused on more complex compounds and their specific chemical and physical properties.

The first structural elucidation of a monomeric adamantane-type anion was carried out in 1971 on crystals obtained from a satu-
rated solution of GeS; and Cs,S. The resulting compound, Cs4[Ge4S10] (79), contains adamantane-like anions with only slight devi-
ations from and ideal T4 symmetry.>” Its high stability in solutions over a broad pH range, as compared to other thiogermanates,
was attributed to its rigid structure, which sterically hinders Ge—S bond cleavage needed for further reaction to GeS,.*°

A solid-state synthesis at high temperatures can also be used to form discrete [T4810]47 anions. GeS, or SiS, react with Na,S to
generate crystals of the sodium salts Nas[Ge4S10] (80) and Nay[SisSi10] (81, Fig. 21), respectively, albeit the crystals of 81 could not
yet be grown in a sufficiently high quality for exact structural elucidation.®’®? Also TI(I) cations play a role in this context;
Tl4[GesS10] (82) was obtained from a similar reaction of TI,S and GeS, *? Through the combination of GeS, and BaS at
1250 °C, dications could also be introduced, thereby forming crystalline Ba;[Ge4S10] (83).°"

The first selenium analogue, Tl4[Ge4Se o] (84), was synthesized via the route applied to generate 82.°* The Se compounds were
found to quickly hydrolyze and form H,Se when exposed to traces of water. Simple stoichiometric reactions from the elements,
leading to Nay[SisSejo] (85) at first, could also be realized.®® The heavier congeners, Nay[GesSeip] (86) and K4[GesSe;o] (87),
were isolated from analogous reactions.®®®” The Cs and Rb compounds Cs4[Ge4Se;o]-2MeOH (88) and Rbs[GesSe o]-MeOH
(89, Fig. 21) emerge from solvothermal reactions of M,CO3 (M = Rb or Cs), Se, and Ge in methanol at 190 °C beside crystals
of Csy[Ge,Seg] or Rby[GeSe,], respectively.®®’

First Sn analogs of these adamantane-type anions were obtained much later and via a different route: By fusion of the elements,
an alloy of the nominal composition KSng ¢7Sej 93 was created and extracted in en and liquid ammonia in the presence of the
sequestering reagent crypt-222 or 1,4,7,10,13,16-hexaoxacyclooctadecan (18-crown-6), resulting in crystals of [K(crypt-
222)]4[Sn4Seio] (90) or [K(18-crown-6)]4[SnsSeio] (91), respectively, upon addition of THF.”””' The elemental combination
allowed for thorough investigation by NMR spectroscopy, confirming the adamantane-type structure in solution. For another
example, an Sn,Se; cathode was used in an electrochemical reaction in an NEtBr electrolyte solution in en, resulting in the forma-
tion of [NEty]4[SnySe;o] (92).”” In the framework of a comprehensive study on a series of compounds [NR4]4[SngE;o] (R = Me:
E=S, Se, Te 93, 94, 95; R=Et: E=S, Se, Te 96, 92, 97), the first sulfur and tellurium congeners were fully described, which
were isolated after extracting the corresponding, stoichiometric, alloys with NR4Br in en.””

As already mentioned for group 13 chalcogenide clusters, compounds containing telluride ligands are much rarer and more
sensitive than their lighter congeners. To obtain the first adamantane-type cluster with Te atoms, K4[SisTe;o] (98), a solid state reac-
tion was carried out starting from the elements.”* The Ge congener was obtained by extraction of a solid with the nominal compo-
sition K,Ge,Te;o, formed by fusion of K;Te, Ge, and Te at high temperature, with en and subsequent layering with a solution of
NEt,Br. The resulting black crystals were determined to be (NEty)4[GeyTe1] (99).”” Analogous to the synthesis of 91, extraction
of K4SnyTeq( yielded [K(18-crown-6)]4[SnsTeqo] (100, Fig. 21). The homologous series was completed with 95 and 96, which
were synthesized later in time.”"

The air-stable ammonium salt (NMeg4)4[Ge4S10] (101), which served as starting material for many follow-up syntheses, was
formed by a solvothermal reaction between GeS, and Me,NHS in an aqueous solution of H,S.”° Nearly simultaneously, an alter-
nate synthesis route was developed independently, in which GeS, was reacted with Me4NCI without an additional sulfur source.””
The salt was subsequently used as a monomeric building block for the formation of three-dimensional open-framework
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104
Fig. 22 Lamellar buildup of (m-C12C25NMes)4[Ge4S1o] (104), shown in a cutout of the crystal structure.

compounds of the type (NMey)2,[MGesS10], by addition of M?* ions (M = Mn, Fe, Co, Zn). These demonstrate the possibility for
the formation of porous materials with diamond-type topology from adamantane-type anions.”® " The experiments could addi-
tionally be expanded to the Se congener, (NMe,)4[GesSe;o] (102), and respective networks,®' as well as to the corresponding Sn
compounds 93-97.”% Especially the latter were systematically characterized for their physical properties as well as their electronic
situation.

In a very similar reaction, the mixed-ammonium compound (EtNH;3)3;(MeNH;3)[GesS10] (103), generated by heating of
[MeNH;3]Ge;,S; in an ethanolic solution of ethylamine, forms linear chains of the composition (NEts)4[MGesS10] (M = Cu, Ag),
when CuCl or AgOAc are added together with tetraethylammonium bromide and methylurea.®” In either case, neighboring ada-
mantane subunits are linked via metal coordination of terminal sulfur atoms to metal ions in between.

A different order of cations and adamantane-type anions was realized in the lamellar structures of (n-C,Ha,+ 1NMes)4[GesS1o]
(n=12, 14, 16 and 18; 104-107, Fig. 22), in which layers of anions are separated by layers of alkyltrimethyl surfactant molecules
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115
Fig. 23 Non-lamellar arrangement of the cations around the anion in (7-CgC17NMezH)4[Ge4Seqo] (115).


mailto:Image of Fig. 22|tif
mailto:Image of Fig. 23|tif

94 Non-oxide p-block (semi-)metal chalcogenide cage compounds

that interact with each other through van der Waals interactions.®” The thickness of the organic layers is strictly dependent on n,
which provides adjustability at the mesoscopic scale. A thicker layer also correlates with a decrease of the temperature for
a solid-to-solid phase transition. It is possible for all these compounds to reversibly absorb linear alcohols. The speed of both
the absorption and the desorption process depends on the size of the alcohol molecules. Those results prompted the extensive
studies of similar selenium anions separated by layers of alkyl trimethylammonium cations (n-C,Hy,+1NMes)s[GesSeqo]
(n=8, 9, 10, 12, 14, 16, 18; 108-114), and the respective hydrogen substitute (n-CgH;7NMe,H)4[Ge4Sejq] (115).%* These
compounds were obtained by metathesis reaction of K4[Ge4Se;o] (87) and the corresponding ammonium halide in solution, which
takes place readily for smaller side chains, but requires elevated temperatures for ammonium salts with larger spatial demand.
Single crystals suitable for X-ray diffraction (XRD) of 108, 109 and 115 were observed after about a day, whereas compounds
110-114 remain microcrystalline. The structures of 108 and 109 mirror the lamellar buildup observed for 104-107, with 110-
114 most likely following suit according to powder X-ray diffraction (PXRD) data. Due to strong secondary N-H-+-Se (2.38 A) inter-
actions in 115, the anionic adamantane-type clusters do not form layers, but arrange in loose columns, with a large non-bonding
distance of >7.27 A between them. This enables a close coordination of 4 ammonium cations by each adamantane-type anion
(Fig. 23).

A similar arrangement was found in the compound {(n-C4Ho)3NH}4[GesSe;o] (116), obtained from 87 through treatment with
tributylamine under acidic conditions. Again, reversible absorption of alcohols was observed for 108-114, but not for 115; this
suggests that the alcohols normally intercalate between the organic surfactants and the clusters, which seem to be too strongly
bonded in 115. All materials, 104-116, were shown to be isolators or semiconductors by UV-vis spectroscopy, with the Se
compounds exhibiting smaller band gaps in general, and 115 showing the smallest value of 2.14 eV. Another study explored
more heavily protonated samples (n-C,H,,, + 1NH;3)4[GesS10] (n = 12, 14, 16, 18; 117-120) obtained from 80 and the correspond-
ing ammonium chloride in water.®> These compounds seem to exhibit an orderly lamellar structure, with the thickness of the
organic layers being purely dependent on the chain length of the ammonium cations, as was corroborated by PXRD and XRD in
the case of 117 and 118. The organic and inorganic layers are connected by short N-H---S hydrogen bonds (average N---S distance
of 2.6 A). A similar solid-state phase transition as was observed for 104-107 was detected here, too, again reinforcing the related
buildup. In contrast to the quoted materials, however, no alcohol intercalation can be observed here due to the strong adhesion
between the layers.

A crystal structure akin to that of 115 and 116 can also be observed in the Sn compound {(C3H7)2NH;}4[SnySe;o]-4H,0 (121),
in which a much larger N-H-+-Se (3.44 A) distance was detected, and in which the second proton forms hydrogen bonds to a water
molecule present in the crystal structure.®® This compound was unexpectedly observed during investigations of {[SnsSe;]*"},
networks emerging from hydrothermal treatment of the elements in an amine solution. The band gap of 121, 2.41 eV is larger
than that of 115. The related compound {(sec-C4Ho),NH;}4[SnsSejo]-2H,0 (122), again obtained by hydrothermal reaction of
the elements in the corresponding amine, arranges in a different fashion, with discrete anions coordinating to three cations only
(average N- H---Se= 3.42 A).%” Two of the cations interact with the same Se atom, while the fourth ammonium ion is coordinated
by two water molecules, thereby forming channels in the crystal. At higher temperatures, water and some of the ammonium ions are
released, and a layered structure is formed according to PXRD data. From 188 °C onwards, a decomposition to SnSe,, and at 536 °C
further to SnSe, is observed.

In the presence of 4,4'-bipyH, bications, another type of inorganic-organic hybrid network is formed. In (4,4'-
bipyH,)2[Ge4S10] - 4,4'-bipy- 7H,0 (123, Fig. 24), alternating inorganic and organic layers, comprising the adamantane-type anions

(™

123
Fig. 24 Cutout of the layered structure in (4,4’-bipyHo)»[GesSeqo]-4,4’-bipy-7H,0 (123). Water molecules are omitted for clarity.
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125
Fig. 25 Cutout of the structure of [Ni(dap)3]2[Ge4S10]Cl4 (125). CI~ anions are omitted for clarity.

as well as coordinating water molecules and hydrogen-bonded [4,4’-bipyH,---4,4’-bipy---4,4’-bipyH,| trimers with 7t-stacking
interaction between them form the crystal structure.®® 123 was synthesized from 101 hydrothermally with 4,4'-bipy and Cu(NO3),.

Apart from purely organic templates, organometallic complexes have been used to create different crystal structures with
adamantane-type anions. The isostructural compounds [M(dap)s]|2[GesS10]Cls (dap = 1,2-propanediamine, M = Co: 124,
M = Ni: 125, Fig. 25) are prepared by a solvothermal reaction of GeO,, sulfur, antimony, and MCl,-6H,0 in dap. They occur
as zig-zig chains formed by the metal complexes and chloride anions, in between which the adamantane-type molecules undergo
S---H interactions with the -NH, groups of the dap molecules.®’ Curiously enough, Sb atoms are not observed in the product, but
seem to be necessary for crystal formation.

Two further examples contain Ni complexes of triethylenetetramine (teta), which are also obtained by a solvothermal reaction
from GeO,, NiCl,-6H,0, and the elemental chalcogen in teta, heated at 170 °C for 12 days.”” In [Ni,(p-teta) (teta),][GesS10] - H,O
(126), two Ni atoms coordinated by all four amine sites of one teta molecule each are bridged by an additional teta moiety, which
coordinates to each of the Ni centers with two of its nitrogen atoms. When repeating the reaction with Se and heating for 16 days,
crystals of [Ni,(teta),][GesSeio]-0.5H,0 (127) are formed; here, the cations contains one n*-teta ligand and one n’-teta ligand.
When using the reaction parameters of 126, but carrying out the reaction at 160 °C for 5 days instead, water free [Niy(teta),]
[GesS10] (128) is obtained, featuring the same cationic substructure as in 126.”' Changing the reaction temperature to 200 °C leads
to an isomer (129) of 126 with a chiral, helical structure in 6 days reaction time.”” In 129, the dimeric cation, the adamantane-type
anions, and the water molecules contained in the crystal form helixes through extended hydrogen bonding between all subunits.
Enantiopure crystals of both configurations were isolated in small yields.

The solvent molecules in [Ni,(phen)s]2[GesS10]-solv (4MeOH-12H,0: 130; 24H,0: 131) play an important role in the optical
properties of these substances, as solvochromism leads to a rapid color change from yellow (130) to pink (131) when immersing
crystals in water or methanol, respectively (Fig. 26).”” This is explained through fast re-crystallization taking place when exposed to
these liquids, as was proven through XRD experiments. Other alcohols can also induce a color change of 131, although at a much
slower pace, and without the growth of crystals usable for XRD. However, the selective access of both compounds from compound
101 required specific steps. While 131 can be easily obtained by reacting 101 with [Ni(phen);Cl;] in a DMF/water mixture,

130 131
Fig. 26 Photographs of crystals of solvates of [Ni(phen)z]o[GesS1o]-solv (phen = 1,10-phenantroline) exhibiting solvochromism. (Left) solv = 4
MeOH- 12 H,0 (130), (right) solv = 24 H,0 (131).%
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a methanolic solution of [Ni(phen);Cl,] needs to be layered over an aqueous solution of 101, being allowed to slowly diffuse into
it, in order to isolate compound 130.

[Hoy(tepa),(n-OH),Cly]2[SngSeqp] - 4H,O (tepa = tetraethylenepentamin, 132), prepared from SnCly-5H,0, HoCl; and Se
powder in a solvothermal reaction in tepa, represents an example for a lanthanide complex acting as a structural template.”* In
the crystal, the adamantane-type anions are arranged in a halite-like manner; the dimeric Ho complexes are situated in between
them, thus also forming a substructure of the NaCl-type. Still, the specific shape of the ions allows channels in the [001] directions
to form, which are filled with water molecules. All parts of this network are connected via hydrogen bridges. The band gap, found at
2.49 eV, is dominated by excitation events within the anion, as is often found for cluster compounds based on adamantane-type
units. By measurement of the magnetic properties, the xyT value at 300 K was determined to be close to the one for two uncoupled
Ho>" ions. The yuT product decreases with decreasing temperature, and the inverse susceptibility can be fitted to the Curie-Weiss
law with C=32.3 cm®Kmol™' and ® = —11.5K. In a follow-up study, a series of isostructural compounds similar to 132,
[Ma(tepa),(n-OH),Cly]o[SngSeqo]-4H,O (M =Y, Dy, Er, Tm; 133-136) was found to co-crystallize with the corresponding
[My(tepa),(u-OH),Sn,Ses] compounds with one-dimensionally extended substructures as the minority product.”’® The synthesis
conditions are similar to those of 131, when substituting Ho with M, but the addition of Ag powder to the reaction mixture
appeared to be vital to obtain crystalline material.

In another synthetic approach using two liquid phases, 101 was dissolved in water and added to a solution of a transition metal
complex in acetonitrile.”® The products of this type of reactions are [Ni(cyclam)]3[Ni(cyclam)(H,0),][GesS10]-21H,0 (137,
cyclam = 1,4,8,11-tetraazacyclotetradecane), [Mn(2,2'-bipy),H,0]2[GesS10]-3H2O (138), and [Fe(2,2'-bipy)s]2[GesSi10]- 10H,O
(139). The structure of 137 is composed of alternating layers. Layer 1 contains anions and [Ni(cyclam)]" in a 1:2 fashion, being
connected by some water molecules, while in layer 2, [Ni(cyclam)]" and [Ni(cyclam)(H,0),]" are surrounded by water clusters.
138 can be viewed as two Mn complexes that are covalently bonded to an adamantane-type anion via bridging sulfur moieties.
Lastly, the iron complexes in 139 form rods by -interactions, leaving channels accommodating the adamantane-type units. A sol-
vothermal reaction of Sn, Se, and NiAc,-4H;0 in a mixture of teta and N-(2-hydroxethyl)-ethylenediamine (hda) afforded [Ni(te-
ta)(en)][Ni(teta)(hda)][SnsSe;o] (140); the en molecules stem from in-situ decomposition of hda.”” Based on investigations of the
optical properties, including its photocurrent response, 141 exhibits moderate photoelectric conversion properties as comparted to
other chalcogenido stannates.

Another type of templating ligands for the formation of inorganic-organic hybrid materials in this chemistry are purely organic
polyaromatic substances. Two products, [DMBPE];[GesS10]-8H,O (141, DMBPE = N,N’-dimethyl-1,2-bis(4-pyridinium)-
ethylene) and [DMBPE],[Ge4S19]-5H,0 (142), can be obtained from the same simple reaction of 101 and DMBPEI, in water.”®
In both cases, anions and cations are connected by N---S and C-H---S interactions. In 141, all cations are arranged in a parallel
fashion and show w-stacking (Fig. 27), whereas one out of three cations in 142 adopts an orthogonal position relative to the
two other ones, and is therefore not available for such interactions. The measured band gap in the solid state is 2.15 eV, which
is significantly lower than that of 101 (3.60 eV) or other comparable compounds, like 128 (2.31 eV). This is attributed to ion-
pair charge transfer (IPCT) processes between the organic and inorganic subunits.

The N,N’-dimethyl-4,4'-bipyridinium cation, also known as methylviologen dication (MV?*), is an electron acceptor, and as
such also serves to form IPCT compounds based on adamantane-type anions. 101 and MVI, react in a mixture of water, DMF,
and methanol to form [MV];[GesS10]-6H,0 (143), which crystallizes in a green (143a) and an orange (143b) polymorph
(Fig. 28).”” 143a crystallizes in the highly symmetric tetragonal space group I4,/a. All terminal sulfide ligands of the anions connect
to a neighboring anion’s sulfide ligands through a p-(OH;) molecule, thus forming an extended three- dimensional network. In
addition, each anion undergoes two S---C contacts to MV>" cations at opposite 1-S positions, as well as several S---H-C interactions.
In 143b (monodlinic space group C2/c), the cations form pairs through 7-stacking and connect to the anions via their terminal S
atoms. The water and adamantane-type anions form zig-zag chains along the c-axis. When layering an aqueous solution of 101 with
MVI, dissolved in methanol, red needles of [MV];[GesS10]-MeOH (144) crystallize instead (Fig. 28), in which the anions and
solvent molecule form extended networks through hydrogen bridges. The anion---cation contacts are closer than those in the poly-
morphs of 143, leading to a lower- energy charge-transfer transition between the ion pairs as compared to compounds (143a:
2.21 €V, 143b: 2.08 eV and 144: 1.65 eV; Fig. 28). 143 turns a red color when exposed to MeOH, which causes reflexes of 144
to appear in the PXRD. The process can be reversed by exposure to water. 143 exhibits a photocurrent response with fast separation
and transfer rates when irradiated by xenon light during its use for coating indium tin oxide working electrodes in three-electrode
photochemical cells.

In a subsequent study, the methyl substituent in MV>" was exchanged with different simple organic groups to generate the ethyl
(EV21), n-butyl (n-BV>"), n-pentyl (PV>"), and benzyl (BV>") derivatives, and their corresponding compounds with [Ge4S1o]*~
(145-148).'%° Additionally, the solvate [MV]5[GesS10]-5H,0 (149) was generated in a buildup, which is very close to that of
143b. The N---S cation anion contacts in 145, involving both the terminal as well as the bridging sulfur atoms, vary in a broad range,
from 3.345 A to 3.994 A due to the very unsymmetrical coordination of the adamantane-type clusters in the crystal. According to
their higher symmetry, the tetragonal compounds 146-148 exhibit four equal N---S distances each, between the terminal S posi-
tions and n-BV?" (3.454 A), PV>" (3.493 A), or BV?" (3.773) cations. This results in charge transfer bands between 2.50 and
1.75 eV, with shrinking bandgaps in the order 143 > 148 > 145 > 147. While the compounds with aliphatic substituents, 143
and 145-147, show a decrease of the photocurrent response after 30 cycles of irradiation due to photodegradation, the benzyl deriv-
ative 148 remains stable over multiple cycles, which is attributed to the steric hindrance of the ligand.
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142

Fig. 27 Cutout of the structures of [DMBPE]5[Ge4S+o] - 8H.0 (141, DMBPE = N,V -dimethyl-1,2-bis(4-pyridinium)-ethylene, top) with parallel cations
only, and [DMBPE]»[GesS1q] -5H20 (142, bottom) comprising parallel and orthogonal DMBPE molecules. Water molecules are omitted for clarity.

The macrocycle 5,10,15,20-tetrakis-(N-methyl-4-pyridyl)-porphyrin (TMPyP) can also be used to form IPCT complexes in a sol-
vothermal reaction of TMPyP-(PFg), with 101 at moderate temperatures.'" The resulting compound, TMPyP[Ge4S10] - 5H,0 (149,
Fig. 29), forms dark green crystals, in which the anions interact with a porphorin unit each (short contacts S---N=3.223 A and
S---H-C = 3.484 A). Additionally, each porphorin comes close to four additional adamantane units via their pyrrole rings, with
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Fig. 28 (A-C) Photographs of crystals of the polymorphs [MV]2[Ge4S10]-6H20 (143a, a; 143b, b, MV = N, N -dimethyl-4,4’-bipyridinium), as well
as the methanol solvate [MV]2[GesS10]-MeOH (144, ¢).° (D) Optical absorption spectra of compounds 101, 143a, 143b, and 144.

S---C=3.238 A and 3.362 A, thus providing pathways for the charge transfer in this compound. By addition of MnCl-5H,0 during
the reaction that yielded 149, the porphyrin unit acts as a macrocyclic ligand for the transition metal cation. [MnTMPyP][Ge4S10]-
13H,0 (150, Fig. 29) is thus obtained, in which a Mn atom resides slightly off-plane in the center of the cationic porphorin moiety;
in addition, the transition metal cation is coordinated by a terminal sulfide ligand of one adamantane anion. Moreover, these ion
pairs form dimers via weak C---Mn interactions between their cations. 149 shows a stronger charge transfer when compared to 150,
which also causes a stronger photocurrent to occur in 149, as well as a more efficient quenching of the fluorescence that is observed
in simple TMPyP compounds.

4.04.3.2 Organotetrel chalcogenide clusters based on adamantane-type {T4Eg} or semicubane-type {T3E4} cores

When (formally) exchanging the terminal chalcogenide ligands in the previously discussed adamantane-type clusters by organic
ligands, a mostly neutral family of cluster compounds is obtained. However, the molecular structures of such organotetrel chalco-
genide clusters are not limited to an adamantane-like buildup, but is dependent on factors like the sterical demand or the Lewis
basicity of the ligand, the chosen synthetic approach, or the elements present in the inorganic core. In some cases, equilibria
between isomeric structures are found, which can be influenced by parameters like temperature or reactant ratios. For these reasons,
the most prominent archetypes will be introduced here to give an overview of the cluster family before discussing individual
compounds in more detail.

4.04.3.2.1 Structural motifs of the inorganic cores of organotetrel chalcogenide clusters, and their general synthetic approach
Two isomeric sesquichalcogenide structures of the composition [(RT)4E¢], one being the above mentioned adamantane (AD), and
one the so-called double-decker (DD) type, are the most prominent archetypes. The double-decker-type can be understood as two
coplanar {T,E,} four-membered rings, the T position of which are connected by two further p-E atoms. For a few elemental compo-
sitions and synthetic routes, a noradamantane (NA) type buildup [(RT)4Es] is preferred, in which one chalcogenide ligand from the
AD-type structure is eliminated in favor of a direct T-T bond. Especially in the presence of back-coordinating ligands, defect-
heterocubane (DHC) type molecules [(RT)3E4X] are often found to form, in which X is a monoanion that can either be bonded
directly to a T position in an overall neutral cluster, or be comprised in a counterion that shows weaker interactions to an overall
cationic cluster molecule. Especially for more sterically demanding organic ligands, an aggregation into a bis-defect-heterocubane
(BDHC) type cluster structure of the composition [(RT)4T2E;¢] was observed, in which two DHC units are bridge via a central
{T,E,} four-membered ring, while the third organic group per DHC unit was released in a concomitant redox step. The mentioned
structural archetypes are shown in Scheme 3.
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Fig. 29 lon pairs in TMPYP[Ge4S1o]-5H20 (149, top) and [MnTMPyP][Ge4S+o]- 13H,0 (150, bottom). TMPYP = 5,10,15,20-tetrakis-(A-methyl-4-
pyridyl)porphorin.
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Scheme 3 Predominant archetypes in organotetrel chalcogenide clusters along with their common abbreviations: adamantane (AD), double-decker
(DD), noradamantane (AD), defect-heterocubane (DHC) and bis-defect-heterocubane (BDHC).
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Fig. 30 Examples of different organotetrel chalcogenide hetero adamantane-type clusters [(MeSi)4Sg] (151), [(MeSn)4Sg] (155) and [(CF3Ge)4Ses)
(160).

The most prevalent syntheses for the named types of compounds is achieved via condensation reaction of an organotetrel tri-
halide, in most cases RTCl3 (R = organic rest, T = Si, Ge, Sn) with a chalcogenide source A,E (A = hydrogen, alkali metal, SiMes;
E =S, Se, Te) under elimination of ACl in common solvents. When no synthesis route is given in the text, this general route was
applied.

4.04.3.2.2 Synthesis and structures of organotetrel chalcogenide clusters

The synthesis and structure of so-called “sesquichalcogenides” of the general formula “(RT),E;” has been discussed in dated liter-
ature since 1903, when first investigation on the reactivity of methyl tin compounds with H,S were reported.'®” The correct AD
structure, with double the formula unit, was first experimentally implicated by interpretation of mass spectra, as well as infrared
and NMR spectra 60 years later for the compounds [(MeSi)4Eq] (E=S: 151, Fig. 30; E = Se: 152), and [(Et;Si)4E¢] (E=S: 153,
E = Se: 154), which were obtained from RSiH3 and H,E at elevated temperatures.'’” A similar suggestion was made for the organo-
tin sulfide congeners [(RSn)sS¢] (R = Me: 155; R = n-propyl: 156, R = n-butyl: 157), produced from the corresponding alkyltin
oxide and Na,S$ in an acidic environment.'® The first successful XRD experiment was conducted on compound 155 (Fig. 30), which
confirmed the suggested AD topology and excluded the DD-type alternative.'® Structural investigations on the Ge congener of 155
[(MeGe)4Ss] (158) has come to the same conclusion 1 year later,'’® and a publication on XRD measurements of 151 followed
(Fig. 30)."°” The structure of Se homologues, which show a higher sensitivity to hydrolysis than the corresponding sulfides, was
subsequently elucidated for [(MeSn)4Ses] (159),'°° [(CF3Ge)sSes] (160, Fig. 30),'°” and [(ThexSi)4Ses] (161; Thex = 1,1,2-
trimethyl propyl). AD-type clusters with a variety of different organic ligands were rapidly realized and spectroscopically analyzed
by the routes given above, most of them containing simple aliphatic or other non-polar organic groups. Examples are: [(CF3Ge)4S¢]
(161), [(EtGe)4S6] (162),'°” [(RSn)4Se] (R = mesityl: 163; R = 1-naphthyl: 164; R = 4-methylphenyl: 165; R = 4-methoxyphenyl:
166; R = 4-fluorophenyl: 167; R = 3-fluorophenyl: 168; R = CgFs: 169; R = CgHs: 170),"'? [(trisSn)4E¢] (tris = C(SiMe3)s, E=S:
171, E = Se: 172), [(n-BuSn)4E¢] (E =S: 173, E = Se: 174).'""

In other cases, the organic ligands could be replaced by transition metal complexes, as in the case of [{FeCp(CO),Sn}Seg] (175,
Fig. 31)"'? and [{MoCp(CO)3Sn},Tes] (176, Fig. 31),'"* both obtained by reactions of [{MCp(CO),}SnCl3] and the correspond-
ing sulfide E(SiMe3),. 176 remains one of the few examples of organotetrel telluride clusters exhibiting the AD-type topology to this
day.

In a later study, the sulfur congener [{FeCp(CO),Sn}4S¢| (177) was isolated in higher yields upon using (BusSn),S as sulfide
source.''" Attempts to obtain the exact sulfide analog of 175 by reacting S(SiMe3), with [{FeCp(CO),},SnCl,] yielded a dimeric
intermediate first, [ {FeCp(CO),}4Sn,Se;], and crystals of [{FesCps(CO);Sn3S4] (178, Fig. 32) a few days later. 178 was the first

175 176

Fig. 31  AD-type clusters with transition metal complex ligands instead of organic ligands, [{FeCp(C0)>Sn}4Seg] (175) and [{MoCp(C0)3Sn}sTeg]
(176).
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178 179

Fig. 32 DHC-type clusters with transition metal complex ligands instead of organic ligands, [Fe4sCp4(C0)7Sn3Se4] (175) and [{FeCp(CO)2Sn}sSe,Cl]
(176).

example to crystallize in a DHC-like architecture (more about this below), yet with one peculiarity: one of its Sn atoms is bonded to
two metalloligands, in one of which a CO group was replaced by a unique additional i3-S bridge.' '

[{FeCp(CO),Sn}3Se4Cl] (179, Fig. 32), with a more typical DHC-type buildup, was obtained in a similar reaction as the one
affording 175, but by using Na,Se as a selenide source instead of Se(SiMes),.'"”

A different way of utilizing organometallic complexes as ligands for adamantane-type clusters is the use of a ferrocenyl (Fc)
precursor FcSnCls, which leads to the formation of [(FcSn)4Se] (180) or [(FcSn)4Seg] (181, Fig. 33), depending on the chalcogenide
source used.''®"'” The UV-visible absorption edge is red-shifted in both cases, as compared to ferrocene alone, but more so for 181.
Their electrochemical properties were investigated by cyclic and differential-pulse voltammetry, with both compounds showing

Fig. 33 AD-type organotin selenide cluster decorated with ferrocenyl (Fc) ligands, [(FcSn)sSeg] (181).

182 184 191

Fig. 34 Molecules with a DD-type structure [(‘BuGe)sSg] (182), [(ThexSi)sSeg] (184; Thex = 1,1,2-trimethyl propyl) and [(2,4,6-PrsCeHaGe)4Tes]
(191).
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a reversible single-step oxidation, although the broad peak shape especially in the spectra of 181 hints at a communication between
the redox sites.

Eventually, the first DD-type cluster [(‘BuGe);Ss] (182, Fig. 34) was obtained by a reaction of ‘BuGeCl; with ammonium pen-
tasulfide at room temperature.''® When reacting the precursor with H,S at elevated temperatures instead, the AD-type isomer
[(‘BuGe)4Ss] (183) was isolated. As 182 can be transformed to 183 by heating, the DD-type structure seems to be a kinetic product
in this case and rearranges to form the thermodynamically more stable AD-type topology upon tempering.

This rearrangement has been studied more systematically for the family of compounds [(ThexT)4E¢], with T=Si, E=S: 184
(DD, Fig. 34), 162 (AD), E = Se: 185 (DD), 186 (AD); T = Ge, E = S: 187 (DD), 188 (AD), E = Se: 189 (DD), 190 (AD).""” Again,
the steric demand of the Thex ligands leads the reaction towards the DD-type structure upon reaction of ThexTCl; and Li,E. When
heating the sample in decalin, the sulfide clusters 184 and 187 were observed to rearrange at 195 °C, while the Ge/Se compound
189 changed its structure to form 190 at a significantly lower temperature, 80 °C. The authors expanded on their findings in a further
study, where they could also discover the rearrangement of 187 to 188.'*° Additionally, they discovered that a reverse reaction of
some of the named compounds was also possible, and that the reactions between the DD and the AD type can thus be viewed as
being a temperature-dependent equilibrium. An exception seems to be compound 188, which could not be transformed to 187
under any tested conditions. The kinetics of these rearrangements have been studied in great detail in the context of this compre-
hensive study.

Another DD-type compound [(2,4,6-iPr3sCcH,Ge)4Tes] (191, Fig. 34) was isolated as the minor product in a reaction of hexa-
kis(2,4,6-triisopropylphenyl)tetragermabuta-1,3-diene with Et3PTe, for which the major products were based on six-membered and
three-membered rings of Te and RGe."”"

Another reoccurring structural motif containing direct T—T bonds, is the NA type, which is formally generated by removal of
a chalcogenide ligand from the AD-type structure. It was first observed in [(MesGe)4Ss] (192; Mes = mesityl), which forms besides
[(MesGe)sSs] (193) when reacting MesGeCl; with S(SiM3); in benzene at 80 °C; notably, 192 was not observed when using other
sulfur reagents.'>> When choosing a dimeric precursor that already contained T—T bonds, (‘BuSi),Cly, and reacting it with Li,E, the
NA-type clusters [(‘BuSi)4E5] (E=S: 194; E = Se: 195) are obtained selectively. The Ge analogue (‘BuGe),Cl; only generates
[(‘BuGe)4Ss] (196) selectively in reactions with H,S. Other reagents and conditions lead to mixtures with 183 and/or [(‘BuGe)4S,]
(197), in a rare bisnoradamantane-type architecture, in which a second bridging chalcogenide ligand in 196 (the one opposing the
already existing Ge—Ge bond) was formally removed in favor of a second Ge—Ge contact. The reaction leading to 194 and 195 can
also be carried out with the corresponding methyl precursor to yield [(MeSi)4Es] (E = S: 198, Fig. 35; E = Se: 199), even though 1
equivalent of MeSiClz and NEt; needed to be added to the mixture in order to obtain 198.'?* This proves that sterically demanding
ligands are not urgently required to stabilize NA-type structures.

Reactions using a monomeric and a dimeric tetrel source, like that leading to 198, open up the possibility to generate mixed-
tetrel chalcogenide clusters. Indeed, the simultaneous reaction of (MeSi),Cly and MeGeCl; with H,S and NEt; affords [(MeSi),(-
MeGe),S5] (200, Fig. 35), and [(MeSi),(PhSn),Ses] (201) can be obtained from (MeSi),Cly, PhSnCls, and Li,Se.'** Both
compounds contain Si—Si bonds over Sn—Sn bonds exclusively in accordance with the nature of their precursors.

Avery efficient way to influence the formation of either AD-type or DD-type organotetrel chalcogenide cluster is the utilization of
ligands that contain donor atoms at a position that enable back-coordinating to the tetrel atoms. This was first demonstrated for
[(DEAPSN)4S6]-CHCl3 (202 DEAP = 2-(dimethylaminoethyl)phenyl), in which the lone pairs of the amino groups coordinate
in an intramolecular fashion to the Sn atoms under formation of five-membered rings.lz; At the same time, the coordination
number of the Sn atoms is increased from 4 to 5, which results in a trigonal bipyramidal coordination sphere at the tetrel atom.
This seems to be sterically unfavorable for an AD-type cluster structure, which explains the preference of the DD-type for such
ligands. In compound 202, this comes along with twisting of the two four-membered rings against each other in the DD-type cluster
core (Fig. 36). The phenomenon was thoroughly investigated experimentally and be means of complementary quantum chemical
studies on the example of the back-coordinating ligands R' = CMe,CH,C(O)Me and R? = C,H,COO~ with keto and carboxyl

198
Fig. 35 Molecules with a NA-type structure, silicon based [(MeSi)4Ss] (198) and mixed Si/Ge [(MeSi)2(MeGe),Ss] (200).
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Fig. 36 DD-type clusters with back-coordinating ligands in [(DEAPSN)4Sg] - CHCl3 (202, DEAP = 2-(dimethylaminoethyl)phenyl) and [(R‘Sn)486]
(203, R' = CMe,CH,C(0)Me).

functionalities, respectively. Like discussed for 202, also [(R'Sn)4Ss] (203, Fig. 36) exhibits such five-ring formation, and thus occurs
in the DD-type isomer only.'”® However, as for most of these compounds, no twisting of the ideal structure was detected, in contrast
to the observations reported for 202.

For [(R'Ge)4Ss]- CHCI3 (204, Fig. 37) and [(HR?Ge)4S5] (205), however, no such back-coordination was observed, and the AD
topology was found to form instead. It was thus assumed that a reduction of the steric strain of the five-coordinate tetrel atom in the
DD structure applies only to Sn atoms (at least for S as bridging atoms), so the Ge/S elemental combination prefers to remain in
a four-coordinate version and form the AD-type cluster. Indeed, density functional theory (DFT) calculation indicate a much smaller
energetic preference of a DD-type structure over an AD-type isomer, which can easily be overcompensated by additional effects in
the crystal.

In a study addressing reactions of RGeCl; with alkali metal tellurides, the product was observed to form a DD-type structure,
[(R'Ge)4Tes] (206, Fig. 37), and to exhibit ligand back-coordination in contrast to 204.">” Calculations revealed the DD-type
topology to be nearly isoenergetic with the AD-type buildup in this case, so the observed structure could not be clearly predicted.

For organogermanium telluride compounds, ligands that are terminated by an acid functionality lead to the formation of crys-
tals comprising clusters of an NA-type topology, [(RGe)4Tes] (R = HR%: 207, Fig. 38; R = CH(CH,COOH),: 208). Here, the organic

S

K
209 ’ 206

Fig. 37 Influence of the elemental composition on the back-coordination of the ligand and thus the resulting structure type, illustrated with clusters
with ligands R' (R" = CMe,CH,C(0)Me). The examples exhibit no ([(R'Ge)sSg]- CHCI5; 204), two ([(R'Ge)4Seg]; 209), or four ([(R'Ge)sTeg]; 206)
ligands in an intramolecular back-coordination mode.
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207 213
Fig. 38 Organogermanium telluride clusters with NA-buildup, [(HR?Ge)4Ss] (207, R? = C,H4C007) and [(NCC,H4Ge)sS5] (213).

ligands do not undergo Ge---O interactions—presumably owing to steric restrictions at the small Ge atoms again. The Ge—Ge bond
formation, coupled with a reduction of the corresponding Ge atoms, is possible due to the reductive power of Te?~. The results
prompted the authors to investigate the isomerization energies and the reaction energies for cluster rearrangements between the
DD-, AD-, and NA-type for all elemental combinations of T = Ge, Sn and E =S, Se, Te with the ligands R! (Table 1) and R? by
means of comprehensive quantum chemical calculations. As observed in previous studies, DD-type clusters are preferred for Sn
compounds with R', while Ge congeners rather adopt an AD-type structure. The presence of R?, in contrast, leads to a preference
of AD-type clusters in all cases (with the DD-type architecture being only slightly unfavorable for Sn homologues), except for
the Ge/Te combination described here. Only this elemental combination offers a favorable T—T over T—E bond formation, while
potential Ge---O interactions, which would stabilize the DD-type buildup, are sufficiently weak to be overcompensated. After all,
the theoretical work suggested the findings to be widely in agreement with the experimental findings and thus comprehensible. It
demonstrated the subtle interplay of R, T, and E in the formation and stabilization of such related organotetrel chalcogenide cluster
cores.

The subtleness of these parameters became even more obvious with the finding that, unexpectedly, crystals of the Se congener
[(R'Ge)4Ses] (209, Fig. 37) revealed a DD-type structure. At first glance, this seemed to contradict the previously published calcu-
lations, but a closer look at the structure revealed that only two of the four ligands exhibited a back-coordination to Ge. This change
in conformation causes this structure to be isoenergetic with an AD-type alternative within the errors of the method (see Table 1).
Hence, the nature of the mentioned components, as well as the back-coordination pattern need to be considered for getting
a comprehensive picture.

It was further shown that UV radiation can prompt a rearrangement of 207 to an ionic variant of the NA-type compound
[Na(thf),][(R'Ge™),(Ge™Se) (R' Ge™)Ses] (210, Fig. 39) under elimination of a chlorinated R' ligand. The energy difference calcu-
lated between a DD-type and an NA-type cluster is in good agreement with the finding of radiation leading to this transformation.

The preference for Te compounds to adopt the NA-type structure was also observed for nitrile-decorated compounds synthesized
from NC(CH;),GeCls and the corresponding Na,E salts. While the lighter homologues form the AD-type complexes
[(NCC,HsGe)4Eq] (E = S: 211; E = Se: 212), the NA-type compound [(NCC,H,Ge)4Tes] (213, Fig. 38) was formed with telluride
ligands.'?®

Table 1 Energetics of hypothetical reactions between clusters of the
composition [(R'T)4Eg] in DD-type or AD-type topology or
[(R'T)4Es] in NA-type topology: Energies of the isomerization
reaction between AD and DD, AEpp _ ap, and reaction energies for
transformations between DD and NA + E, AEya_pp, and AD and
NA + E, AEya_ap, corrected by the atomization energy of the
released equivalent of chalcogen E (R' = CMe,CH,C(0)Me; ener-
gies given in kJ mol~").

TE AEpp_ap AEya—pp AEus—po
Ge/S 19.42 70.01 89.43
Ge/Se 11.35 47.41 58.76
Ge/Te 1.71 19.52 21.23
Sn/s -23.71 104.76 81.06
Sn/Se —27.77 85.91 58.14

Sn/Te —29.04 55.96 26.92
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210 '

Fig. 39 NA-type cluster anion and its coordination to a nearby [Na(thf),]* complex in [Na(thf)2][(R'Ge)o(Ge"'Se)(R'Ge"")Se5] (210,
R' = CMe,CH,C-(0)Me).

215 216

Fig. 40 DHC-Type cations in [Nay(MeOH); 5(H20)][(R?Sn)sS4] (215, R? = C,H,4C007) and [Nao(MeOH)2][(R2Sn)(HR2Sn),Sey]
[(HR2Sn)(R2Sn)Se4] - 3H20 (216).

By utilization of potentially back-coordinating ligands, compounds could also be isolated in a DHC-type arrangement for
a variety of elemental combinations. The first example was [Na,(EtOH)s][(R*Sn)3S4]-0.5EtOH (214), synthesized from
R?SnCl;, Na, and Sg in liquid ammonia.'?° In 214, the carboxyl groups coordinate back to all three Sn atoms and furthermore
act as ligands of the sodium atoms in the crystal lattice, which leads to the formation of a loosely-connected three-dimensional
network. Repeating the reaction with Na,S in a water/acetone mixture yields a different solvate, [Nay(MeOH); ¢6(H20)]
[(R*Sn)3S4] (215, Fig. 40), after extraction with MeOH and layering with Et,O. In 215, the counterions and solvent molecules
form layers between the cluster through coordination interactions with each other and the latter.'”” The analogous reaction with
Na,Se cannot be carried out in water owing to the water-sensitivity of the latter; it was thus carried out in liquid ammonia, affording
the partially protonated [Nay(MeOH)][(R?Sn)(HR?Sn),S4][(HR?Sn)(R?Sn),S4]-3H,0 (216, Fig. 40), in which monoprotonated
and diprotonated clusters form one-dimensional chains trough coordination to Na™ cations. This study indicated the importance of
the applied solvent for selectively obtaining the DHC-type or DD-type structures with ligands capable of back-coordination. This
was corroborated by many follow-up studies.

In a subsequent work, further neutral and ionic species of the DHC-type architecture were obtained."*° [(R'Sn)3S,Cl| (217,
Fig. 41) was isolated either by reacting stoichiometric amounts of R'SnCl3 and S(SiMe3), in dichloromethane, or by using an excess
of S(SiMes), and filtering off the precipitating product in toluene. Through the additional Cl~ ligand at one of the Sn atoms, the

Fig. 41 Neutral DHC-type clusters [(R'Sn)sS4Cl] (217, R' = CMe,CH,C(0)Me) and [(R'Sn)sSe4Cl] (221).
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Scheme 4 Stepwise reaction cascade from R'SnCls towards DD-type clusters via addition of E(SiMe3),.

coordination sphere is expanded to a significantly distorted octahedral environment, with the 13-S---Sn contact (not indicated in
Fig. 41) being significantly widened.

It could also be shown by a combined experimental and theoretical study, that the DHC-type clusters represent an intermediate
structure in a condensation reaction cascade from R'SnClz towards the DD-type cluster upon stepwise addition of S(SiMe3);
(Scheme 4). Besides detection of the intermediates in corresponding stoichiometric reactions by NMR spectroscopy, and corrobo-
ration of the findings by quantum chemical calculation of the NMR shifts, the species [(R'SnCl,),S] and [(R'SnCl),S,] were isolated
in crystalline form. The assumed driving force of these condensation reactions is the formation of SiMe3Cl in all cases.

The analogue reaction with Se(SiMes) yielded a white precipitate, which could be re-dissolved. Layering of the solution afforded
[(R'Sn)3Se4][SnCl3]- CH,Cl, (218), hinting at slight decomposition of the material and reduction of the tetrel atom under release of
RCI as was already shown for 210. Repeating the reaction with HR*SnCl; and Li,Se in THF instead yielded a mixture of the ionic
chloride compounds [Li(thf)][R*Sn(HR?Sn),Se4Cl] (219) and [Li(thf);],[R*Sn(HR?Sn),Se,Cl],-4THF (220). 219 forms one
dimensional chains through coordination between the cations and anions, while 220 is buildup of dimers, with O,Li, four
membered rings formed by the clusters ligands and the cations. Again, the additional Cl ligand leads to the elongation of a Sn---Se
bond. An even more systematic study of organotin selenium clusters revealed an analogue reaction cascade induced by addition of
Se(SiMes), to R'SnCls. It leads through [(R'SnCl,),Se], [(R'SnCl),Se;], and [(R'Sn);Se,Cl] (221, Fig. 41) to finally form the DD-
type cluster [(R*Sn)4Ses] (222)."*" The neutral species 221 was obtained here by layering the reactive solution to inhibit further
progress of the reaction.

The same cascade was also investigated for the homologous Te compounds, in which the dimeric intermediates and the final
product [(R'Sn)4Teg] (223) with DD-type architecture could by crystallized and isolated, too, yet not the DHC-type cluster.'?

In addition to the back-coordination provided by R', this ligand type also enables a chemical post-functionalization by conden-
sation reactions with hydrazine and hydrazone derivatives. The practically instantaneous reactions were used to introduce a multi-
tude of ligand extensions and functionalities to the cluster compounds. The most simple version is the reaction with hydrazine itself,
in the form of hydrazine hydrate or its THF adduct for safety reasons, both of which transform R! into the equally back-coordinating
ligands R*> = CMe,CH,C(NNH;)Me. This transformation was possible for the following starting compounds to form their respec-
tive derivatives: 203 to [(R*Sn)4Sg] (224),'%° 217 to [(R*Sn)3S4Cl]-3CH,Cl, (225), 218 to [(R*Sn)3Se4][SnCl3] (226),"7° 221 to
[(R*Sn)3Se,4Cl]-3CH,Cl, (227, Fig. 42), 222 to [(R*Sn)4Ses] (228),"" and 223 to [(R*Sn),Tes] (229, Fig. 42)."*” In all of these

227 229

Fig. 42 [(R®Sn)sSe4Cl] (227, R® = CMe,CH,C(NNH,)Me) and [(R3Sn)4Teg] (229), formed by post-functionalization of clusters terminated with R’
ligands in reactions with hydrazine.
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236

Fig. 43 BDHC-type cluster buildup in [(R*Sn)4Sn,S1o] (236, R = CMe,CH,C(NNHPh)Me).

cases, the inorganic core does not significantly change, with the exception of 227, in which the p3-Se is nearly equidistant to all Sn
atoms in spite of the Cl ligand on one of them (see the solid line drawn in Fig. 42), and 229, which experiences a minor twist similar
to that observed for 202 (Fig. 42). Through a corresponding reaction with the dimeric intermediate [(R'SnCl),Te;], the DHC-type
telluride cluster compound [(R*>Sn)3Te4][SnCl3] (230) could finally be realized, too.'*?

By choosing hydrazine derivatives H,NNHR as a reagent, it was possible to introduce new organic groups R into clusters with the
R' ligand. As a prove of principle, phenylhydrazine was reacted with clusters terminated by R' to generate a new ligand
R* = CMe,CH,C(NNHPh)Me in several reactions: 203 to [(R*Ge)sSs] (231),'°° 222 to [(R*Sn)4Ses] (232),"*' and 223 to
[(R*Sn),4Tes] (233)."°? Again, the organotin telluride DHC-type cluster [(R*Sn)3Tes][SnCl3]-CsH14 (234) was obtained from the
dimeric intermediate. 221 was reacted with phenylhydrazine under partial decomposition to form the known motif in
[(R*Sn)3Se4][SnCl3]-toluene (235), being thus homologous to 234."'

In reactions of 203 with phenylhydrazine, a rearrangement of the cluster core was observed to form the BDHC-type topology in
[(R*Sn)4Sn,S10] (236, Fig. 43). This was explained by the steric demand of the R* group in its back-coordinating conformation.'*®
However, when changing the solvent for the reaction that in dichloromethane would yield 224 to THF, a corresponding transfor-
mation is observed with R?, thus yielding [(R*Sn)4Sn,S10] (237) in spite of a lower steric demand of the involved organic ligand.'*°
This, and the fact that no BDHC-type compounds with R' were observed to date, suggest that the presence of a hydrazine/hydrazone
moiety is vital, most likely due to its redox properties that are needed to release ligands from the Sn atoms of the {SnsS,} ring in the
center of the BDHC-type cluster core.

To obtain the Se congeners in the BDHC-type topology, Se(SiMes3), needs to be added to 222 in addition to the corresponding
hydrazine derivative. In this way, compounds of the type [(RSn)4Sn,Seo] (R = R*: 238; R = R*: 239) were synthesized and isolated
in single-crystalline form.'*”

Fig. 44 Ferrocenyl (Fc) decorated BDHC-type compound [{(CMe,CH,CMeNNCMeFc)Sn}sSnaSeqo] (240).
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In further studies, organic rests with a multitude of structures and functionalities were added to basic organotetrel chalcogenide
clusters. A ferrocenyl-terminated hydrazine group, HNNCMeFc, induced rearrangement of 203 to form [{(CMe,CH,CMeNNC-
MeFc)Sn}4Sn,S10] (240, Fig. 44) in the BDHC-type structure.'** For both compounds, a simple cation [(RSn)3S,]" with a presumed
DHC-type buildup seems to be present in solution, which could not be isolated in any way. Both cyclic and differential pulse vol-
tammetry reveal a reversible two step oxidation of 240 in solution, which clearly indicates electronic communication between the
vicinal Fc units. In the presence of HCI, a degradation to [(RSnCl,),S] or HRSnCly can be observed, depending on the concentration
of the acid.

A similar structure was obtained when adding the analogous ruthenocenyl (Rc) terminated hydrazone, H,NNCMeRc.'*”
However, [{(CMe,CH,CMeNNCMeRc)Sn}4Sn;S10] (241) showed a vastly different cyclic voltammogram, even though the partial
decomposition of the material upon addition of a ferrocene internal reference does not allow for more than a qualitative statement.
Two irreversible oxidation peaks could be recorded in the first cycle at 1.13 and 2.02 V. In further cycles, the first peak was shifted to
1.18, while the second only greatly diminished in intensity and was reduced to a shoulder in the voltammogram, all of which hints
at the decomposition of the material. The reason of the different behavior in comparison with 240 was attributed to the presence of
the ruthenocenium moieties, which exhibit a high reactivity in order to obtain the desired 18-electron shell. The photoluminescence
behavior upon laser irradiation showed a (slow) photodegradation of the compound to take place.

Both 1-adamantylmethylhydrazone and adamantane-1-carbohydrazide were added to 203 to form BDHC-type compounds
[(RSn)4Sn,810] (R = CMe,CH,CMeNNCMeAd: 242, Ad = adamantyl; R = CMe,CH,CMeNNHCOAd: 243),"*° which indicated
that these bulky ligands have similar effects as the aforementioned phenyl groups at these positions.

More extended (hetero)aromatic ligands were introduced through the same method, with the final goal to incorporate addi-
tional metal ions to these moieties, or to enable interactions with metal surfaces. A hydrazine derivative with terminal bispyridyl
units, HoNNC(2-pyridyl),, was reacted with 203, resulting in compounds with DHC-type and BDHC-type structures.'>” While the
simple DHC-cation [(CMe,CH,C(Me)NNC(2-pyridyl),Sn);S4] " was detected in the reactive solution by mass spectrometry only,
the BDHC-based compound [({CMe,CH,C(Me)NNC(2-pyridyl),}Sn)4Sn;S10] (244, Fig. 45) was isolated from such solutions in
crystalline form. During crystallization, 244 was observed to be the main product with a minor species occurring in DHC-type
topology, [(CMe,CH,C(Me)NNC(2-pyridyl),Sn),(CMe,CH,C(Me)NHNC(2-pyridyl),SnS)S,| (245). Different from the situation
observed most often for DHC-type clusters, there is no additional Cl atom bound to one of the Sn atoms, but one of the ligands is
protonated, and an additional sulfide atom forms a bridge to the organic ligand. 245 can be understood as an intermediate between
the “normal” DHC-type cation and the finally observed cluster in BDHC-type architecture, 244. An equilibrium between DHC and
BDHC in solution, or decomposition of the latter into the first, are probable scenarios for (mutual) transformation of such
compounds.

Experiments to use the bispyridyl ligands for a mere coordination of Zn" ions failed, as the transition metal ion was (also)
incorporated into the inorganic cluster core instead, thereby forming a ternary cluster core with a unique architecture.

In subsequent works, a library of cluster compounds with different (hetero)aromatic ligands was obtained by a systematic study
of the addition of different hydrazine derivatives to 203. For all of the resulting compounds, [(CMe;CH;CMeNNRSn);Sn,S10]
(R = CHPh: 245; R = CMe(1-naphthyl): 246; R = CMe(2-naphthyl): 247; R = CH(3-quinolinyl): 248; R = CH(6-quinolinyl):
249; R = CMe(3-quinolinyl): 250; R = CMe(4-isoquinolinyl): 251; R = CMe(2-anthracenyl): 252; R = CMe(2-phenanthrenyl):
253) the presence of DHC-type units in solution was confirmed by mass spectrometry.'*®* A BDHC-type cluster buildup to exist
in the solid state, most probably resulting from a corresponding shift of the mentioned DHC-BDCH equilibrium at crystallization,
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244
Fig. 45 Chelating ligands attached to a BDHC-type cluster in [({CMe,CH,CMeNNC(2-pyridyl)2}Sn)sSnaS1o] (244).


mailto:Image of Fig. 45|tif

Non-oxide p-block (semi-)metal chalcogenide cage compounds 109

259

Fig. 46 [({CMe,CHo,CMeNNCH(2,2'-bipy-4-y1)ZnClo}Sn)4Se] (259, bipy = bipyridine) with DD-type buildup, resulting from the capturing of ZnCl,
units by 258.

was verified for 245-247 and 249 by XRD. It is likely that a larger number of aromatic rings inhibited crystallization of the other
compounds.

Crystals of a cluster terminated with other potentially chelating ligands, [{CMe,CH,CMeNNCMe(2,2'-bipy)Sn}4Sn;Sio] (254)
were also prepared, and the complexation behavior of the ligands was tested by addition of an Ir complex to a solution of such
crystals.'*” However, similar as observed for 244, the transition metal atoms were integrated into the cluster core instead of being
trapped by the ligands.

Two further aromatic rests were attached to the cluster ligands to yield [ { CMe,CH,CMeNN(2-benzothiazole)Sn}4Sn;,S10] (255),
obtained from 203 by the previously discussed method, and [{CMe,CH,CMeNNCH(1-furanyl)Sn}4Sn;S19] (256), by an inverse
reaction of the hydrazine-decorated compound 224 with furaldehyde diethyl acetale.'*’ Time-resolved photoluminescence
measurements on single crystals were carried out, and the spectra were compared to the ruthenocenyl-decorated compound 241.
255 shares an emission maximum with 241, but exhibits a much broader spectrum. The spectrum for 256 is additionally blue
shifted, which is partially attributed to the intermolecular and intramolecular interaction of the aromatic ligands in this compound.
Another reason could be unraveled through DFT calculations, which revealed the HOMO to be localized mainly at the cluster core
and the LUMO mainly at the ligands for 256, which differs from the situation in 241. The broadening of the spectrum was attributed
to the less bulky and electronically less extended terminal ligands in 255 and 256. Higher mobility of the electrons in those two
compounds also seemed to influence both the intensity of the photoluminescence and the decay of the signal over time.

Heteroaromatic ligands were also attached to the organic ligand sphere of DD-type clusters. Reacting 224 with the corresponding
aldehydes yields [(CMe,CH,CMeNNCHRSN),S¢] (R = 1,10-phenanthrol-5-yl: 257, R = 2,2'-bipy-4-yl: 258).'"' 258 was able to
form complexes with ZnCl, under retention of its inorganic core, leading to crystals of [({CMe,CH,CMeNNCH(2,2’-bipy-4-yl)
ZnCl,}Sn)4S6] (259, Fig. 46). Addition of ZnCl, units to the cluster leads to a blue shift of the UV-vis spectrum in comparison
with the parent cluster compound. In turn, the influence of the inorganic core on the photoluminescence of a separate [Zn(2,2'-
bipy)Cl,| complex was determined to be limited to a decrease of the intensity of the signals. Thus, the energy of the photolumines-
cence process is mainly defined by Zn-bipy interactions, while the Sn/S cluster core plays a role in the transition statistics.

The largest heteroaromatic system grafted onto organotin chalcogenide clusters to date, is a pyrene unit. 224 was converted to
[(RPYSn)4S6]-2CH,Cl, (260, R?Y = CMe,CH,CMeNNCH(C;6Hy)) under retention of its DD-type buildup. When not layering the
reactive solution after 1 day reaction time, but waiting for 5 more days, crystals of the rearranged cluster [(RPYSn)4Sn,S10]-4CH,Cl,
(261) with BDHC-type structure were obtained. In both compounds, the 7-systems within the ligands of one cluster and between
neighboring molecules interact in the crystal structure, which is much more pronounced in 261. In addition, X-ray photoelectron
spectroscopy (XPS) and single-tunneling microscopy (STM) proved successful deposition of 261 on Au(111) surfaces through
neutral-spray vacuum deposition.

Similar to organic adamantane-type clusters, organotin chalcogenide clusters were calculated to have the right size to fit to
specific biomolecules, making them potential inhibitors for protein kinases. To that end, first experiment towards the installation
of biomolecules on the cluster surfaces were made. When treating 203 with a simple amino acid hydrazide, like phenylalanine
hydrazide, the organic ligand was observed to undergo an undesired intramolecular condensation reaction, thereby forming intra-
molecular bridges.'** The hydrazide and the amino functionalities both reacted with the ketone ligand R', which also caused the
inorganic core to rearrange into two condensed six-membered rings, resulting in the cluster compound [(CMe,CH,CMeNNC(O)
CH(CH,Ph)NC(Me)CH,CMe;),Sn4Ss] (262, Fig. 47) featuring a (distorted) borax-like structure, similar as discussed above for
organo-group 13 chalcogenide clusters.

As the original idea was to be able to grow longer peptide chains on the cluster surface, the amino acids thus had to be protected
to retain their reactivity, which would be recovered in a subsequent de-protection step. This was proven possible by the generation
of two different Boc-protected dipeptide-functionalized clusters, [(CMe,CH,CMeNNHpepSn);S4]* (pep = 1-Ala-1-Ala-Boc: 263;
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262
Fig. 47 Amino acid-decorated cluster [(CMe2CHo,CMeNNC(0)CH(CH2Ph)NC(Me)CHoCMe»)oSn4Ss] (262), with a borax-like cluster core.

pep = 1-Phe-1-Val-Boc: 264; Boc = tert-butyloxycarbonyl). The DHC-type clusters were obtained by reacting organotin sulfide clus-
ters bearing R' ligands with the corresponding dipeptide hydrazides. It did not matter in these cases, whether 203 with DD-type
structure or the corresponding DHC-type compound 217 was used in the synthesis.

With the view towards the behavior of corresponding clusters in biological environments, and thus, to prevent undesirable reac-
tions with other biological materials, a coupling mechanism beyond a carbonyl hydrazine reaction was developed. For this,
a terminal azide group was introduced into the ligand sphere of 214 by reacting its R'SnCl; precursor with an azide-
functionalized organic adamantane carboxylic acid hydrazide, and subsequently forming the cluster through addition of
S(SiMe3),.'*? The resulting compound, [ { CMe,CH,CMeNNHC(O)AdN3Sn} 384Cl] (265; Ad = adamantyl; Fig. 48), displayed a dis-
torted neutral DHC-type buildup, in which the Sn atom carrying the additional Cl™ ligand deviates more than usual from the
cubane-like position, as it is positioned farther away from the p3-S atom in favor of forming intramolecular Cl---H interactions
with the organic groups.

265 could be reacted with oligopeptides as planned, via a strain promoted azide-alkyne cycloaddition (SPAAC) with a cyclic
alkyne ligated to an oligopeptide. The obtained cluster, [{CMe,CH,CMeNNHC(O)Ad(C39Hs53N304)Sn}3S4Cl] (266), features
the terminal oligopeptide Ala-Val-Phe-OMe (Scheme 5); it was characterized by NMR and mass spectrometry, as the highly flexible
peptide environment did not allow for crystallization of the compound to this day.

A less symmetrical alkyne, azadibenzocyclooctyne-amine, was also reacted with 265. To interpret the mass spectrum obtained
from the product in solution, it was assumed that R' was restored through intermediate formation of an intramolecular ligand and
cleavage of it by hydrolysis, and subsequent reaction of R! with the amine functionality of another ligand.'** The proposed structure

265

Fig. 48 Azide-functionalized DHC-type cluster [(CMe2CH,CMeNNC(0)AdN3Sn)3S4Cl] (265, ad = adamantyl).
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Scheme 5 Reaction of the DCH-cluster [{CMe,CH2CMeN-NHC(0)adN3Sn}3S4Cl] (265, ad = adamantly) to the proposed DCH-type compound
[{CMe,CH2CMeNNHC(0)ad-(C39Hs3N306)Sn}sS4Cl] (266) as indicated by mass spectra and NMR experiments.
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model of [ {CMeZCHQCMeNNHC(O)Ad(Clng601N5)SnCl} { CMQQCHszeNNHC(O)Ad(Cl8H1401N5)CM€CH2CM€25H } 284]
(267), with a DHC-type inorganic core, was obtained by geometry optimization employing DFT methods, see Fig. 49.

Condensation of the alkyne precursor with a Boc-protected oligopeptide, HO-1-Ala-1-Phe-1-Val-Bog, via its amine functionality
enables the attachment of an oligopeptide to 265. The resulting mass spectrum shows signals for the successful condensation to
have occurred at three, two, one and zero organic ligands. While it is difficult to tell whether this observation is due to fragmentation
under MS conditions, or due to the compound’s (limited) reactivity, the '**Sn NMR spectrum shows only two signals. This is consis-
tent with a single DHC-type cluster to be present in solution, indicating the successful formation of the targeted compound
[({CMe,CH,CMeNNHC(O)Ad(C1sH1501Ns)1-Ala-1-Phe-1-Val-Boc} Sn)3S4Cl] (268) with threefold substitution.

Another, more straight-forward approach to peptide-functionalized clusters is realized by condensation of Boc-protected amino
acids to the cluster precursor R' and subsequent reaction of the resulting compounds with S(SiMes),. This reaction was successfully
carried out for eight different amino acids, thereby accessing clusters of the general type [(RAACSn)XSyClZ], with the amino acids in
R being BocVal (269), BocAla (270), BocLeu (271), BocPhe (272), BocMet (273), BocSer (274), BocTyr (275), BocHis (276).'*
The products were analyzed via mass spectrometry and NMR spectroscopy, which revealed that, for 274 and 275, the -OH groups in
the side chains exchanged their proton for a -SiMes group from S(SiMes),. NMR studies revealed that the compounds 274-276
most likely possess a DD-type buildup, which seemingly clashes with the DHC-like sum formulas found for all compounds in
mass spectrometry. However, a rearrangement of DD-type clusters to DHC-type complexes has been known to occur under ESI-
mass conditions from previous work.'*”

The deprotection and stability of such compounds was investigated on the example of compounds 271 and 272, which were
systematically exposed to a variety of acids.'*® To explore the stability of this class of compounds more generally, the same was
also done with 214. Using 4-6 equivalents of trifluoroacetic acid in DCM leads to a partial deprotection only, whereas a higher
excess results in full decomposition of the clusters. Treating 214 with HCI or HBr leads to the formation of H,S and the formation
of corresponding organotin halides R'SnX3 (X = Cl, Br). Monitoring of the reaction with HCI via NMR spectroscopy revealed an
intermediate S(RISnClz) to form, which is also found in the formation reaction cascade described in Scheme 4. Thus, HCI or
HBr seem to reverse the cluster formation process. Similar results were observed for 272. Addition of H,SO4 leads to full degrada-
tion and formation of SnO, in all cases. Weaker acids, like acetic acid or NH4Cl, do not react with either compounds, while an excess
of water will degrade 214 and, to a lesser extent, also 271 and 272.

Apart from the serendipitous access to 262, more controlled experiments towards linking two R' ligands either in an intramo-
lecular or an intermolecular way have been carried out. Simple bifunctional hydrazine derivatives, like carbonyldihydrazide,
H,NNH(CO)HNNH,, were used for an intramolecular linkage of the organic ligands in 203, thereby forming [({(CMe,CH,C-
MeN-NH),CO}Sn;),Ss]-MeOH-2H,0 (277, Fig. 50) with both ligands arranged on the same side of the cluster compound in
a syn-parallel fashion.'*” This, coupled with the small spacer length (Ncoora***Neoord 380 nm), leads to tilting of the two {Sn,S,}
four-membered rings in the DD-type structure motif towards each other.
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Fig. 49 Calculated (DFT) model of [(CMezCHQCMeNNHC(O)Ad(C18H1601N5)SnC|)'(CMeQCHZCMeNNHC(O)Ad(C18H1401N5)CMeCHQCMEQSn2)S4] (267,
Ad = adamantyl).

277

Fig. 50 The DD-type cluster compound [({(CMe,CH2CMeNNH),CO}Sn,)»Sg] (277) with a syn-parallel arrangement of the organic ligands that act as
intramolecular bridges in a back-back- like fashion.

Repeating the experiment with a larger (850 pm) and more rigid spacer including a naphthyl (Np) group affords
[{(CMe,CH,CMeNNH),Np}4Sny,S;0] - 4DMF-3CHCI3-H,O (278, Fig. 51), in which two BDHC-type clusters that result from
the typical rearrangement are linked to each other by four organic bridges.'*® A cavity within the macrocyclic structure (~402 A)
accommodates solvent molecules in the crystal. By addition of HSnCl; or HCIO,4 to 278, another rearrangement of the BDHC-
type to DHC-type cores is observed, yielding a capsule-like ionic cluster in [{(CMe,CH,CMeNNH),Np};SnsSg]
[SnCl3],-3DMF- 1.5H,0 with three ligand bridges (279, Fig. 51), again encapsulating solvent molecules in the cavity (~134 A).

To better understand cluster molecules that feature intramolecular bridging, a systematic study was carried out to correlate the
structural findings with the spacer length. Ortho-phthalaldehyde was used, because its N---N distance (670 nm) was assumed not to
induce any structural change of the DD-type motif.'*’ This proved to be true for [({(CMe,CH,CMeNNCH),CgHy}Sn,),S6]-
2DMF-MeOH-H,0 (280, Fig. 52), where the bridging ligands connect two tin atoms on each side of the DD-type cluster in a diag-
onal fashion. This criss-cross bridging mode results in twisting and slight tilting of the two {Sn,S,} four-membered rings against
each other, as was observed in compounds like 202 and 229 before.

The same reaction carried out at lower temperatures led to the observation of a slightly different bridging mode, due to a change
in conformation of the bridging ligand from s-trans, s-trans to s-cis, s-trans. This caused the spacer length to decrease notably, to
512 pm, hence enforcing the linkage between two neighboring, j1-S-connected Sn atoms in the resulting conformer 281. As a result,
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278 279

Fig. 51 Macrocyclic [{(CMe,CH,CMeNNH)2Np}4Sn12S20] - 4DMF-3CHCI, - H20 (278) based on two BDHC-type units and the cationic cavitand in
[{(CMe2CH2CMeNNH)oNp}3SngSg][SnCls]2- 3DMF-1.5H,0 (279) based on two DHC-type moieties, linked by their respective organic bridging ligands.

281
Fig. 52 Two conformers of [({(CMe,CH,CMeNNCH),CgH4}Sn2)2Se], with criss-cross (280) and anti-parallel arrangement (281).

the ligands are situated in an anti-parallel fashion (Fig. 52), as opposed to 277. The DD-type core remains undistorted in this case,
with no significant deviation from the simple hydrazine-functionalized cluster 224. The same conformation is also found in the
derivatives [({(CMQQCHQCMQNNH)2C6H4}Snz)zsg] '2DMF'2CHC13 (282) and [({(CMQQCHszeNN)QCQHQ}Snz)sz] (283)
with spacer lengths of 502 pm and 463 pm, respectively. Like for 278, 1,4-bis(diazomethyl)benzene with a larger spacer length
of 988 pm caused the formation of a macrocycle based on two BDHC-type units, [{(CMe,CH,CMeNNCH),C¢H4}4SnsS10]-
1.5MeOH (284), with a cavity size of ~108 A3. Spacers with N---N distances between 700 and 880 pm could not successfully
be integrated into such clusters; solutions comprising corresponding bishydrazine derivatives and 203 decomposed under the
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Fig. 53 BDHC-type cluster [{({CMe2CH,CMeNNHC(0)CH2},Ad)Sn2}oSn,Se] (291) with intramolecular ligand bridges based on adamantly moieties.

formation of H,S and SnS; instead. DFT calculations on hypothetical compounds made from 2,6-pyridinedecarbaldehyde and 224
find this ligand to be too long and at the same time too rigid for intramolecular bridging, but on the other hand too short as to
prevent a steric clash between the inorganic cluster cores in cavitand-like molecules. This was in line with the experimental findings.

A transfer of these results to the Se congeners was possible. In an analogous reaction of the one leading to compound 277, but
starting out from the DD-type selenide cluster 228, crystals of [({(CMe,CH,CMeNNCH),CsH,4}Sn;,),Ses]-2CH,Cl, (285) were
grown, which exhibit the same cluster conformation as described for 228.'** Employment of reactants for bridging ligands with
larger N---N distances in combination with the DHC cluster 221 led to the formation of cavitands sharing their buildup with
compound 279. From adipinic acid dihydrazide, two different co-crystallizing compounds were obtained, [{(CMe,CH,CMeN-
NHCO)Q(C2H4)2}3SHGS€8] [SHC13]2 . 4CH2C1 (286) and [ { (CMQzCHzCMEN-NHCO)Z(CzH4)2}3SHGS€8]C12 . 3H20 . 4CH2C1 (287).
287 contains one molecule of disordered SnClj in its center, while in 287 the cavity is filled with the two chloride counter anions
and three water molecules. In all cases, the molecules are connected by hydrogen bridges in the crystal. Involvement of an Np linker,
such as used in 279, leads to the direct congener of the latter, [{(CMe,CH,CMeN-NH);Np}3SnsSes|[SnCls],-3CH,Cl (288), yet
with a DCM molecules situated within the cavity.

Bisfunctionalized ferrocene derivatives can also bridge DD-type clusters. A reaction of 203 with ferrocene-1,1’-dicarboxylic acid
hydrazide, or of 223 with 1,1’-diformylferrocene yielded [({(CMe;CH,CMeN),R}Sn;),S6]-MeOH - 2H,0 (R = (N-HCO),Fc: 289;
R = (NCH),Fc: 290), both of which share their criss-cross-type intramolecular ligand conformation with 280, with 289 showing an
additional tilt and distortion of the four membered rings.'”° The NN distances defining the spacer length of the ligands is 629-
755 pm for 289 and 731-737 pm for 290, thus falling into the range that was unsuccessful in the previous study. The formation of
these compounds in spite of this can be attributed to the higher conformational flexibility of the ferrocenyl-based ligands. Cyclic
and differential pulse voltammetry revealed no electronic communication between the Fe ions and a simple reversible single-step
oxidation in 290 at 466 mV, but a second irreversible process for 289. Here, a first anodic oxidation step at 706 mV can be attributed
to the Fc moieties, while a second with half the intensity at 836 mV seems to be connected with a decomposition process.

In the case of organic adamantyl spacers, difunctional diamondoids also lead to intramolecular bridging of corresponding clus-
ters, with the observed structural details again depending on the spacer length. Ligands derived from Ad(CON,H3), and
Ad(CON;H;3)(CH,CON;H3) exhibit relatively low reactivity with 203, and produce low yields of a proposed bridged DD-type
cluster in the mass spectra of the reactive solutions.'’® This can be explained by the medium-size spacer length that was already
found to be unfavorable in previously described studies. However, the larger, and thus more flexible, spacer derived from Ad(CH,-
CON;H3), applied in a corresponding reaction afforded crystals of the BDHC-type compounds [{({CMe,CH,CMeN-NHC(O)
CH,},Ad)Sn,},Sn,810]-solv (solv = 2(1,4-dioxane)-4CHCls: 291, Fig. 53; solv = m-xylene: 292). With spacer lengths of 653
and 656 nm, respectively, it was assumed that the products would retain their DD-type cluster cores with a criss-cross bridging
pattern; in contrast to the expectations, however, the clusters rearrange to form BDHC-type cluster cores, as was already seen for
compounds with monofunctional Ad ligands. This indicates that the rigidity of the adamantly group plays a structure-directing
role, too.

A larger spacer comprising a diamantyl (Dia) group, Dia(CH,CON,Hj3)3, was used to generate compound 293, which according
to NMR spectroscopy and mass spectrometry contains [(CMe;CH,CMeNNHCOCH,),Dia)3SngSg]>* cations with a cavitand-like
buildup. Finally, the use of a threefold hydrazide-functionalized adamantane caused a rearrangement of 203 into the DHC-like
cluster cation [(CMe,CH,CMeN-NHCOCH,)3AdSn3S,]" (in 294, Scheme 6) in which all tin atoms are connected with each other
by this kind of a tripodal ligand. Again, 294 could only be analyzed by NMR and mass spectrometry, as it was not possible to obtain
the compound in single-crystalline form.
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Scheme 6 Proposed structure of the cation [({CMe,CH,CMeN-NHC(0)CH,}3Ad)Sn3S4] ™ (in 294).

Before talking about some more properties and reactivities of organotetrel chalcogenide clusters, a few unique examples should
be mentioned. In an unorthodox reaction starting from the Sn' precursor {N(SiMe3)Dipp}SnCl (Dipp = 2,6-iPr,CsH3) with
elemental sulfur or selenium, the AD-type clusters [({N(SiMe3)Dipp}Sn)4E¢] (E = S: 295; E = Se: 296) were formed along with
the side product {N(SiMe3)Dipp}SnCls. Both compounds have been shown to show good solubility in organic solvents as well
as a high activity in the initiation of the ring opening polymerization of ¢-caprolactone.'”"

Another precursor material utilizing this ligand is [Si4{N(SiMe3)Dipp}4], which similarly reacts with elemental chalcogens.'*”
In a reaction with Sg at 110 °C in toluene, [({N(SiMe3)Dipp}Si)4Ss]-solv (solv = 3THF: 297; solv = toluene: 298; Fig. 54) can be
isolated after workup. In 297, a minor species with an abundance of ca. 8% and a buildup similar to P4S; was identified to be
[({N(SiMe3)Dipp}Si)sSs4], thus rendering the actual formula of the crystalline compound to be [({N(SiMe3)Dipp}Si)sSs3.0s]-
3THF. The cluster core of the main species, {Si4S3}, consists of two distorted {SizS} rings and two five-membered {Si3S,} cycles.
The analogue reaction with gray selenium leads to the homologous cluster [({N(SiMe3)Dipp}Si)4Ses]-2.25THF (299, Fig. 54), with
a few crystals of an isomeric minority compound [({N(SiMes)Dipp}Si)4Ses]-1.5toluene (300, Fig. 54) adopting a nortricyclane-
type cage structure.'”” Repeating the reaction at lower temperatures with red selenium yields exclusively 300, which hints at the
possibility of a thermal conversion of 300 to 299. However, heating of any of these two isomers leads to yet another rearrangement
to form [({N(SiMes)Dipp}Si)4Ses] (301, Fig. 54) with a structure reminiscent of the DHC-type buildup, where the p3-S atom is
substituted with an [Si{N(SiMes)Dipp}]| group. In reactions with elemental tellurium in contrast, no product could be isolated.
Depending on the position of the Si atoms in these three clusters, the oxidation state ranges from I to IV. By using TeP(n-Bu)s
as the chalcogenide source, however, the corresponding homologue of 295 and 296 was finally obtained, [({N(SiMes)Dipp}
Si)4Tes] (302).

As was shown for 301, chalcogen atoms within the clusters can be (partially) replaced by isolobal fragments. In a systematic
synthetic approach for this, CRy(SnR'Cl,), is reacted with a chalcogenide source to form [(R'Sn);E4(CR;)2] (E=S, R = Ph,
R = H: 303, Fig. 55; E =S, R = CH,SiMes, R = H: 304, E = Se, R = Ph, R = H: 305; E = Se, R’ = Me, R = Me: 306; E = Te, R’ = Ph,
R = H:307)."”" Here, AD-type structures are formed, in which two E atoms on opposing Sn...Sn edges are formally replaced by CH,
moieties. Upon mixing 303 and 304, the terminal ligands are exchanged in an equilibrium to form [(PhSn);(Mes-
SiCH,Sn),S4(CH>),] (308) within 48 h. The addition of BuyNClI triggers the compounds to equilibrate instantaneously, which
hints at a catalytic role of the CI™ ions. Similarly, 303 and 305 will exchange chalcogen atoms to form four new species
[(PhSn)4Se,Sa_+(CH3)2| (x = 1: 309; x =2, Se atoms opposing each other: 310, x = 2: 311, Se atoms neighboring x = 3: 312),
which are observable by NMR.

Corresponding Si compounds were isolated from reactions of CH,(SiMeCl,), with H,S/NEt; or of Li,Se or Li;Te with
[(MeSi)4E4(CH3),]-solv (E =S, no solv: 313; E = Se, no solv: 314, Fig. 55; E =Te, solv= CDCls: 315). Again, CH, groups are
observed on two opposing sides of the cluster cores.'?’

Addition of the disilane (MeSiCl,), to the reaction yielding 313 and 314 affords NA-type compounds [(MeSi)4E4(CH;)] (E=S:
316, Fig. 56; E = Se: 317) instead, with the CH, moiety opposing the Si—Si bond.

The research was expanded to reactions with the trisilane Me,Si(MeSiCl,),. Corresponding reactions with Li,S and Li,Se yielded
the AD-type clusters [(MeSi)4(SiMe;),E4] (E = S: 318; E = Se: 319), in which two opposing chalcogenides were formally replaced
by SiMe, units in analogy to the situation described for 313-315."° It is also possible to react the trisilane with the previously dis-
cussed disilane and H;S to obtain an NA-type compound, [(MeSi)4S4(SiMe,)] (320, Fig. 56), in analogy to 316.

Apart from the AD-type, BDHC-type, and DHC-type compounds, 203 is also known to rearrange to an additional topology, in
which two tin atom, bridged by three {(R'Sn),S,} subunits, form a direct Sn—Sn bond and are therefore reduced to Sn™. This
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301

Fig. 54 The cluster family [(RSi)4E,] (E =S, Se; x= 3...4) with R representing the {N(SiMe3)Dipp} ligand (Dipp = 2,6-iProCeHs): [({N(SiMes)Dipp}
Si)4S3]-toluene (298, top left), also representing the majority component in [({N(SiMe3)Dipp}Si)4Ss.0s] - STHF (297). Minority component [({N(SiMes)
Dipp}Si)4S4] in 297 (top right). Three isomeric selenide clusters [({N(SiMes)Dipp}Si)4Ses]-2.25THF (299, center left) isostructural to 298, [({N(SiMegs)
Dipp}Si)sSes] - 1.5toluene (300, center right) with nortricyclane-type structure, and [({N(SiMes)Dipp}Si)sSes] - (301, bottom), in a DHC-like structure.
Solvent molecules are not drawn.

change can be induced by UV irradiation, resulting in crystals of [{(R'Sn"),S4}3Sn";]-0.93CH,Cl,-1.08H,S (321, Fig. 57), in
which the two Sn'™ atoms occur in a trigonal-pyramidal coordination, with three S atoms at the basal position and the Sn neighbor
at the apex.'® The reduction of the Sn atoms was confirmed by MéRbauer spectroscopy. This rearrangement can also be induced by
freshly-destilled CS,, as was discovered in a second study.'””

In recent years, the optical properties of AD-type compounds have come into focus, as a directed white-light generation (WLG)
was detected upon irradiation of the amorphous powder of [(StySn)4Ss] (322, Sty = styryl) with a low-cost continuous wave
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303 314
Fig. 55 AD-type clusters upon isolobal replacement of a chalcogen atom with a CH, group in [(PhSn)4(CH2)2S4] (303) and [(MeSi)4(CH2)2Se4]
(314).

316 320
Fig. 56 NA-type clusters upon isolobal replacement of an S atom with a CH, group in [(MeSi)4(CHa)2S4] (316) and [(MeSi)4(SiMe,)2S4] (320).

321
Fig. 57 Mixed-valence cluster in [{(R'Sn"),S41Sn"'>]-0.93CH,Cly- 1.08H,S (321).

infrared laser.'°® The white-light output power showed an extremely nonlinear dependency on the pump-power density, as is to be
expected for nonlinear optical effects of higher order (Fig. 58). Additionally, due to the styryl group terminating the cluster mole-
cules, it could be deposited onto GaAs (001) or Si (001) surfaces.

To study this effect in greater detail, several variations of AD-based molecules were investigated. The effect of white-light gener-
ation (WLG) could be observed for the amorphous compound [(PhSn)4Ss] (323) and its Ge congener [(PhGe)4Ss] (324), albeit
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Fig. 58 (A) Molecular model of [(StySn),4Sg] (322). (B) Photograph of 322 in a polymer film sandwiched between two glass slips excited by
a 800 nm laser. (C) Color impression of the white-light emission of 322 for different excitation fluencies, indicated by the data points given as gray-
scale spheres, next to the ideal black-body emission at varying temperatures (gray line) and the color impression of a standard emitter at 2856 K
(gray square). (D) Photograph of the rainbow spectrum of the white light obtained from 322. (E) Photograph of the as-prepared, air-stable, powdery
sample of 322. (F) Highly directional spatial emission pattern of the white-light spectrum emitted by 322 (white) and the CW excitation laser at
980 nm (red) compared to a perfect Lambertian emitter (gray sphere). (G) Spectra of the white light emission of 322 upon excitation with a 980 nm
laser at varying pump powers from 6 mW (light gray solid line) to 18 mW (black solid line). For comparison the normalized spectra of a black body
emitter at 2856 K (spaced dots) and 5000 K (dashed line) as well as the white-light of a commercial GaN-based LED (narrow dots) are given. (H)
Double-logarithmic plot of the white-light input-output characteristics.

with a small blue shift of the maximum emission wavelength in the latter case.'”” Changing the ligand to an aliphatic rest, as in 155
or 157, caused strong second harmonic generation (SHG) instead, as a consequence of phase matching (Fig. 59). The same is true
when investigating crystalline material like [(PhSi)4S¢] (325); it should be noted that the crystals are not non-centrosymmetric,
hence the non-linear optical effects are most likely due to crystal defects or symmetry-breaking at the surfaces, especially for small
crystals or pulverized samples. In summary, it was proposed that an amorphous habitus of the material and the presence of a non-
aliphatic ligand is necessary to produce WLG. Surprisingly, the apparently amorphous compound [(NpSn)4Se] (326) also exhibited
SHG instead, which was attributed to intense 7-stacking interactions of the more extended aromatic system, which leads to a certain
degree of order in the material.

The influence of the nature of the chalcogenide ligands as well as the impact of an even larger diversity of organic ligands were the
topic of a further study. Different organotin sulfide clusters of the AD-type, [(RSn)4S¢] (R = benzyl: 327; R = CH,CH,(CgHy)
COO,Et: 328; R = 1'-Cp: 329; R = cyclohexyl: 330), and their selenide counterparts, [(RSn)4Ses] (R = phenyl: 331; R = benzyl:
332; R = CH,CH,(CsH,)COOEt: 333; R=n'"-Cp: 334; R=cyclohexyl: 335), were prepared, with only the benzyl-
functionalized compounds 327 and 332 showing a tendency to crystallize.'°® 327 exhibited SHG as expected, while 332 emitted
white light. The latter was assumed to be due to the material melting under the laser irradiation and thus losing its structural
ordering, which was additionally confirmed by TGA and DSC measurements of the compounds. In all other compounds, WLG
was observed with only minor shifts in the spectra when going from S to Se. Most notably, these results indicated that a 7-electron
system is not urgently needed to generate the WLG effect, but an electron rich ring system, such as found in the cyclohexyl substit-
uent, seems to be both necessary and sufficient. It stands to reason from calculations of the HOMO-LUMO gap of all measured
substances that for generating the WLG effect, electrons near the Fermi levels need to be exited to short-lived virtual states in the
band gap.

Very obviously, the intermolecular order of the AD-type cluster, and their resulting nature of being an amorphous powder, seems
to play an important role. Efforts have thus been made to elucidate the structure of the material by X-ray scattering experiments
coupled with Reverse Monte Carlo (RMC) modeling. By this method, inter-molecular correlations in 323 were investigated and
favored molecule orientations could be identified. Although the data were not perfect, it could be clearly shown that the amorphous
powder consists of AD-type clusters as expected (Fig. 60)."°"'¢?
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Fig. 59 Spectra illustrating second harmonic generation (SHG) of (A) organotin sulfide clusters [(MeSn)4Sg] (155) or [(NpSn)4Sg] (326,
Np = naphthyl) or broad white-light emission for [(StySn)sSg] (322, Sty = styryl), and [(PhSn);Se] (323), as well as corresponding effects of (B) Ph-
substituted clusters [(PhT)4Se] (T = Sn: 323; T = Ge: 324; T = Si: 325), upon irradiation with a CW infrared laser.

The most recent study published in this field reported the synthesis and non-linear optical properties of the crystalline material
[(NpSi)4Se] (336), which shows SHG, and the synthesis of [(StySi)4Ss] (337), which slowly auto-polymerized over time as opposed
to 322."°% A comprehensive theoretical study was undertaken in order to understand the reasons for different ordering—and thus,
crystallization—tendencies of organosilicon versus organotin clusters with Ph and Np ligands: while the Si congeners preferably
crystallize, the corresponding Sn compounds stay notoriously amorphous, which influences the non-linear optical behavior, as
explained above. To get an idea of intrinsic differences that lead to this observation, binding energies were calculated for cluster
dimers of molecules 323, 325, 326, and 336. Surprisingly, not only different ligand-ligand interactions play a role here, but the
strength of the ligand-ligand interaction in relation to the core-core interaction seem to be important. As illustrated in Fig. 61,
the latter are much more pronounced for the Sn compounds than for the Si compounds, hence, the (rather directional) ligand
effects are much stronger for organosilicon sulfide cluster, while the (rather isotropic) core-core interactions seem to outplay
such effects for the Sn congeners. In other words, the higher (relative) degree of directional interaction in Si compounds was
supposed to be the main reason of their tendency for crystallization, while the larger isotropic interactions in tin congeners explains
their preference for an unordered nature. This explains the importance of the nature of all components, R, T, and E, for the habitus
and thus non-linear optical response of organotetrel chalcogenide cluster materials.

It is possible to replace a single phenyl group in 323 with a metal complex by adding 1 equivalent of a group 11 phosphine
complex to its solution. The resulting clusters [(MPR3Sn)(PhSn)3Ss] (MPR3 = AuPMes: 338; MPR = AgPEts: 339; MPR = CuPMejs:
340, Fig. 62) retained their AD-type cluster core according to single-crystal X-ray diffraction. The optical properties of the crystalline
material were investigated.'® In spite of their crystallinity, 338 and 339 exhibited WLG. However, when examining the material
after laser irradiation, it was found that both compounds lost their crystallinity during the experiment, which rationalized the find-
ings. 340 neither showed SHG nor WLG, as reabsorption processes hindered the effects. A curious product was observed, when
increasing the ratio of the gold phosphine complex to 4 equivalents: besides precipitation of elemental gold, crystals of
[Au(PMes)4][Au(PMes);,][(PhSnCl)3S,] (341) were obtained, comprising two different gold phosphine complexes and an unprec-
edented DHC-type dianion.

In addition to the properties of organotetrel chalcogenide clusters that were described and discussed in the sections above, such
species have been known for their tendency to incorporate transition metal ions for extending their inorganic cluster cores. This was
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