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Preface

In prelude, the purpose of this book is to point out the increasing role of chalcogen elements
in multidisciplinary fields such as biogeochemistry, material science, and biochemistry. For
these reasons, the book titled ‘Chalcogen Chemistry” is structured on a multidisciplinary ap-
proach by compiling chapters from various contributing authors. The chapters focus on top-
ics ranging from reactivity to magnetic properties of chalcogens, organic to inorganic
(chemistry of chalcogenides), analytical chemistry (qualitative and quantitative analysis),
and synthetic to structural and theoretical chemistry (development of new materials). The
book is divided into six chapters, each logically and independently presented, and then con-
cluded with links to new research perspectives as the interest in chalcogen chemistry grows.
This book is a valuable source of information not only for chemists but also for materials
scientists, physicists, biochemists, and other researchers including biogeochemists, with gen-
eral or particular interests in chalcogen compounds. I hope the book with a multidisciplina-
ry approach, comprised of chapters reserved for analytical, materials, biological, and
supramolecular chemistry, may induce some curiosity in readers and attract them towards
this branch of chemistry.

Chalcogens (‘ore builders’) are elements that belong to group VI-A (or group 16) in the Peri-
odic Table. This group consists of oxygen (O), sulfur (5), selenium (Se), tellurium (Te), and
polonium (Po). Geometrically, they are known as chalcophiles, which are soft elements
(keeping in mind the terminology of the hard/soft acids and bases concept). Thus, chalco-
philes preferably form minerals with sulfur, selenium, and tellurium. This is the reason
why, for a long time, chalcogen chemistry was mostly centred on sulfur, with selenium be-
ing treated marginally compared to sulfur, whereas the study of the chemistry of tellurium
was almost non-existent. However, this consideration has changed over time. Currently, any
electronic search on ‘SClfinder’ will return a considerable number of scholarly published
papers on chalcogen chemistry. In this regard, this book is yet another contribution to ongo-
ing efforts in the study of chalcogen chemistry.

The interest shown in chalcogen chemistry in the past few years has motivated research fo-
cused on expanding knowledge on this special class of compounds, and today driving con-
certed efforts towards new materials development. Chalcogen elements are everywhere in
our lives. Firstly, based on their fascinating structural and bonding principles, they span en-
tire biotic communities connecting chemistry to biogeochemistry, biochemistry, biology,
food, agriculture, and also medicine, as well as pharmacology. Secondly, the intensive world-
wide exploration of chalcogen elements contained in natural compounds as minerals has now
shifted the interest towards the development of these new materials or compounds (in combi-
nation with metals and ligands) with higher physicochemical properties and sophisticated
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characteristics. Their increased demand with far-reaching economic benefits is owed to their
great contribution in modern technology in applications used by a number of industries.

The novelty of this book, compared to general textbooks on chalcogen chemistry, is that
principles from other fields of science, such as Analytical Chemistry, are included as a full
chapter dedicated to qualitative and quantitative characterisation of chalcogenides and
chalcogen materials. This chapter presents modern methods for chalcogen compound analy-
sis and structural determination. These methods and analytical techniques include: UV-visi-
ble and infrared spectroscopy (UV/VIS and IR), thermo analysis (TA), electrochemistry
(Electrochem), magnetic analysis (MA), chromatography, X-ray methods (mostly XRF, XRD,
and EDX), high resolution microscopy (SEM and TEM), multinuclear NMR, computational
analysis, and bioassay. The presentation of the chapters in this book is such that there is no
arbitrary separation of theoretical concepts (reactivity), chemistry (organic and inorganic),
and applications of chalcogens and chalcogen materials (or chalcogenides), and an attempt
has been made to stress all three equally. As such, individual chapters have attempted to
present the chemistry of the chalcogen(s) or chalcogenide(s), discuss their physicochemical
properties (reactivities), as well as their characterisation and applications. Within the chap-
ters, the theoretical presentation is critically discussed concurrently with emphasis upon the
industrial applications in some emerging areas such as in the biomedical, semiconductors,
and biogeochemical fields. Insofar as feasible, this is also done with practical examples.

The writing of a text is a humbling experience. In retrospect, the various contributing au-
thors would agree with me that ideas in the chapters of this book could have only been
sourced from a very wide source of literature, as well as from individual research outputs.
So, therefore, from the very basic and ethical principle of intellectual honesty, the authors
have presented what seemed to them to be the best of their ideas, as well as those of many
other authors.

While all the authors have been duly cited and referenced, it is impossible to express ade-
quately my appreciation for the contributions of all colleagues, graduate and undergraduate
students, as well as secretaries, who gave so generously of their time, effort, and opinions. In
particular, the help of Ms Lada Bozic in promptly assisting both me and the authors, and
handling of the editing platform activities is acknowledged. I know that my attempt to ach-
ieve depth and quality in the chapter review led to a few of them being declined that may
have been considered important by some readers or the authors themselves, I hope that
these omissions or inadequacies are few enough so that the usefulness of the presented
chapters will not be impaired.

Peter Papoh Ndibewu

Department Chemistry, Arcadia Campus

Professor, Departments of Chemistry, Chemical & Metallurgical Engineering
Tshwane University of Technology

Pretoria, South Africa
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1. Chalcogen chemistry — the footprint into new materials
development

The study of chalcogen chemistry is just fascinating for two reasons. Firstly, they span the
entire biotic communities connecting chemistry to many other scientific disciplines. These
include biogeochemistry, biochemistry, biology, food, agriculture, and also medicine, as
well as pharmacology. Secondly, the chalcogen elements known as chalcogens demonstrate
extremely interesting properties forming new compounds endowed with sophisticated char-
acteristics that are increasingly making a remarkable footprint in a new era of materials devel-
opment. These two reasons have intensified worldwide exploration of chalcogen elements
contained in natural compounds as minerals. Furthermore, the aforementioned reasons have
motivated research focused on expanding knowledge on this special class of compounds. In
the past few decades, the shift of interest has been toward the development of new materi-
als (in combination with metals and ligands). The contribution of this field of chemistry to
the development of new materials, and their impacts on the everyday life of mankind, has
triggered a recent renaissance of the interconnectivity between new chemical concepts and
reactivities, resulting in a multitude of multidisciplinary focused research niche areas. The
unique structures and reactivity of the class of chalcogen compounds and materials [1, 2] as
well as their fascinating optical [3, 4] and electronic properties [5, 6] confer onto them very
wide potential applications [7-12].

Group 16 or group VI-(A) elements in the modern periodic table comprising of oxygen (O),
sulfur (S), selenium (Se), tellurium (Te), and polonium (Po) are usually called chalcogens
(“ore builders”) [13, 14]. The most valuable fundamental characteristic of these elements is
their versatile nature to form new bonds and new compounds [15-17]. In this regard and

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNEN



2 Chalcogen Chemistry

with respect to the periodic law, the properties of the chemical elements in the chalcogen
group are not arbitrary, but depend upon the structure of the atom and vary with the
atomic number in a systematic way [13, 14]. In a geochemical sense, the chalcogens are
referred to as soft elements, thus, also named chalcophiles [18, 19].

Geometrically, chalcophiles are the soft elements (one must keep in mind the terminology
of the hard/soft acids and bases concept) [13, 20]. The modern term “chalcogen” is a deriva-
tion of two Greek words chalcos or “khalkOs,” meaning “ore formers” [19]. This word also
means copper (and had also been used for bronze/brass or coin during the ancient time).
One valid reason is that they are found in copper ores. The second word is a latinized Greek
word “gengs” (meaning born or produced). These two words gave birth to the coined term
“khalkos-genes” or to today’s modern term chalcogens [21, 22]. Earlier on, chalcophiles were
thought to be electron rich [13]. They are described as the low-valent elements of the Group 16
elements (O, S, Se, Te, and Po) or particularly electronegative elements and often bond to the
functional groups of organic molecules [13] and/or are found as electron donors for the transi-
tion metals [23, 24]. This property has created yet another research area of interest, referred to
as electrophilic and polycationic chalcogen chemistry [25]. Generally, the electron configura-
tion of the chalcogens is represented as nsnp*, with two electrons short of a filled valence
shell [26, 27]. The properties of O, S, Se, Te, and Po are presented in Table 1.

On the one hand, while chalcophiles preferably form minerals with sulfur (Figure 1), sele-
nium, and tellurium, on the other hand, their unique properties in forming new compounds
and materials have created a paradigm shift in research interests focusing on the deep under-
standing of the chalcogens and their resultant compounds also known as chalcogenides.

A great variety of technological applications are now found for the many compounds of the
elements of chalcogens [28-34]. This textbook emphasizes on this shift from not only funda-
mental chalcogen chemistry but also on the new shift to new chalcogen materials synthesis,
characterization, and testing. These trends also include fundamental research works in other
fields like those in coordination chemistry focusing on a large variety of ligands [20, 23]. This
subfield explores ligands containing chalcogen atoms potentially suitable for the preparation
of new precursors for metal-chalcogenide vapor deposition [7]. Two examples of these mac-
romolecules with biological activity are metallo-enzymes containing multi-metallic centers as
active sites for a number of catalytic reactions and chalcogen-containing mixed macrocycles
with signaling functional groups as sensors for heavy metal-ion recognition [16].

The literature [35-37] provides a variety of chalcogen compounds and materials or chalco-
genides, though not exhaustive. In naming a few, it is worthwhile mentioning the class of
charge-transfer salts of chalcogen-rich molecules such as tetrathiafulvalene (TTF), 1,2-dichal-
cogenolenes, or the variegated area of metal chalcogenides, which are all of topical interest
[38]. The details of many other interesting compounds are provided in the other chapters
of this book. In the field of materials and their potential applications and as an illustration,
published research results and discussion span from n-dimensional molecular conductors
to magnets, to bistable switchable materials, and to non-linear optical (NLO) materials [39].

This textbook discusses chalcogen chemistry from a multidisciplinary approach which
ranges from synthetic to structural and theoretical chemistry, organic to inorganic and
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Property Oxygen Sulfur Selenium Tellurium Polonium

Atomic mass (amu) 16.00 32.07 78.96 127.60 209

Atomic number 8 16 34 52 84

Atomic radius (pm) 48 88 103 123 135

Atomic symbol O S Se Te Po

Density (g/cm?) at 25°C 1.31 (g/L) 2.07 4.81 6.24 9.20

Electron affinity (kJ/mol) —141 —200 -195 -190 —180

Electronegativity 3.4 2.6 2.6 2.1 2.0

First ionization energy (kJ/mol) 1314 1000 941 869 812

Ionic radius (pm)* 140 (-2) 184 (-2),29 198 (-2),42 221(-2),56 (+6) 230 (-2), 97 (+4)
(+6) (+6)

Melting point/boiling point (°C) -219/-183 115/445 221/685 450/988 254/962

Normal oxidation state(s) -2 +6, +4, =2 +6, +4, =2 +6, +4, =2 +2 (+4)

Product of reaction with H, H,0 H,S H,Se None None

Product of reaction with N, NO, NO, None None None None

Product of reaction with O, — SO, SeO, TeO, PoO,

Product of reaction with X, O,F, SF,, S,ClL, SeF,, SeX, TeF, TeX, PoF,, PoCl,,
S,Br, PoBr,

Standard reduction potential +1.23 +0.14 —0.40 -0.79 -1.00

(E%, V) (E° = H,E in acidic

solution)

Type of oxide - Acidic Acidic Amphoteric Basic

Valence electron configuration*  2s?2p* 3s23p* 4s4p* 5s%5p* 6s%6p*

*Configuration shown in this table does not include filled d- and f-subshells.

*Cited values for the hexa-cations are for six-coordinate ions and these values are usually estimated.

Table 1. Selected properties of the Group 16 elements [26].

analytical chemistry [40], biological to material science and supramolecular chemistry. As
such, it is suitable for scientists, technologists, students, as well as for those whose major
interest is chalcogen chemistry, with particular interests in the chalcogen compounds and
materials [41, 42]. This introductory chapter is followed by four chapters. The presentation of
the chapters in this book is such that there is no arbitrary separation of theoretical concepts
(reactivity), chemistry (organic and inorganic), and applications of chalcogens and chalco-
gen materials (or chalcogenides) while an effort has been made to stress all three grouping of
ideas and facts equally. As such, in individual chapters, the authors have attempted to pres-
ent the chemistry of the chalcogen(s) or chalcogenide(s) with enough discussion focusing on
their structural bonding and reactivities in relation to their characterization and applications.
In all the chapters, practical examples are provided insofar as possible in order to illustrate
ideas.
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Figure 1. A crystalline sulfur deposit. This sulfur deposit is located around a volcanic vent in Kilauea Crater, Hawaii,
USA [14]; sulfur is very different from oxygen, and not very abundant; elemental sulfur is usually found in rock
formations overlying salt domes, often accompanying petroleum deposits [26].
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Abstract

Analytical methods are needed to elucidate modern and complex compounds as well as
to describe their physical properties. The underlying principles of chalcogen chemistry as
well as the natural abundance of chalcogen elements are the base of building many biolog-
ical substances, including sophisticated materials for future applications. Thus, the need
for modern and state-of-the art analytical methods and techniques to characterize them, is
obvious. In this chapter, challenges in analytical methods for chalcogen compounds and
materials, as well as some examples of natural or synthesized materials or their combina-
tions, including biomaterials, are discussed. Modern methods for chalcogen compounds
analysis and structural determination discussed include: UV-Visible and infrared spec-
troscopy (UV-Vis and IR), thermo analysis, electrochemistry, magnetic analysis, chroma-
tography, X-ray methods (mostly XRF, XRD, and EDX), high-resolution microscopy (SEM
and TEM), multinuclear NMR, computational analysis, and bioassay. Also, the historical
background and nature of chalcogen elements, including reactivity and magnetic proper-
ties as well as thermal behavior, common compounds of chalcogen elements: organic and
inorganic materials, complex chalcogen materials, will be briefly discussed.

Keywords: analytical methods, chalcogen materials, characterization, application

1. Introduction

People living in this scientific era might not realize that chalcogen elements are everywhere in
our lives. Especially oxygen which is essential for living, and then sulfur and selenium which
are so close to the human life, as they are incorporated or form parts of essential and useful
compounds and materials. Tellurium and polonium might not be inbound to life, but they

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [(cc) ExgIEN
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are utilized for some purposes according to the new properties and attributes of material, as
nanoselenium with their high active surface area and catalytic efficiency [1, 2]. The interest
for chalcogen materials is growing rapidly, as seen through SCIFinder [3]. Combinations with
other elements make the compounds important for metabolism or for various dedications.
The investigation on possibilities of chalcogen elements in reaction has been thoroughly dis-
cussed from the internal chemical properties of the elements [4]. Availability of pair and lone-
pair electrons offers so many possibilities of combination, naturally and synthetically. There
has also been a description of the stability of organo-chalcogen compounds by intermolecular
coordination because of their role in chiral induction [5].

Secondary metabolites and study on metabolomics have dominated the area of biology, food,
agriculture, and also medicine, as well as pharmacy. One good example, is the chemistry
of garlic, in which the sulfur-containing compounds called Allicin dominated the most ben-
eficial properties of garlic as an antioxidant, antimicrobial and antifungal actions [6]. More
similar analysis on Allium family revealed that mostly sulfur compounds were responsible
for the antioxidant and antimicrobial properties [7]. The phytochemical profiles describe the
benefits of sulfur-containing compounds to the good bioproperties which have good prospect
in the future. Besides sulfur, selenium plays a preponderant role in cellular metabolism and
becomes an essential element in enzyme in protecting the body against oxidative damage as
well as many other functions [1]. Selenium is needed in life in certain amount; otherwise, it
can be toxic, as sometimes it is called by double-edged sword element [8]. This element is
also being well investigated by scientists in relation with its bioavailability in the environ-
ment [1, 2]. Originally, selenium is present in rocks, water, and soil, and it has some common
isotopes too [9], though it naturally occurs in biological cycles in the environment, including
the biochemical and food cycles. Selenium is one of the metalloid essential minerals in living
things, whereby its deficiency, in soil and crops can cause certain metabolic disease such as
the Kashin-Beck disease, commonly prevalent in the Tibetan plateau [10]. In short, the explo-
ration of chalcogen elements contained in natural compounds as minerals is still intensive
worldwide, while a shift toward agricultural use is currently underway [1, 9, 11].

The new materials in combination with metals and ligands with higher specification and
sophisticated preparation are in demand due to great contribution for modern technology.
Selenium, for example, can be immobilized through reaction to form selenium metal-humic
ternary complexes or incorporated in carbohydrates as well [9]. More related to life, thio-com-
pounds cannot be uncounted for since they are all over the synthetically chemicals through
the ligands or thiolates as well as selenolates [12]. Synthetic compounds with metals like Fe by
chalcogen arsenide [13] or chalcogen containing iron-carbonyl clusters [14] are already done.
Chalcogen elements as dopant in silicon layers [15] or as organo-selenium or tellurium cations
[16] are also analyzed by spectroscopy methods. Tellurium is a bigger chalcogen element and
tends to have isotopic abundance, from which some are stable and some unstable [17].

There are several reports on chalcogen material synthesis with various synthetic and ana-
lytical methods, available in the Handbook of Chalcogen Chemistry [3]; however, with the
emergence of new and complex compounds, analytical methods development is undoubtedly
becoming an endless effort in the field of chalcogen chemistry. How the new materials are
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explored and investigated and also how the applications are being established and confirmed
are both the new challenges of analytical chemistry. In the future, the chalcogen materials
cannot be discussed within the scope of chemistry only, but must be broaden in the context of
science in a more general knowledge.

2. Nature of chalcogen compounds and chalcogen materials

Chalcogens are elements which belong to the group VI-A (or group 16) in the periodic table,
which consists of oxygen (O), sulfur (S), selenium (Se), tellurium (Te), and polonium (Po).
Chalcogens are the basic elements of chalcogenides compounds, where chalcogens are com-
bined with electropositive elements, organic radicals, in natural secondary metabolites and
even in macromolecules such as enzymes and proteins [1, 18, 19]. All compounds with oxygen
can be essentials and contribute most of the chalcogen materials. The materials can be as
simple as silica, as an example of oxygen compounds was made for some important applica-
tion [20] or macromolecule like cellulose or its derivates [21] which is applicable in daily life
and will be so still in the future, to a more complicated complexed compounds [22-26] or
advanced materials [27-29] which are made for the sake of science and method development.
Abundant materials are naturally in existence with oxygen, and also a lot is being derived
from synthesis in the laboratory [20-26, 30].

Some literature exclude oxygen from the chalcogenides discussion as oxygen appears in almost
all materials [3]. Oxygen and sulfur are contained in so many secondary metabolites in living
things and also in bigger molecules in tissue [6, 18, 31-34]. The process of changing compounds
during food treatment enables one to establish new natural resources for modern herbal medi-
cine for cancerous treatment [7, 35-39]. To be able to examine the biomolecular structure and
medicinal properties of such compounds in detail, new analytical methods and also high-res-
olution instrumentation would play important roles [40—42]. Of course that pretreatment prior
to analysis will be taken into account [31, 41, 43]. Extraction process which is needed before the
analysis was discussed thoroughly in the prominent book of Harborne [44]. Many sophisticated
new materials are made and dedicated for use in medicinal area [35, 38, 45] or smart electronic
materials [46], materials from nonliving beings [3, 47, 48], nanomaterials and thin films and mate-
rials for certain applications which needs special characterizations [49, 50]. The fast development
of chalcogen materials cannot be separated from the development of analytical methodologies.

3. Chalcogen bonds

Most topics on chalcogen compounds and materials are related to real chemical bonding,
which are either ionic or covalent bonding in one molecular building. Fewer discussions
describe the weak intermolecular forces that bind molecule or macromolecule together for
certain purpose. Chalcogen bonds are important in many intermolecular interactions which
in turn determine the configuration and designs of bigger biomolecules [51]. This type of
bonding can be grouped as dipole-dipole interaction. In the field of biochemistry, it has much



12 Chalcogen Chemistry

impact due to its role in bigger molecular mobility. The chalcogen bonds also form eclipse
(cis) and staggered (frans) configurations, enable chalcogen elements to develop many types
of materials for specific application, from real crystals to real amorphous substances.

The intra-molecular chalcogen bonds were obtained from the X-ray diffraction results and
quantum chemical calculations, such as in thioindirubin [52], indicating advanced methodol-
ogy in modern analysis of big molecules. Chalcogen bonds were also studied with the aid of
computational programs, as the development of old theories, especially in the debates around
the energetic significance and physicochemical origins of the so-called class o-hole interaction
[53], continue to fuel scientific discussions. These approaches have served as important steps
toward the synthesis, analysis, and designing of new materials [51].

4. Challenges in analytical methods for chalcogen compounds and
materials

Natural chalcogen compounds which are present in certain matrix in perfect blends, and sep-
aration procedure must be conducted first, followed by purification prior to analysis. There
are several parameters must be taken into account for the correctness of measurements. In the
extraction of sulfur-containing compounds in plants, one would normally use phytochemi-
cal procedures [44] by considering the separation of constituent analytes according to the
similarities of the compounds.

The development of new materials from chalcogen compounds due to the functionality of the
materials must be supported by a better analytical methodology. When materials are dedi-
cated to a specific purpose, then the proof to that claim might be assigned analytically too. In
this case, there are two types of analytical chemistry for the assignment of chalcogen materi-
als. In short, the need of analytical method can cover four types of analysis:

1. The need of pretreatment method prior to analysis, for the natural compounds in natural
matrix.

2. The need of methods for characterization of the chalcogen compounds, as well as new
materials, in practice and theoretically.

3. The methods to describe the application for the new materials which include several other
fields of disciplines.

4. The need of methods validation involving more than one method and instrumentation.

All of the human efforts in the laboratory as well as in computational analysis are based on
the four types of analytical objectives listed above. The emphasis must depend on the purpose
or in one segment of a longer process and all point of views can count. Therefore, any big-
ger steps can be started from chemistry discussion and developed into a wider investigation
perspective.
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5. Methods for chalcogen materials characterization

Characterization method is the backbone of chalcogen chemistry material description, as it
always accompanies the explanation of material properties [54-57]. There are still some divi-
sions in chalcogen material characterization, which includes the analysis for the main mate-
rial itself and characterization of the impurities. The presence of impurities will decrease the
quality to some extent [58, 59]. Notwithstanding, there have been too few reports discussing
the impurities aspect if not related to their main functionalities.

Basic spectroscopy methods, especially X-ray methods, are the main tool for material charac-
terization, including chalcogen materials. The methods are based on incoming X-ray beam that
undergoes some natural phenomena like absorption, emission, fluorescence, and diffraction,
then scattering with many possibilities to explore the chemical composition and properties
of the sample. The crystallinity of materials can be derived from the X-ray diffraction pat-
terns and the crystal database from instrument companies. In this case, the X-ray penetrates
through the materials, and a number of particles can be expected to be oriented in such a way
as to fulfill the Bragg’s law. Almost all crystalline compounds analysis rely on XRD spectra,
such as analysis of metal complexes of metal-thiourea and metal phenyl-thiourea [60, 61] after
several steps of synthesis, to determine the coordination sphere on the metal Zn(II), Co(II) and
Cu(Il) and the possible crystal structures. More study of the spectra confirmed the shape of
crystalline compounds together with UV-Visible and infrared as well as magnetic susceptibil-
ity measurement. In other synthesis the X-ray spectra were used to calculate reactive tendency
as well as shape of molecules [23-25] besides characterization. Another X-ray technique is the
energy dispersive analysis by X-rays (EDX) which intensity is proportional to the amount of
the elements. The method is commonly combined with scanning electron microscopy (SEM)
to get pre-experimental data, before the variables are given [22, 24, 26] or to characterize and
give elemental confirmation [62].

Nuclear magnetic resonance for solid sample can be powerful to characterize chalcogen mate-
rials. It is based on the impact of radiofrequency irradiation on specific nuclei in certain field
strength of the magnet (FT-NMR), causing the nuclei to spin resulting in resonance frequency
which is an indication of the atom (e.g., ”’Se and '®Te) [28]. NMR for chemist such as 'H or
B3C NMR is usually the most important method for chemical structure elucidation. However,
material scientists need solid-state NMR with its magic angle spinning (MAS). Moreover,
when other nuclei of resonance are used, one must swing the magnetic field according to
selected NMR active probe nuclei, such as ”’Se and *Te NMR [28, 29] to describe and confirm
newly synthesized octahedral coordination compounds. NMR method assisted the descrip-
tion of how chalcogen elements (Se and Te) that can replace halogen as inner ligands in form-
ing cluster cores in octahedral cluster complexes. This action reduces the symmetry and makes
distortion on the metallic cluster as well as their isomers and of course changes the properties
of the whole materials. Proton and (*H) carbon (**C) NMR of complex protein molecules were
employed to investigate Se-(2-aminoalkyl)selenocysteines as biochemical redox agents [63].
In this case, chalcogen-biochemical substance was investigated through the behavior of its
protons and carbons. The similar proton, carbon as well as ”’Se spectra recorded, was also
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the main method of metal chalcogenides characterization synthesized from single source
molecular precursor, besides X-ray diffraction [64]. This NMR method extended to confirm
the presence of chalcogen atoms in the complex molecular building through *>Pt NMR. There
was also a good NMR result which suggested the coordination of thiones to Zink(II) although
the sulfur (S) atoms indicated an up-field shifting of = C=S resonance of "C NMR as well as
a downfield N-H resonance in '"H NMR [65]. Similar analysis was done for the characteriza-
tion of complex coordination compound using thiourea derivative for biochemistry research
purposes [66]. The proton NMR was also used to analyze the stability of intermolecular coor-
dination as one good aspect is organo-chalcogen compound [5]. One can see that NMR is very
useful in describing molecular properties and mobility.

Thermogravimetric analysis is a method in which changes in physical and chemical proper-
ties of materials are measured as a function of increasing temperature (with constant heat-
ing rate) or as a function of time (with constant temperature and mass loss). The important
method of differential thermal analysis (DTA) one in which the mass changes is related to
specific heat capacity. The increase of temperature is programmed to be linear and the heat
flow to both sample and reference. Solid decomposition will occur due to phase changes, and
this process can be endothermic or exothermic. One example of the methods on chalcogen
compound was reported in the discussion of TGA of zinc and cadmium thiolate and seleno-
late complexes that showed the formation of metal sulfide (MS) and metal selenides (MSe)
[M =Zn, Cd], while the mercury complexes showed complete weight loss in this temperature
range [5]. TGA is mentioned as a good method to characterize metal chalcogenides [67] and
has become a key analytical information generating technique together with X-ray diffrac-
tion data to validate the formation on chalcogen arsenide clusters in the iron with carbonyl
functional groups [13]. In studying the degradation of palladium thiolate and selenolate,
TGA was also used, to confirm the formation of Pd,S and Pd,.Se,, which was then character-
ized by XRD and EDX [64].

Optical microscopy is used after the synthesis steps of chalcogen materials, which aids the
visual characterization of materials. This method is improved continuously and became the
earlier stage of today’s electron microscopy. Reflection mode of the instruments is preferable,
and this method is called episcopic light differential interference contrast (DIC) microscopy,
which enables imaging of polymer, glasses, semiconductor, metals and minerals sample with
various reflective properties. DIC microscopy also has its limitation, as it gives experimental
uncertainties during measurement, which is discussed in several numerical methods to mini-
mize them [57].

Scanning electron microscopy (SEM), which is a technique used for a better description of
materials’ surface textures up to nanometer scale, is a good way of visualizing chemistry by
secondary electrons. The ability to focus the extremely small incident wavelength of the ener-
getic electrons to resolve object in extraordinary spatial resolution, makes the method popular
for nanotechnology’s purposes. Electrons are scattered very intensively compared to X-rays
in both elastic and inelastic ways for both organic and inorganic materials, in dimensions
less than 1 nm. While transmission electron microscopy (TEM) is a similar microscopy elec-
tron, but the image is formed from the passage of some electrons passing through thin sliced
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samples together with the elastic and inelastic scattering of the electrons. Thicker samples
result in decreasing energy of the electron beams and increasing the scattering as well as com-
plexity from the bigger distribution of energy and at the end declined resolution is obtained.
Most of the synthetic chalcogen materials or metal chalcogenides are firstly being visualized
with the aid of SEM and TEM before any other theoretical modeling or use of methods for
analysis [15, 20, 24, 50, 56, 62, 68-70].

Dispersive infrared (IR) spectroscopy has been in use and became more popular with the
modern nondispersive Fourier transform-infrared (FT-IR) systems to probe the presence of
certain functional groups. From the energy point of view, vibrational frequencies are the base
of most analyses, and rotational frequencies also count. Raman spectroscopy, on the other
hand, from very different principles of spectroscopy, the scattered intensity of the absorbed
energy informs the same energy absorbed by vibration. Sulfur is observable by infrared spec-
troscopy [66, 71, 72] by their vibrational modes, especially stretching and bending vibrational
modes in solid, liquid, or gaseous phases. Fingerprint region is also important. Bulk char-
acterization by IR was employed to analyze synthetic compounds to prove the presence of
thionyl vibrational mode (v(C-S)) with frequency band shifts to lower values after coordina-
tion with metallic atoms [66]. Similar recording of infrared spectra were found in metal com-
plexes of thiourea and phenylthiourea crystals [60, 61]. The C-H stretching of the components
overlapped with N-H stretching of the thiourea, but both can be differentiated since N-H
is not directly involved in bond formation with the metals. The metal ion complexation on
the ligands is more pronounced on N-C and C=S bond which is shifted after the complex is
formed. It is also confirmed that the phenylthiourea is coordinated to metal via the sulfur with
a reduction in m-electron density of the C=S bond.

Surface characterization modes use additional probes such as attenuated total reflectance
(ATR) or diffuse reflectance infrared Fourier Transformed spectroscopy (DRIFT) [9] or reflec-
tion absorption infrared spectroscopy (RAIRS). Sorption study of selenium(IV) solution on
natural zeolites was done by infrared spectroscopy [73]. In this case, pH and concentration of
sodium selenite solution onto shabazite, analcime, stilbite, mesolite from volcanic fields were
studied. Some new absorption bands from Se-O as well as Se-O-Se bridges were observed,
different from original infrared spectra recorded before. The strongest changes due to the
highest pH of sodium selenite were the shifted absorption of tetrahedral Al-Si-O of the natu-
ral zeolite framework downfield in alkaline situation and another band appeared that con-
firms the absorption state of the ions. The partial desilylation of zeolite in alkaline medium as
well as dealumination of zeolites occurring in acidic solution were observed in the infrared
spectrum. In thin film form materials, near infrared (NIR) analysis was used to compare the
photo-response of silicon doped with Se and Te via laser irradiation [15]. In this case, surface
morphology and optical properties were accessed by NIR spectroscopy, as well as the stabil-
ity of Si-chalcogen interaction. In other discussion, the vibration-rotation spectrum informs
the bond length of the molecules being investigated [71] and process chemistry can be fol-
lowed. A very minute detail of absorption energy can be useful, making this method valuable
from time to time during synthesis, for calculating and determining the crystal building of the
structure. Moreover, some workers have used IR spectroscopy to complement the computa-
tional calculation of new inorganic complex cluster with chalcogen elements [29].
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Most of organic and inorganic compound or ions adsorb radiation in the ultraviolet and vis-
ible region (UV-Vis) (180-750 nm). Part of chalcogen materials also produces electronic spec-
tra that show shape of molecules or crystal as a result of the frequency absorption bands from
ligands, especially for the bands near the visible region as expected [60, 61]. Furthermore,
the electronic transition in d-orbitals also provides strong evidence for complex compounds
containing transition metals. Examples of similar complex metal chalcogenides follow the
same principles for different shapes of molecules, together with analysis of magnetic suscep-
tibility, which suggests the shape of environment of the central metal ions with the presence
of chalcogen ligands.

One other important analytical method for both characterization as well as application of
chalcogen materials is electrochemistry [74]. The role of electrochemistry in synthesis, devel-
opment, as well as characterization, up to applications, is obvious. This method is based on
electron transfer in chemical reactions, in which metals have the most possible elements for
electron storage systems. In photo-electrochemical systems, in which electron from the reac-
tion is to be stored as energy or used for the next reaction.

Characterization of magnetic properties is also important in the study of chalcogen materials.
Before, vibrating sample magnetometer was used to get information about the magnetization
of samples when vibrated in a uniform magnetizing field. Magnetization is therefore induced,
the product of magnetic susceptibility and the applied magnetic field provide chemical
information of the materials. The specific techniques include: magnetic separation, magnetic
spectroscopy, magnetic susceptibility measurement, magneto-relaxometry, magnetic particle
spectroscopy, and rotating magnetic field. Some magnetic properties can be changed due to
chalcogen substitution to metal iron complexed compounds [55, 75].

Dynamics in chalcogen materials is also trending in the field since it is crucial to describe the
desired properties of the materials. In addition, the dynamics of materials are now core in
understanding conductivity and diffusivity of the materials [76]. Materials with ion dynamics
of different substructures enable phonon scattering process in their solid state. Actually, NMR
relaxation and diffusion experiments are powerful tools used to describe molecular mobility,
no matter what the nuclei probe is [77, 78]. The same method can be applied to characterize
chalcogen materials as well as metal chalcogenides.

Since computer is involved in most of the modern chemical analysis, the chalcogen bonds
in protein are one example in this field [79]. The computational analysis needs some unfa-
miliar tools and methods; however, it provides a lot of information about how molecules
bind together naturally. Sulfur, selenium and tellurium are the probes of energetically
favorable trends in the synthesis of chalcogen complex structures [29], following modeling
by computational analysis. In addition, while there are more types of interaction occurring
together in the biomolecules, which one cannot resolve them one by one, nonionic and
noncovalent bonds are usually resolved by computational calculation. The intramolecu-
lar forces between sulfur and oxygen was also reported as the chalcogen bonds which is
responsible for many bond formations in bigger molecules [52] is often being modeled by
means of computation.
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6. Methods for testing the applications of chalcogen materials

The method of applications will depend on the field of applications. The difficult part of it is to
find a probe or indicator for the desired properties needed to be performed by the materials.
This includes more analytical chemistry, with biological capacity or computer calculations.
Suitable characterization is also essential to correlate the application and the properties of the
materials.

Application of many types of chalcogen materials for environmental purposes employs
infrared sensing for chalcogenides fibers [72] and also extended to other signal in infrared
region can be utilized for environmental sensors. The manufacturing and testing of optical
fiber sensors made from transparent chalcogen compounds for environmental can also be an
alternative device for use in infrared spectroscopy [80].

For agricultural or medicinal application, bioassay is mostly used. New materials for anti-
microbial properties are tested using qualitative or quantitative microbial assay [60, 61], in
which pathogenic microbials were used to test the biological potentials of the compounds
synthesized, as seen from disc diffusion method. The cultured microorganism in petri dishes
would give clear inhibition zones around a spot of medium impregnated with stock solution
of the synthesized complexes during incubation under certain conditions. Potential antibacte-
rial activity can be further traced quantitatively. Usually, several methods are used together
for the specific area of applications. Moreover, many methods can be compared one to other

Methods Characterization Application Explanation
Uv visible [60, 61] Characterization of compounds structures.
[68] For the analysis of colored compound when probing
SO, and NH, reduction.
IR [13, 15, 24, 66, 68, 73] For the characterization of functional groups after

reactions, characterization of chalcogen dopants on
silicon. Sorption study of

selenium(IV) solution on natural zeolites
[15] Investigation on fabrication of silicon based
new material by near infrared analysis.
Luminescence [27] Characterization of chalcogen compounds by

spectral luminescence study.

XRD [13, 20, 21, 23, 24, Determination of crystallinity of materials and its
51-53, 60, 61, 73] combination, for characterization of intermolecular
interactions, the effect of chalcogen substitution

NMR [2,5,13,27,28, Characterization of hydrogen and carbon- containing
61-64] groups, also Se and Te NMR for chalcogen elements in
the molecules

[81-85] For the mobility of small molecules in porous oxide
materials, testing of chalcogen material application
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Methods Characterization Application Explanation
Mass spectrometer [13] Characterization of compounds synthesized
[86] For the determination of volatile compounds released

from the silica oxides materials, testing of chalcogen
materials application

Atomic [10] Quantitative measurement of selenium content in soil

spectroscopy using HG atomic fluorescence spectroscopy

Optical [18, 24, 85] Surface texture characterization, as well as structural

microscopy components of chalcogen materials.

Chromatography [20, 86] Separation of plant pigments on surface of silica
materials, as one application for chalcogen
compounds

Thermoanalysis [3, 13, 64, 65, 80] Characterization of chalcogen compounds, thermal
clusters on chalcogen materials, formation of Zinc
and cadmium sulfide and selenide, the study of
degradation of palladium thiolate and selenolate

Magnetic analysis  [56, 60, 61, 75] Characterization of magnetic nanoparticle of
chalcogen materials, the effect of chalcogen
substitution, suggestions for shape of complex metal
chalcogenides together with electronic transition
results.

Electrochemistry [4] Characterizing molecules based on reactions of
chalcogen compounds

[49, 69, 74] Voltammetric measurement for application chalcogen

doped Mo as electrode, photoelectrochemical solar
cells with chalcogen materials

SEM [18, 24, 48, 54, 60, Describing porous texture of the surface

66-68]

EDX [24, 64] Describing the composition of elements of materials,
characterization of Pd,S and
PdlSSel7

Bioassay [60, 61] Testing bioactivity of the chalcogen materials
(thiourea).

Computation [52, 53] Calculation on S+-O chalcogen bonds and modeling

methods

Table 1. Chalcogen (including oxygen) materials analysis using available analytical techniques.

since some treatments are meant to be complementary to others. Method validation between
more than one approach would be important. Table 1 presents some available analytical
methods for characterization and testing the applications.

In modern information technology, new challenges come from big data handling too. Most

recent development in the handling of chemistry data, qualitative and quantitative can pro-
vide more information about the materials. Chemometrics has also become an important ana-
lytical chemistry tool in many disciplines including chemistry and other applied chemistry
fields (e.g., biochemistry and bioinorganic chemistry). The data analysis gives trends, and this
hypothetical analysis creates continuity in the investigation. Thus, the challenges of analytical

chemistry are real, yet exalting!
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7. More accounts on development of chemistry now and for the
future

It is clear that there is an increasing demand for modern materials for various industry
applications [67]. Therefore, modern analysis is needed to ensure that the synthesis of
these newly made materials complies with quality attributes and satisfy their purposes.
With the emergence of new devices, information technology and materials for big data
handling, demand in the field of health and the pharmaceutical sector, as well as mate-
rials for application in science and the environment, are all factors bound to accelerate
research to produce more types of new materials. At this point in time, chemistry is the key
in technological and engineering developments, as everything can be manipulated from
molecular [87] to structural levels. Chemistry education has the perspective of chemistry
contextualization to socio-scientific orientation [88]. Awareness of chemistry concepts and
also biochemistry is crucial in chemistry teaching, since the chemistry content alone is not
enough to shape up the scientific attitude. When technology reigns, without good attitude
of the chemist behind that, then the society as well as the future as a whole is in danger.
So, it is clear here, that chemistry education is important for the right technology for the
benefit of mankind.

Last but not the least, material science is a new fascinating area of interest attracting more
and more scientists around the world. The need of raw materials leading to earth exploration
and exploitation especially in mining has shifted the natural equilibrium to some extent and
in turn will move as a self-reorganization phenomenon which in the context of human and
other living being is categorized as a disaster. In this case, scientist must work within the
scope of ethics since any changes from structural level, from chemistry level can develop up to
environmental level. The idea of green chemistry has been developed due to new awareness
of imbalancing nature by human activity. Chemistry education has to be more “eco-reflexive”
[89] and technology must develop the environment with responsibility.

8. Conclusion

One of the main problems analytical chemist has to face is the lack of compositional
and structural information concerning chalcogens and related chemical compounds and
materials. The development of efficient procedures for the synthesis, extraction, and char-
acterization or structural determination of this class of compounds is bottleneck of each
analysis, for both characterization as well as optimization and applications. Thus, the
analytical protocol for such analysis usually performed with the use of a wide range of
techniques, both single and hyphenated, should be designed on the basis of the need to
provide required knowledge about translocation of the metal and character of its interac-
tions with examined chalcogen materials or compounds toward establishing goal oriented
method. Method development as well as validation is, therefore, crucial in shaping future
technology development and application of chalcogen and chalcogenides. Analytical
chemistry premised on new ideas out of human creativity is set to shape future technology
for chalcogen materials.
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Abstract

Single-crystal X-ray diffraction data were used to solve the structure of a newly layered
copper-selenium hydrogen selenite and further refined to a final reliability factor,
R; = 0.038. This structure was found to have an orthorhombic space group PBn2;, with
a=7.1753(4) A, b=9.0743(4) A, c=17.725(9) A, V=1154.06(10) A%, and Z = 4. Although this
structure may be described to exhibit a bidimensional structure, it is actually three-
dimensional in shape. The bidimensional structure is made up of layers, parallel to the
(010) plane, which contain copper atoms and (HSeOs)™ anions with sheets interconnected
by [CuCl3(H,0);] groups. Bond valence sum calculations were used to evaluate the Se and
Cu oxidation states. Both the infrared (IR) and Raman spectra were obtained and
employed to confirm the presence of hydrogen selenites (Se—O—H). Also, the dielectric
constant at different frequencies and temperatures revealed a phase transition at 383 K.

Keywords: infrared, structural study, dielectric properties, bimetallic hydrogen selenites

1. Introduction

During the past years, lot of interest has been shown in hydrogen selenite chemistry motivat-
ing research focused on expanding the knowledge of the structural and bonding principles of
this ligand. There is an important number of divalent metal hydrogen selenite crystal struc-
tures reported in the literature. For example, M(HSeO;), (where M: Cu, Mg, Sr, Ba) [1, 2];
M(HSeO;),-H,O (where M: Ca, Cu) [3-6]; M(HSeO;),-NH,Cl (where M: Cu) [7];
[Cu(HSeO;5),Cu,M; _Cl,(H,0),] with M = Cu, Co, Mn, Ni, and Zn [8]. This family has a

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgINEN
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three-dimensional structure, but it may be considered as being derived from the [Cu(HSeO3),]-
type structure.

Compounds exhibiting mixed valences (like Se** and Cu®") are at the center of many studies
owing to their potential applications in relation to the electronic exchange. For almost all of
these compounds, except [Cu(HSeO3),], magnetic measurements have revealed the occurrence
of weak ferromagnetism at low temperature (T ~ 10-20 K) for which a tentative explanation is
offered for this peculiar property in agreement with other authors [8, 9]. In this study, the
crystal structure of the compound [Cuy 3355€0 582(HSeO3),CuCls(H,0)3], herein presented, was
obtained using an X-ray single structure and various spectroscopic (IR and Raman) character-
ization, as well as dielectric measurements.

2. Materials and methods

The experiments were carried out using a single crystal of [Cug 3355€( 552(HSeO3),CuCl5(H,O)s]
grown by slow evaporation from a mixture of hydrochloric acid containing stoichiometric
CuCl,-5e0O; at room temperature in the ratio 1/2. Blue thin rectangular parallelepiped crystals
were grown after vaporizing in air for 15 days approximately. The determination of
[Cuyp 3355€0.582(HSeO5),CuCls(H,0);] formula was achieved by the crystal structure refinement
approach at room temperature.

For electrical impedance measurements (in the range 1-10 KHz), a Hewlett-Packard 4192 ALF
automatic bridge monitored by a HP Vectra microcomputer was used. Prepared dense trans-
lucent pellets with approximately a diameter of 8 mm and a thickness of 1-1.2 mm, covered
with graphite electrodes were utilized for the measurements.

The measurement of electrical impedances were equally carried out in the range, 1-10 KHz,
using a Hewlett-Packard 4192 ALF automatic bridge monitored by a HP Vectra microcom-
puter. For these types of experiments, dense translucent pellet samples were prepared, with a
diameter of 8 mm and thickness between 1 and 1.2 mm. All the pellets were then covered with
graphite electrodes prior to measurements.

A modern nondispersive Fourier Transform (FT-IR) spectrometer (Perkin-Elmer 1750 spectro-
photometer IR-470) was employed for the characterization of the crystalline powders after
mixing with KBr, with very notable IR-active functional groups found in the samples investi-
gated. Scans of IR spectra were recorded in in the range 400-4000 cm ™" without apodization.
To record Raman spectra of the solid samples for the study of the various phases, a conven-
tional scanning Raman instrument (Horiba Jobin Yvan HR800 microcomputer system),
equipped with a Spex 1403 double monochromator (with a pair of 600 grooves/mm gratings)
and a Hamamatsu 928 photomultiplier detector was used. Solid materials were sampled at
different temperatures for this analysis. During the recording of prominent Raman peaks,
excitation radiation from the instrument was fulfilled by a coherent radiation emitted by a
He-Neon laser operating at a wavelength of 633 nm, with an output laser power of 50 mW. In
order to acquire high-resolution Raman spectra, the spectral resolution of the slit width varied

from3to1cm™ L.
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To study the crystal structure of [Cug z355€0 552(HSeO3),CuCls(H,0)5], an APEX 1II diffractom-
eter (powder XRD) fitted with graphite-crystal monochromated Mo Ka radiation (0.71073 A)
was employed. In this study, a total of 3093 reflections were collected, among which only 2803
reflections, namely those for which I > 20 (I), were actually used in the determination and
refinement of the structure. Corrections were made for Lorentz-Polarization and absorption
effects. Table 1 presents the data collection procedure and structure refinement at room
temperature.

A three-dimensional Patterson synthesis approach was used to determine the selenium atoms
positions in the compound. On the one hand, the Fourier function allowed for the localization
of the chlorine (Cl), copper (Cu), and oxygen (O) atoms. On the other hand, the hydrogen
atoms were localized from a difference Fourier synthesis and introduced as fixed contributors.
Conversely, all the non-hydrogen atoms were typically assigned anisotropic thermal displace-
ments. The structure solution and refinement were carried out using SHELX programs [10, 11].
The bond lengths and angles are given in Table 2.

Crystallographic data T=296(2) K
Formula [Cup 3355€0 582(HSeO3),CuCl3(H,0)3]
Formula weight 547.15
Space group Pbn2;

a(A) 7.1753(4)

b (A) 9.0743(4)
c(A) 17.7246(9)
V(A% 1154.06(10)
z 4

Peale (g/cm®) 3.149

u (mm 1) 11.359

Crystal size (mm®)

Crystal shape

F(000)

Data collection instrument
Radiation, graphite

0 range for data collection (°)

Index ranges

0.05 x 0.04 x 0.03

Octahedral

1030

Kappa-APEX II

AMo K, (0.71073 A)

6.80-30.57

—10<h<9; —-12<k<12; -23<1<25

Total reflections 8605
Reflection with (F > 40(F)) 3093
R(F) (%) 3.38
Wr2 (%) 1.74

Table 1. Crystal structure data and experimental conditions for the structure determination of

[Cuo .3355€0.582(HSeO3),CuCla(H,0)3].
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a: SeO; polyhedron

Sel—04 = 1.70(5) 05—Se1—07 = 102(2)
Sel—05 = 1.70(5) 05—Sel—04 = 102(2)
Sel—O7 = 1.71(5) 07—Sel—04 = 98(2)
Se3—03 = 1.67(4) 03—Se3—06 = 98(3)
Se3—06 = 1.66(6) 03—Se3—08 = 101(3)
Se3—08 = 1.77(5) 06—Se3—08 = 100(2)

b: Cu(Se)O4Cl,

Cu2/Se2—03 = 1.98(4) 04(b)—Cu2/Se2—06(a) = 91(2)
Cu2(c)/Se2(c)—O4(b) = 1.91(4) 04(b)—Cu2/Se2—03 = 179(3)
Cu2/Se2—05 = 1.94(4) 06(a)—Cu2/Se2—03 = 90(2)
Cu2(d)/Se2(d)—O06(a) = 2.01(5) 04(b)—Cu2/Se2—05 = 89(2)
Cu2/Se2—CI2 =2.77(2) 06(a)—Cu2/Se2—05 = 180(4)
Cu2/Se2—ClI3(e) = 2.80(2) 03—Cu2/Se2—05 =90.1(2)

Cl2—Cu2/Se2—06(a) = 89.52(8)
03—Cu2/Se2—Cl3(e) = 89.11(5)
CI2—Cu2/Se2—03 = 91.1(4)
Cl2—Cu2/Se2—O04(b) = 89.83(3)
05—Cu2/Se2—ClI2 = 94.18(7)

¢: CuCl3(H,0) octahedron

Cul—Cl1 = 2.66 (8) 01—Cul—02=88.1(3)
Cul—CI2=2.30 (2) 01—Cul—CI3 = 176(2)
Cul—CI3 =2.30(2) 01—Cul—CI2 =90.9(2)
Cul—01=1.99(7) 02—Cul—CI2 = 176.1(5)
Cul—02 =2.02(6) 02—Cul—Cl1 = 83(2)
Cul—09=221(3) CI3—Cul—CI2 =92.2(3)

CI3—Cul—Cl1 = 94.1(3)

Symmetry code: a:—=x+1/2, y+1/2, zb: —x +3/2, y+1/2, z; . =x + 32, y = 1/2, z; d: x + 12, y = 1/2, zze: x + 1, —y + 2, 2+ 1/2.

Table 2. Interatomic distances for [Cug 3355€ 582(HSeO3),CuCls(H,0)5] samples (this study).

3. Results and discussion

3.1. Structure description

From the charge balance in [Cug 3355€0 552(HSeO5),CuCls(H,0);], it can be suggested that the
average oxidation state of Cu(2)/Se(2) is equal to 3, which would fit to 33.5% of Cu*" and 58.2%
of Se*". This outcome was confirmed by performing a calculation of bond valence sums around
the centers of the cation sites. The steps and expressions used in the calculation of the bond
valence are published in [12]. More specifically, the bond valence (S;) is expressed as S;; = exp
[(Ro — Ry)/B], where Ry and B are the experimentally determined parameters and Rj is the
bond length of the cation-anion pair [12]. The sum of the bond valence (X;S;) around an ion
calculated must be equal to the formal valence (V;) of this ion, based on the valence sum rule.

In this work, our calculation shows that, for the pyramidal sites (Sel and Se3), the sum of bond
valence is ~4, which is equal to selenium formal valence. Thus, the bond valence sums around
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the octahedral site of Cu(2) are typically consistent with the value +2.7, confirming the pres-
ence of selenium Se*" and cuprite Cu®" in the same site. It is also observed that the blue single
crystal [Cug zasSe s82(HSeO3),CuCls;(H,0)5] crystallizes in the orthorhombic system, space
group Pbn2;. Structurally, the crystal structure of [Cug 3325€0 582(HSeO3),CuCl3(H,O)3] repre-
sents a new type of structure for complexes of hydrogen selenites (Figure 1). The building
blocks [Cug3355€0.552(HSeO3),] and [CuCls(H,O)s3], hereunder drawn, are arranged to form
layers in the structure parallel to the (001) plane between which the lone pairs E are located
(Figure 2). Due to the stereochemical activity of the lone pairs E, Se has very asymmetric
coordination polyhedral SeO; pyramids.

Spatially, the high anisotropic distribution of anions observed around each cation is character-
istically of a strong stereochemical activity of their electron lone pair E for the Sel and Se3
atoms. The consequence for the coordination polyhedral is the description of a distorted SeO;
triangular pyramid, in which the Se—O(7) and Se—O(8) are marginally longer than the other
Se—O bonds (Table 2). Thereof, the lone pair E so directed to constitute the fourth vertex of an
SeO;E tetrahedron (Figure 3).

The O—Se—O with angles of values 98(2) and 102(2) formed from Se—O chemical bonds are
situated on one side of the Se atom, whereas the other side is hitherto a “dead” zone around

Figure 1. Perspective view of the [Cuyg 3355€ 53.(HSeO3)>,CuCl3(H,0)3] unit cell content.
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Figure 2. A projected along a-axis view of the [Cug 3355€0 532(HSeO3)>CuClz(H,O)3] unit cell content.

04
0s

04

Figure 3. Environment of selenium Se(1), Se(3) cations.
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the lone pair E of the Se atom. As such, the SeO; polyhedral has strong dipole moments, due to
such a sharp asymmetry of the atomic arrangement of the first coordination spheres, which
provide considerable dipole-dipole contribution to the inter-anion potentials. Taking a closer
look at the structure in Figure 4, one can easily see that each Cu(1) atom is surrounded by three
oxygen (O) atoms and three chlorine (Cl) atoms. This basically forms a slightly distorted
octahedron with distances ranging from 1.99(7) to 2.21(3) A for Cu—O and 2.30 (2) A for
Cu—CL

A remarkable deviation from full occupancy was exhibited in the occupancy of the Cu(2) site
during refinement. This is an indication of a substitution with Se, resulting in final occupancies
constrained in sum to 1.0, and refined to 0.335(4) and 0.582(2), respectively. It should be noted
that the deviation from 1.0 is due to the mixed valence between Cu and Se, for Cu(2) and Se(2),
respectively. As shown in Figure 5, the Cu(2)/Se(2) atoms are surrounded by four oxygen
atoms and two chlorine atoms to form an irregular octahedron.

From the earlier arguments, the structure depicted in Figure 2 can be ascribed to being formed
by Cu(1), Se(2)/Cu(2) polyhedral that structurally shares chlorine (Cl) corners in infinite chains
along the direction [001]. Therein, the sequential metal atoms in the chain trend schematically
following Cu(1)—Se(2)/Cu(2)—Cu(1) —Se(2)/Cu(2)—Cu(1), whereby the prime refers to the
polyhedral generated by the symmetry operation: 1 -x, 2 -y, —0.5 + z, in the [010] direction. As
a result, the three-dimensional network is thus formed. It can be argued that the lattice
cohesion may be strengthened by the hydrogen bonds within the layer (O(8)—H(7)—O(4))
and (O(7)—H(8)—0O(3)) or outside the layer.

Cl

Figure 4. Structural environment of copper cations Cu(1).
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03E

Figure 5. Environment of copper/selenium cations Cu(2)/Se(2).

3.2. Spectroscopic studies

In order to confirm the crystallographic results of the following compound: [Cug3355€0.552

(HSeO3),CuCl3(H0)3], IR, and Raman spectroscopy were used. Figure 6 shows that the IR

spectrum is restricted to the mid-infrared frequency range: 400-4000 cm .



The Characterization of a Newly Layered Bimetallic Hydrogen Selenite Copper-Selenium: Synthesis and Structure
http://dx.doi.org/10.5772/intechopen.76310

v OH(C)

H,0
VOHA) 0

v OH(B)

0

SOH  v2 HO

vSeO,

vSe-OI1

400 900 1400 1900 2400 2900 3400 3900

Wavenumber [cm")

Figure 6. Infrared spectrum of [Cug 33:5€e( 552(HSeO3),CuCl3(H,O)s] at room temperature.

In this chapter, the band corresponding to the symmetric stretching vibrations of SeO, groups
was observed at around 825 cm ™' in the Raman spectrum (Figure 7). Similarly, a strong intense
broad band is observed in the infrared (IR) spectrum for this mode. These findings are in
agreement with those reported by Cody and al. and Micka et al. for vibrational analysis on a
series of alkali hydrogen selenites. From the work of these authors, the symmetric stretching
vibrations are around 850 cm ™" [13-15].

From Figure 7, a band of very weak intensity is observed at 710 cm ™', accompanied by a
shoulder at 738 cm ™, which is ascribed to asymmetric stretching vibrations of SeO, groups. In
the 686740 cm ™' region, a corresponding IR spectrum with an intense (broad) frequency
absorption is present. In the literature [16, 17], these modes have been observed at a very much
lower wave numbers than those in alkali hydrogen selenites.

Another observation is that copper (selenium) atoms are located at the center of CuO,Cl,
coordination octahedra. The axial Cu—Cl bonds are longer than the others, and they are
coordinated to water molecules. It can be stated that the high spin d-configuration of Cu leads
to Jahn-Teller distortions by Jahn and Teller [18] hitherto producing planar Cu—O bonds in the
1.91-1.98 A range and an axial Cu—Cl distance of 2.77-2.80 A. It can be ascertained that the
planar oxygen (O) atoms are shared by Cu and Se atoms which can lead to the observed
reduction in the stretching frequencies of the SeO, groups.

Typically, the stretching vibrations of the HSeO;™ ion (vSe—OH), which often characteristi-

cally appear in the 600-650 cm ' region [16, 17], are also appearing at lower wave numbers

(~627 cm ™). In the IR spectrum, this mode is observed as an intense broad band at 532 cm ™.
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Figure 7. Raman spectrum of the compound at room temperature.

The O—O distance involving the Se—OH system with one of the equatorial oxygen atoms of
the neighboring Cu(2)/Se(2)O4Cl, group is 2.662 A. The observed lowering of the Se—O(H)
vibrations from the free-state values is a confirmation of the corresponding strong hydrogen
bonds determined in the X-ray diffraction data. As presented in Table 3, it is seen that
symmetric deformation vibrations of the HSeO;™ ion have given only weak bands of the
Raman spectrum, while a medium intense broad band is obtained in the IR. In the
corresponding asymmetric bending vibration, Raman spectrum shows medium intense bands
with a weak band in the IR. A reduction in the symmetry of the HSeO; ion may be causing the
changes in the activity of these modes. From the observed strong hydrogen bonding and the
distortion of Cu(Se)O4Cl, octahedra, we can deduce that the Jahn-Teller distortion affects the
HSeO; vibrations.

Fundamentally, the hydrogen-bonded OH groups may lead to three vibrations, namely: v(OH)
stretching, the in-plane (OH), and the out-of-plane (OH) deformation vibrations. In fact, the
stretching bands of strongly H-bonded systems are intense and usually built up of a number of
unresolved components owing to strong interaction between the proton vibration and the
v(O...0) vibrations [19, 20]. It is also clearly elucidated from the literature [21, 22] that the
broad v(OH) band in Fermi resonance with the overtones of the v(OH) modes splits into three
bands A, B, and C. The A mode is typically observed as a strong broad band at 2850 cm™" in
the IR spectrum, while the B mode is obtained as a medium intense band at 2360 cm ™. A
medium intense broad band at 1900 cm ™' and a weak one at 1730 cm ™ are generally being
assigned to C bands. From a practical viewpoint, the appearance of these bands confirms the
existence of strong hydrogen bonds in the crystal. The in-plane bending v(OH) vibrations are
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Raman IR Assignments
3553 mbr viH,O
3170 wbr
2920 w vOH(A)
2850 w
2694 wbr
2360 mbr vOH(B)
1900 vwbr vOH(C)
1730 vw
1606 mbr v,H,O
1222 m dOH
1043-920 YOH
896 m
825 vs 825s vsSeO,
738 wsh 740 s
710wbr 686 s
627 m
515 m 532s vSe—OH
501 sh
425 vw 442 w 0SeO,
380 vw dasO—Se—OH
350 sh 0sO—Se—OH
337 m
288 w Cu—O stretching
225 vw stretching modes of Cu—Cl
201 mbr External modes
143wbr
129 m
120w
83 m

Relative intensities: sh, shoulder; m, medium; w, weak; vw; very weak; mbr, medium broad; s, strong; vs., very strong.

Table 3. Assignment and frequencies (cm ') observed for IR and Raman spectra of [Cu0.3355e0.582(HSeO5)
2CuCl3(H,0)5] at room temperature.

less sensitive to the hydrogen bond strength than the v(OH) mode [15]. A medium band
observed at 1280 cm ™' in the IR spectrum is attributed to the in-plane v(OH) bending mode
and a medium intense broad band in the 870-940 cm ™" region to the v(OH) mode.

Two prominent broad bands were observed in the stretching region of the typical water in the
Raman spectra of the main (title) compound. Similarly, in the IR spectrum, a corresponding
strong broad band with two distinct peaks exhibited at 3553 and 3170 cm ™" are noticeable for
this mode. The bending mode of H,O that appears at around 1606 cm ™" in the IR is notewor-
thy. The considerable shifting of stretching and bending frequencies from those of a free water
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molecule (H,O) [23] may be an indication of the presence of strong hydrogen bonding in the
new crystal. The external modes of the HSeOj; ion, lattice modes of water, and metal-oxygen
stretching modes appear approximately below 200 cm ™ [1].

3.3. Dielectric studies

Figure 8 shows an illustration of the temperature dependence of the dielectric constant (&’) in
the frequency range [1-10] KHz, and in the temperature region of 300-500 K obtained for
[Cug 3355€0.582(HSeO5),CuCls(H,0)5]. These curves (Figure 8) exhibit the following character-
istics:

(1) There is one anomaly in the dielectric constant &’ observed at about 383 K, (2) there is a
maxima in the permittivity curves, displaced to higher temperatures with increasing fre-
quency, and (3) apparently, this is a transition which can be attributed to the “order-disorder”
phase transition, probably characterizing the motion of H" diffusion related to the motion of
HSeO; groups, as reported in the literature [16, 17].
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Figure 8. Temperature dependence of ¢’ as a function of frequency.
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4. Conclusion

In conclusion, the author ascertains that a novel substituted hydrogen selenites [Cug 3355€0 552
(HSeO3),CuCl3(H,0);], have been successfully prepared via slow evaporation method. The
crystal structure of the novel compound is characterized by the presence of structural blocs
with structures as such [Cug 3355€( 552(HSeO3),] and [CuCl3(H>0);]. The principal compound is
arranged to form layers in the structure parallel to the (001) plane between which the lone pairs
E are located. So, the main feature of the structure of this compound is based on different
coordination polyhedral, SeO; pyramids, and [CuCl;(H,O)s] groups. The presence of hydro-
gen selenites (Se—O—H) was confirmed by IR and Raman spectra. The particularity of
[Cug 3355€0 552(HSeO3),CuCl3(H,O)5] is that it undergoes a phase transition on heating at
383 K. High temperature structure investigation of the new compound is in our future plans
in order to confirm the nature of this transformation.
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Abstract

Thiophene S-oxides constitute a class of molecules that have been studied in more detail
only recently. Their existence as intermediates in the peracid mediated oxidation of thio-
phenes to thiophene S,S-dioxides, however, has been known over some time. Over the last
20 years, a larger number of thiophene S-oxides have been prepared and isolated in pure
form. Thiophene S-oxides have been found to be good dienes in [4 + 2]-cycloaddition reac-
tions, where they react with electron-poor, electron-neutral and electron-rich dienophiles
with high syn m-facial stereoselectivity. Thiophene S-oxides have been found to be metabo-
lites of thienyl-containing pharmaceuticals such as the anti-platelet drugs ticlopidine and
clopidogrel. The chapter gives an overview of the preparation and reactivity of this class of
compounds.

Keywords: thiophenes, selective oxidation, cycloaddition, functionalized arenes, drug
metabolites

1. Early history of oxidation reactions of thiophenes: cycloaddition
reactions of thiophene S-oxides prepared in situ in absence of Lewis acids

In the first half of the 20th century, considerable effort was devoted to the oxidation of the
heteroaromatic thiophene (1) with the understanding that the oxidation of thiophene to thio-
phene S,S-dioxide (2) (Figure 1) would be accompanied by the loss of aromaticity [1, 2]. The
non-substituted thiophene S,S-dioxide (1) is not very stable in the pure state [3], but undergoes
a slow dimerization with concurrent extrusion of SO, from the primary cycloadduct (4) [4],
leading to 5 (Scheme 1). Only much later were the properties and reactivity of pure, isolated
non-substituted thiophene S,S-dioxide (2) described [5].

© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgINEN
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Figure 1. Structure of thiophene (1) and oxygenated thiophenes 2 and 3.
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Scheme 1. Dimerisation of unsubstituted thiophene S,S-dioxide (2).

Much of the early work on the oxidation of thiophenes to thiophene S,S-dioxides involved
hydrogen peroxide (H,O,) as oxidant, later meta-chloroperoxybenzoic acid (m-CPBA). That
thiophene S-oxide was an intermediate in such oxidation reactions [6-8] was evident from the
isolation of so-called sesquioxides as dimerization products of thiophene S-oxides [9-12].
Here, the thiophene S-oxide acted as diene with either another molecule of thiophene S-oxide
or thiophene §,5-dioxide acting as ene [9-12] to give cycloadducts 6-8 (Figure 2). Thiophene
S-monoxide (3) as an intermediate in the oxidation process of thiophene (1) to thiophene S,S-
dioxide (2) could not be isolated under the conditions.

Nevertheless, the idea that a thiophene S-oxide intermediate could be reacted with an alkene
of choice led Torssell [13] oxidize methylated thiophenes with m-CPBA in the presence of
quinones such as p-benzoquinone (12). This gave cycloadducts 13 and 14 (Scheme 2) [13].
Further groups [11, 12, 14-19] used this strategy to react thiophene S-oxides such as 11,
prepared in-situ with alkenes and alkynes in [4 + 2]-cycloadditions (Schemes 3 and 4). In the
reaction with alkenes, 7-thiabicyclo[2.2.1]heptene S-oxides such as 13 were obtained, while the
reaction of thiophene S-oxides with alkynes led to cyclohexadienes and/or to aromatic prod-
ucts, where the initially formed, instable 7-thiabicyclo[2.2.1]Thepta-2,5-diene S-oxide system 21
extrudes its SO bridge spontaneously (Scheme 4). A number of synthetic routes to multifunc-
tionalized cyclophanes 32 [17], aryl amino acids 25 [16] and to crown ethers 29 [15] (Scheme 5)

N R N g
g
7o N
R RO R O
6 7 8

Figure 2. Sesquioxides obtained by dimerization of elusive thiophene S-oxide and by cycloaddition of thiophene S-oxide
to thiophene S,S-dioxide.
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Scheme 2. Thiophene S-oxide (11), created in situ, reacts in Diels-Alder type fashion with p-benzoquinone (12).
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Scheme 3. Cycloaddition of thiophene S-oxides, prepared in situ, with alkenes.
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Scheme 4. Cycloaddition of thiophene S-oxides (19), prepared in situ, with alkynes.

have used the cycloaddition of thiophene S-oxides 19, created in-situ, as a key step. The
formation of the 7-thiabicyclo[2.2.1]heptene S-oxides (such as 13, 18) proceeds with
stereocontrol. The cycloadditions yield predominantly endo-cycloadducts, with the oxygen of
the sulfoxy bridge directed towards the incoming dienophile, exhibiting the syn-m-facial
stereoselective nature of the reaction (see below for further discussion of the stereochemistry
of the cycloadducts). Thiophene S,S-dioxides 2 possess an electron-withdrawing sulfone
group, which leads both to a polarization and to a reduction of the electron density in the
diene [20]. This results in a decrease of the energy of the HOMO as compared to identically
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Scheme 5. Cycloaddition of thiophene S-oxides prepared in situ—applications in the synthesis of functionalized
aminocarboxylic acids 25, crown ethers 29 and cyclophanes 32.

substituted cyclopentadienes [20]. Thiophene S,S-dioxides 2 are sterically more exacting than
Cs non-substituted cyclopentadienes, with the lone electron pairs on the sulfone oxygens
leading to adverse non-bonding interactions with potentially in-coming dienophiles of high
ni-electron density. Thus, thiophene S,S-dioxides 2 often require higher temperatures [21, 22] in
cycloaddition reactions than identically substituted cyclopentadienes. Recent frontier molecu-
lar orbital calculations at the HF/6-311++G(d,p)//M06-2X/6-31+G(d) level theory have shown
that both HOMO (by 0.5 eV) and LUMO (by 0.4 eV) in thiophene S-oxide (3) are slightly higher
in energy than in thiophene S,S-dioxide (2) [23].

Oxidation of the thienyl-unit in 33 leads to an intramolecular cycloaddition, where indanones
34 are obtained (Scheme 6) [24].
Intramalecular Cycloaddition

— Lo

36§ (only in case of 36, R=H

Scheme 6. Intramolecular cycloaddition of in situ prepared thiophene S-oxide 34.



Thiophene S-Oxides
http://dx.doi.org/10.5772/intechopen.79080

2. Cycloaddition reactions of thiophene S-oxide prepared in situ in the
presence of Lewis acids: thiophene S-oxides are isolated

Yields of cycloadducts have been found to be much higher, when oxidative cycloaddition
reactions of thiophenes are carried out with meta-chloroperoxybenzoic acid (m-CPBA) or with
H,0; at lower temperatures such as at —20°C in the presence of a Lewis acid catalyst such as
BF;-Et,O [11, 12, 25, 26] (Scheme 7) or of trifluoroacetic acid (CF;CO,H) [27]. Electron-poor
dienophiles such as tetracyanoethylene, acetylene dicarboxylates, quinones, maleimides and
maleic anhydride and mono-activated enes such as cyclopentenone and acrolein were used in

these reactions.
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Scheme 7. Oxidative cycloaddition of thiophene 36 to naphthoquinone (37) in the presence of BF5Et,O.
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Scheme 8. Preparation of multifunctionalized cyclophane 41 by oxidative cycloaddition of thiophenophane 39 in the
presence of BF;Et,O.
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Scheme 9. Preparation of aethiosides A-C (44a—c) by oxidative cycloaddition of thienosteroidal sapogenin 42.
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Figure 3. Orthothiophenophanes 48 and 49 do not allow for enough reaction volume and do not undergo oxidative
cycloadditions with either alkynes or alkenes under the conditions (m-CPBA, BF3Et,O, CH,Cl,) [31].

Under the conditions m-CPBA/BF;-Et,O, the cycloadditive transformation of thiophene S-
oxides, prepared in situ, was used in the synthesis of new cyclophanes such as 39 (Scheme 8)
[25]. A series of 2,3-bis(hydroxyphenyl) substituted 7-thiabicyclo[2.2.1]hept-2-ene S-oxides as
potential estrogen receptor ligands were prepared by oxidative cycloaddition of 3,4-bis
(hydroxyphenyl)thiophenes in the presence of BF;-Et,O [28]. Also the key step in Yu et al.’s
[27] synthesis of steroidal saponins 44, closely related to the E-ring areno containing natural
products aethiosides A-C, is a BF3-Et,O catalyzed oxidative cycloaddition of the thieno-
containing steroidal saponin 42 (Scheme 9) [26]. Furthermore, Zeng and Eguchi [29] were able
to functionalize C60 (46) by cycloaddition with in-situ produced 2,5-dimethylthiophene S-
oxide (45) [29, 30] (Scheme 10). Nevertheless, sterically hindered thiophenes are more difficult
to be subjected to the oxidative cycloaddition reactions (Figure 3).

3. Preparation and isolation of pure thiophene S-oxides

Thiophene S-oxides could be isolated in pure form as side-products in a number of oxidative
cycloaddition reactions using alkylated thiophenes as substrates run with m-CPBA in the
presence of BF5-Et,O [11, 12]. Nevertheless, the first ascertained thiophene S-oxide (51) isolated
in pure form came from the oxidation of the sterically exacting 2,5-bis-tert-butylthiophene (50)
in absence of a Lewis acid or an added protic acid. 2,5-Bis-tert-butylthiophene S-oxide (51)
could be isolated in 5% yield [32] (Scheme 11).

Previous to the isolation of thiophene S-oxides in pure form, based on UV-spectroscopic
measurements, Prochazka [33] had claimed that the parent thiophene S-oxide (3) could be
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Scheme 11. Isolation of 2,5-bis-tert-butylthiophene S-oxide 51 by simple thiophene oxidation with meta-chloroperox-
ybenzoic acid (m-CPBA) [32].

prepared by double elimination from 3,4-dimesyloxy-2,3,4,5-tetrahydrothiophene S-oxide (53)
and studied in solution. While subsequently the latter part of the assertion was thrown into
doubt, the isolation of sesquioxides 7/8 from the reaction indicated at least the presence of
thiophene S-oxide under these conditions [33] (Scheme 12).

Interestingly, a toluene solution of n5-ethyltetramethylcyclopentadienyl-n*-tetramethylthienyl
rhodium complex [Cp*Rh(*-TMT)] (54) can be oxidized with dry oxygen to [Cp*Rh(TMTO)]
(56), which features a n*-coordinated thiophene S-oxide ligand. Complex 56 was isolated and
an X-ray crystal structure was carried out. Alternatively, [Cp*Rh(n*-TMT)] (54) can be oxidized
electrochemically to [Cp*Rh(n*-TMT)]** (55), which can also be obtained by protonation of
[Cp*Rh(TMTO)] (56). Reaction of [Cp*Rh(n*-TMT)]** (55) with potassium methylsilanolate
(KOSiMe3) leads back to [Cp*Rh(TMTO)] (56) [34] (Scheme 13).

The reaction of the cationic transitory ruthenium complex [Ru(CeRg)(C4R4S)]" (57) with
hydroxyl anion (OH™) gives Ru(CsHg)(C4R4SO) (58) [35] (Scheme 14). Here, in contrast to the
complex [Cp*Rh(TMTO)] (56), the thiophene S-oxide ligand in Ru(C¢Hg)(C4R4SO) (58) is not
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Scheme 12. In situ preparation of parent thiophene S-oxide (3) by an elimination reaction [33].
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Scheme 13. Oxidation of [Cp*Rh(1j*-TMT)] (54) to [Cp*Rh(TMTO)] (56) [34].
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Scheme 14. Base hydrolysis of [Ru(C¢Re)(C4R4S)]" (57) [34].

stable, but opens to an acetylpropenethiolate. Stable osmium thiophene S-oxide complexes of
type (cymene)Os(C4Me,S=0) have also been prepared [36]. In neither of the cases, was it tried
to decomplex the thiophene S-oxide ligand.

In the 1990s, two main synthetic methodologies were developed to prepare thiophene S-oxides
63. The first involves the reaction of substituted zirconacyclopentadienes 62 with thionyl
chloride (SOCl,), developed by Fagan et al. [37, 38] and by Meier-Brocks and Weiss [39].
Typically, tetraarylzirconacyclopentadienes 62a can be synthesized easily by reacting CpZrCl,
(59), n-BuLi and diarylethyne (61a) in one step (Scheme 15). This strategy was followed by
Tilley et al. [40, 41] in their synthesis of substituted thiophene S-oxides. Miller et al. published
results for a synthesis of 2,5-diarylthiophene S-oxides (63b) along the same lines, using
ethynylarene (61b) [42].

The other methodology involves an oxidation of a thiophene with either a peracid in the
presence of a Lewis acid such as titanium tetrachloride (TiCly) [43] or boron trifluoride etherate
(BF3-Et,O) [44, 45] or with hydrogen peroxide in the presence of a protonic acid such as
trifluoroacetic acid [46, 47] (Scheme 16). Also, the use of the reaction system H,O, in presence
of NaFe(III) ethylenediaminetetraacetate/Al,O3 has been reported [48, 49] (Scheme 16) as has
been the use of the reaction system [(Ci1sH37)2(CHj3)oN]3[SiO4H(WOs)5] [50]. The thiophene
S-oxides 65, suitably substituted, can be isolated by column chromatography and can be held
in substance for a number of weeks without appreciable degradation, when in crystallized
form and when kept in the dark. It is supposed that the Lewis acid not only activates the
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Scheme 15. Synthesis of tetraarylthiophene S-oxides 63a/b by reaction of tetraarylzirconacyclopentadienes 62a/b with
SOCl,.
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Scheme 16. Preparation of thiophene S-oxides 65 by oxidation of thiophenes 64 in the presence of a Lewis acid or a
protonic acid.

Figure 4. Known bisthienyl-S-oxides 66 and 67.

peracid, but also coordinates to the oxygen in the formed thiophene S-oxide, thus reducing the
electron-density on the sulfur of the thiophene S-oxide, making it less prone to undergo a
second oxidation to the thiophene S,S-dioxide.

It has been shown that in a molecule, such as 66 or 67, with two thienyl cores, both can be
oxidized to thienyl-S-oxides with m-CPBA, BF;-Et,O CH,Cl,, —20°C) [11, 17] . Under these
conditions, the second thiophene unit can compete successfully with a thiophene S-oxide for
the oxidant (Figure 4).

4. Reactions of thiophene S-oxides

4.1. [4 + 2]-cycloaddition reactions

Even before thiophene S-oxides could be isolated in pure form, it was evident that thiophene S-
oxides are good dienes in cycloaddition reactions, as “trapping” by cycloaddition reaction was
one of the standard techniques to gauge the presence of thiophene S-oxide intermediates and
provided a versatile preparative entry to 7-thiabi-cyclo[2.2.1]heptene S-oxides 68. These in turn
could be converted to substituted arenes 71 by either pyrolysis [15], photolysis [51], or PTC-
catalyzed oxidative treatment with KMnO, [15] or electrochemical oxidation [18] or
7-thiabicyclo-[2.2.1]heptenes (70) by reaction of 68 with PBr; [52]. Reaction of 68 with tributyl-
tin hydride gives cyclic dienes such as 72 [==X==X== = ==(CO)N==Ph(CO)==]. Base catalyzed
cleavage of the sulfoxy bridge of 1,4-dihalo-7-thiabicyclo[2.2.1]heptane S-oxides 68 (R' = Cl or
Br) leads to the generation of diaryl disulfides such as 69 (Scheme 17).
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Scheme 17. 7-Thiabicyclo[2.2.1]heptene S-oxides 68 as versatile precursors to arenes.

With the possibility of isolating the thiophene S-oxides, it became possible to carry out cyclo-
addition reactions with alkenes that themselves react with m-CPBA. Thiophene S-oxides such
as 73 have been found to react equally well with electron-rich alkenes such as enol ethers (74)
[53], with electron neutral alkenes such as with cyclopentene (76) [53, 54] and with electron-
poor alkenes such as with cyclopentenone or with maleic anhydride [11, 54] (Scheme 18). Also,
thiophene S-oxides react with bicyclopropylidene (82) [55] under high pressure (10 kBar,
Scheme 19), with allenes [56] (such as 79, Scheme 19), with cyclopropylideneketone [55]
(Scheme 20) and with benzyne (90) [56], both formed in-situ (Scheme 21). The reaction of
tetrachlorocyclopropene (93) with 3,4-bis-tert-butylthiophene S-oxide (73) led to 6,7-bis-tert-
butyl-2,3,4,4-tetrachloro-8-thiabicyclo[3.2.1]octa-2,6-diene 8-oxide (95), resulting from a ring
opening of the primary cycloadduct 94 with a concomitant migration of a chloro atom [57]
(Scheme 22). The ability of the thiophene S-oxides to undergo cycloadditions with alkenes,
regardless of the electron demand of the reaction, has made Houk et al. say that thiophene 1-
oxide cycloadditions warrant their classification as click reactions [23].
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Scheme 18. 3,4-Bis-fert-butylthiophene S-oxide (73) cycloadding to electron-rich and electron-neutral alkenes.
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Scheme 19. Thiophene S-oxides cycloadd to allenes and to bicyclopropylidene (82) under high pressure.
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Scheme 21. Cycloaddition of thiophene S-oxide 91 with benzyne (90), prepared in situ.
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Scheme 22. Cycloaddition of thiophene S-oxide (73) with tetrachlorocyclopropene (93).
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Scheme 23. Thiophene S-oxide 96 competes efficiently with tetracyclone 97 for N-phenylmaleimide (98).

Thiophene S-oxides are good precursors for the preparation of heavily substituted arenes such as
100 [58] (Scheme 23). Often, tetraarylcyclopentadienones 97 are used to synthesize oligoaryl
benzenes by cycloaddition reaction. However, tetraphenylthiophene S-oxide (96) is the more
reactive diene when compared to tetraphenylcyclopentadienone (97) as can be seen in the
competitive cycloaddition of 96 and 97 with N-phenylmaleimide (98), where at room tempera-
ture only tetraphenylthiophene S-oxide undergoes cycloaddition to give 99 (Scheme 23) [58]. 99
can be converted to the heavily substituted phthalimide 100 [58], either by extruding the SO
group thermally in diphenyl ether (Scheme 23) or by reaction with KMnO,/PTC.

Sometimes, tetraphenylthiophene S-oxide (96) and tetraphenylcyclopentadienone (97) give
different products in cycloaddition reactions. A typical example is their cycloaddition to
benzo[b]thiophene S,S-dioxide (101), where the reaction with 96 leads to the formation of
dibenzothiophene S,S-dioxide 102, but with 97 gives dibenzothiophene 104 [59] (Scheme 24).
The reason for this difference lies in the tendency of tetracyclines such as 94 to be oxidized to
pyrones 102 at higher reaction temperatures, with the S,5-dioxides playing the oxidizing agent
[59] (Scheme 24).

Again, cycloaddition reactions of purified thiophene S-oxides can be used to prepare
multifunctionalized arenes such as cyclophanes (Scheme 25) [25]. Nakayama et al. [61] have
used thiophene S-oxides to prepare sterically over freighted anthraquinones. Thiemann et al.
[62] used halogenated thiophene S-oxides, albeit prepared in-situ to synthesize halogenated
anthraquinones, which can easily be transformed further to arylated anthraquinones [63, 64].
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Scheme 24. Comparison of the cycloaddition of tetraphenylthiophene S-oxide 96 and tetracyclone 97 with benzol[b]
thiophene S,S-dioxide (101). Tetracyclone 97 gives pyrone 105 as side product [59, 60].
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Scheme 25. Multifunctionalized cyclophanes 108 by cycloaddition of thiophenophane S-oxides 106.

The cycloaddition reactions of purified thiophene S-oxides can be combined with other trans-
formations in one pot, such as with Wittig olefination reactions (Scheme 20) [55].

Not all thiophene S-oxides undergo cycloaddition reactions with alkynes or alkenes. In gen-
eral, appreciable reaction volume is needed to allow for the forming sulfoxy-bridge in the
primary cycloadducts and, in some cases, of the subsequent extrusion of SO. Also, when
considerable strain is associated with the thiophene S-oxides and/or the cycloadducts, reac-
tions other than cycloadditions can occur. Thus, strained thiophenophane S-oxide 110 does not
undergo a cycloaddition with 98, but undergoes a rearrangement leading to oxygen insertion
into the ring with concomitant extrusion of sulfur, leading to furanophane 111 (Scheme 26)
[25]. Fujihara et al. were able to prepare the thiacalixarene S-oxide 112; again, the thiacali-
xarene S-oxide did not undergo a cycloaddition reaction with alkyne 113, but rather formed
the thiophene-S,C-sulfonium ylide 114 (Scheme 27) [65].

Scheme 27. Thiacalixarene S-oxide 112 reacts with dimethyl acetylenedicarboxylate (113) to the thiacalixarene S,C-ylide 114.
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Scheme 28. Hetero-Diels-Alder reactions of 3,4-bis-fert-butylthiophene S-oxide (73).

Thiophene S-oxides as cyclic dienes undergo hetero-Diels-Alder reactions, also (Scheme 28).
Thus, Nakayama et al. could establish that 3,4-bis-tert-butylthiophene S-oxide 73 reacts with
thioaldehydes 115/117 and thioketones 115, generated in-situ to give 2,7-dithiabicyclo[2.2.1]
hept-5-ene 7-oxides 116 and 118 [66] (Scheme 28). The cycloadducts are endo-products as
ascertained by X-ray crystallography and "H NMR spectroscopy. Thiobenzophenone could be
reacted with good yield; however, here two isomeric products are produced, the major prod-
uct originating from the syn-m-face while the lesser product from the anti-r-face cycloaddition.

Finally, 73 reacts with carbonyl cyanide [121, CO(CN),], created in-situ by oxidation of
tetracyanoethylene oxide (119, TCNO) with thiophene S-oxide 73, in hetero-Diels-Alder fashion
to give 122 [67] (Scheme 29).

Nakayama et al. have calculated that the cycloadditions of the thiophene S-oxides are inverse
electron demand reactions [53]. All of the above cycloaddition reactions are highly
stereoselective, regardless whether the thiophene S-oxide is prepared and used in-situ or an
isolated thiophene S-oxide is used. It is known that the thiophene S-oxides invert at the sulfur
and inversion barriers have been calculated and measured experimentally for a number of
these compounds [32, 68, 69]. Nevertheless, the sulfoxy group in the 7-thiabicyclo[2.2.1]
heptene S-oxide systems is configurational stable. All the cycloadducts are endo-products.
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Scheme 29. Reaction of 3,4-tert-butylthiophene S-oxide (73) with tetracyanoethylene oxide (119, TCNO) and hetero-Diels
Alder reaction to carbonyl cyanide (121).
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In the cases where Lewis acids are used at low temperatures, this in itself is not surprising as it
is known that low temperatures kinetically controlled cycloadducts are favored. Moreover, it
has been stated that Lewis acid catalysis increases the extent of endo-addition in Diels-Alder
reactions [70, 71]. The cycloadditions are seen to have syn-m-facial in that the dienophile adds
syn to the oxygen. This means that the lone pair of the sulfur is directed towards the side of the
newly formed double bond of the cycloadduct. A number of explanations have been given for
the m-facial selectivity. Thus, Nakayama et al. rationalized that in the transition state less
geometric change of the SO function would be required to reach the syn- rather than the anti-
transition state geometry [53]. Also, a destabilizing interaction between the HOMO of the
dienophile and the sulfur lone pair was noted in the anfi-transition state [72]. The n-facial
selectivity has also been explained by the Cieplak effect [73-75]. This effect was first proposed
to account for the directing effect of remote substituents in addition reactions to substituted
cyclohexanones. A large number of experimental observations in Diels-Alder reactions of
dienophiles with 5-substituted cyclopentadienes have shown that the dienophiles will
approach anti to the antiperiplanar o-bond that is the better donor at the 5-position of the
cyclopentadiene [76]. This 0-bond will best stabilize the o-bonds formed in the transition state.
Cycloadditions to thiophene S-monoxides have been predicted to occur anti to the lone
electron-pair on sulfur, which is the better hyper-conjugative donor when compared to the
oxygen of the sulfoxy-moiety. The lone pair electron orbital at the sulfur will stabilize the
vacant o*-orbitals of the developing incipient o-bonds better than any orbital associated with
the oxygen of the sulfoxy moiety [77] (Figure 5). This would be even more so, when the oxygen
of the sulfoxy-unit is complexed by BF3-Et,O.

Based on DFT computational studies, Houk et al. [23] showed that the ground state geometry
of a thiophene S-oxide already resembles the molecule in its syn transition state. This distortion
from planarity of the molecule minimizes its potential antiaromaticity which would result
from a hyperconjugative effect by an overlap of 0%s= with the m-system (see also above/
below) [23] (Figure 6).
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Figure 6. Structural feature of thiophene S-oxide 160.
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4.2. Further cycloaddition reactions

When heated with 2-methylene-1,3-dimethylimidazoline (125), 3,4-bis(tert-butyl)thiophene S-
oxide 73 undergoes a [47 + 47]-cycloaddition to the head-to-head dimer 126 (Scheme 30) [78].
Oxidation of the two sulfoxy bridges to sulfone 127 with dimethyldioxirane as oxidant is
followed by thermally driven extrusions of the SO, bridges in 127 and gives 1,2,5,6-tetra(tert-
butyl)octatetraene 128 [79] (Scheme 30).

Thiophene S-oxides react as enes in 1,3-dipolar cycloaddition reactions. Thus, 3,4-bis-tert-
butylthiophene S-oxide (73) reacts with pyrroline N-oxide (129) to give cycloadduct 130
(Scheme 31) [80]. Nakayama et al. could show that 73 reacts with nitrile oxides, diazomethane,
nitrile imides, nitrones, and azomethine ylides in syn-nt-facial fashion [80].
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Scheme 30. [47 + 47]-cycloaddition of thiophene S-oxide (73) to dimer 126.
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Scheme 31. [3 +2]-cycloaddition of thiophene S-oxide (73) with pyrroline N-oxide (129) as 1,3-dipole.

4.3. Additions to thiophene S-oxides and other reactions

1,4-Additions are known for both 3,4-disubstituted and 2,5-disubstituted thiophene S-oxides
[81-83]. Thus, bromine adds cis to both 3,4-bis-tert-butylthiophene S-oxide (73) [81] and 2,5-
bis-trimethylsilylthiophene S-oxide (134) [82] to give the 2,5-dibromo-2,5-dihydrothiophene
S-oxide derivatives 131 and 135 (Scheme 32). 3,4-Bis-tert-butylthiophene S,S-dioxide (132)
undergoes cis-1,4-bromination, too [81] (Scheme 32). Also, alcohols and mercaptans have
been submitted successfully to 1,4-additions with 3,4-bis-tert-butyl thiophene S-oxide (73)
(Scheme 33) [83]. Interestingly, disulfur dichloride (5,Cl,) could be added to thiophene S-oxide
73, leading to the rapid formation of adduct 137 (Scheme 34) [84]. 137, however, is not stable
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Scheme 32. Bromination of thiophene S-oxides 73 and 134 and thiophene S,S-dioxide 132.
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Scheme 34. Addition of disulfur dichloride (S;Cl,) to thiophene S-oxide 73.

and transforms into 138. 138 can be obtained with a 98% yield, when 137 is treated with aq.
NaHCO; (Scheme 34) [84].

The sulfoxy group in thiophene S-oxide can be transformed into a sulfilimine or a sulfoximine
moiety [85-87]. When thiophene S-oxide 73 is reacted with trifluoroacetic acid anhydride or
triflic anhydride at —78°C, a mixture of sulfonium salt 139 and sulfurane 140 forms, which can
be reacted with p-toluenesulfonamide (141) to provide, as the reaction mixture warms to room

59



60 Chalcogen Chemistry

temperature, sulfilimine 142 (Scheme 35) [85, 86]. Sulfoximine 145 could be prepared by action
of N-[(p-tolylsulfonyl)imino]phenyliodinane (TsN=1IPh, 144) on 2,4-bis-tert-butylthiophene S-
oxide (143) in the presence of Cu(CH;CN),PF as catalyst. Further reaction of 145 with H,SO,
leads to N-unsubstituted sulfoximine 146 (Scheme 36) [86].
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Scheme 35. Preparation of thiophene S-imide 142 from thiophene S-oxide 73.
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Scheme 36. Thiophene sulfoximines 145 and 146 from thiophene S-oxide 143.

4.4. Photochemistry of thiophene S-oxides

The photochemical deoxygenation of dibenzothiophene S-oxides has been studied for quite
some time [88-91] and has been found to proceed via the release of ground state atomic
oxygen [O(’P)] upon photoirradiation (Scheme 37). Thiophene S-oxides deoxygenate photo-
chemically as well. Nevertheless, the photochemistry of thiophene S-oxides is intrinsically
more complex than that of dibenzothiophene S-oxides, often providing a mixture of products,
depending on the substitution pattern of the photoirradiated thiophene S-oxide. The photoly-
sis of 2,5-bis(trimethylsilyl)thiophene S-oxide (134) leads exclusively to deoxygenation to
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Scheme 37. Photodeoxygenation of dibenzothiophene S-oxide (147).

/]T\’>_S,M9q h ./E}—Siwe;,

Mez5i Ty My 3i
D ar
134 ooy 148

Scheme 38. Photolysis of 2,5-bis(trimethylsilyl)thiophene S-oxide (134).
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Scheme 39. Photolysis of tetraphenylthiophene S-oxide (96).

produce 2,5-trimethylsilylthiophene (149) (Scheme 38). Otherwise, in those cases, where the
thiophene S-oxide does not exhibit a CHj; substituent on the ring system, furans are often the
main products along with (deoxygenated) thiophenes (Scheme 39). This has been noted with
phenyl-substituted (96, 160) and tert-butyl substituted thiophene S-oxides (73, 143, 153) as well
as with 3,4-dibenzylthiophene S-oxide (158) (Scheme 40) [92-95]. Different mechanisms have
been forwarded for this photochemical formation of furans. A viable mechanism involves a
cyclic oxathiin, where the first step within the photochemical reaction is initiated by the
homolytic ring cleavage a to the sulfoxy group [92-94]. A rearrangement of thiophene S-
oxides to produce furans can also proceed thermally as found by Thiemann et al. [18] in the
transformation of thiophenophane S-oxide 110 to furanophane 111 (Scheme 26) and by
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Scheme 40. Photolysis of 2,4-bis(tert-butyl)-, 2,5-bis(tert-butyl), 3,4-bis(tert-butyl), 3,4-dibenzyl-, and 2,5-diphenylthiophene
S-oxide (143, 153, 73, 158, and 160).
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Mansuy, Dansette et al. in their oxidation of 2,5-diphenylthiophene (162) with H,O,/CF;CO,H
to 2,5-diphenylthiophene S-oxide (163), where an appreciable amount of furan 164 was formed
as side-product [46] (Scheme 41). In the case of methyl substituted thiophene S-oxides,
hydroxyl-alkylthiophenes such as 166 and follow-up products such as ether 167 have been
isolated as photoproducts [96] (Scheme 42).
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Scheme 41. Formation of furan 163 in the oxidation of 2,5-diphenylthiophene (162).
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Scheme 42. Photolysis of 3,4-dibenzyl-2,5-dimethylthiophene S-oxide (165).

4.5. Electrochemistry of thiophene S-oxides

Thiophene S-oxides such as 164 and 167 show well-defined, chemically irreversible CV reduc-
tion waves, where two reduction processes seem to compete. In the presence of a proton
donor, the reduction waves experience a significant shift to more positive potentials, although
the reduction potential is still dependent on the substitution pattern of the thiophene S-oxides
[96]. In the presence of a proton donor such as benzoic acid at higher concentrations, the
reduction of a thiophene S-oxide such as of 167 becomes a straightforward two proton—two
electron reduction process to the corresponding thiophene [96]. Bulk electrolysis of thiophene
S-oxides in presence of 10-fold excess of benzoic acid has been carried out and have led to
the corresponding thiophenes in up to 90% isolated yield (Scheme 43) [96]. Also, thiophene

Br
Br.
Br | ) e, 2H | R
e —— =
5 ClI5CN g
!
% 0.1M BuNPF; (a2%)
187 [ 45y ~cathode) 168

Scheme 43. Electrochemical reduction of 3,4-dibromo-2,5-dimethylthiophene S-oxide (167) in the presence of 10 eq.
benzoic acid.
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S-oxides show oxidative electrochemistry at platinum in MeCN/BusNPF, [97]. The electro-
chemical oxidation of tetraphenylthiophene S-oxide under the above conditions leads mainly
to the formation of diphenylacylstilbene [98]. Here, more effort needs to be invested to identify
the electro-oxidative transformations of other thiophene S-oxides.

4.6. Structural studies on thiophene S-oxides

In 1990, Rauchfuss et al. published an X-ray crystal structure of the tetramethylthiophene S-
oxide rhodium complex 56 [34]. The first X-ray single crystal structure determination of a non-
liganded thiophene S-oxide was carried out by Meier-Brocks and Weiss on tetraphe-
nylthiophene S-oxide. The crystal, however, showed some disorder, and only limited informa-
tion could be gleaned from it [39]. In 1995, Mansuy et al. carried out an X-ray crystal structural
analysis of 2,5-diphenylthiophene S-oxide (160) [46, 47], where the structure of 160 was com-
pared to 2,5-diphenylthiophene (162) and 2,5-diphenylthiophene S,5-dioxide (169). The S=O
bond in the thiophene S-oxide was found with 1.484(3) A to be appreciably longer than those
of the thiophene S,S-dioxide with 1.418(5) A and 1.427(5) A, respectively [47]. The ring system
of the thiophene S,5-dioxide 169 was found to be absolutely planar, while thiophene S-oxide
160 was found to be puckered, with the sulfur lying outside the plane constructed by the four
ring carbons by 0.278 A, and the sulfoxy oxygen lying outside of the plane on the side opposite
to sulfur, located by 0.746 A away from the plane. Previously, this non-planarity of thiophene
S-oxides had been predicted by MNDO [99] and ab-initio calculations [100] of the parent
thiophene S-oxide itself and dibenzothiophene S-oxide. A more pronounced alteration
between double and single C—C bond was found in thiophene S-oxide 160 in comparison to
diphenylthiophene [47]. In probing the aromaticity of thiophene S-oxide 160, it can be seen
that apart from its non-planarity, it exhibits relatively large bond order alternations [C(2)==C(3)
2.11; C(3)==C(4) 1.23, C(2)/C(5)==S 1.11; for comparison, the bond orders in 162: C(2)==C(3)
1.94; C(3)==C(4) 1.46; C(2)/C(5) 1.53]. The corresponding 2,5-diphenylthiophene S,S-dioxide,
though features even larger bond alternations than 160 [47]. An approach for an assessment of
aromaticity is the A index as defined by Julg and Francois [101], which evaluates aromaticity
in respect to bond alternation and bond delocalization in ring systems. Here, benzene as
the aromatic system par excellence, has an A index of 1, the thiophene system in 2,5-diphenyl-
thiophene has an A index of 0.99, the 5-membered ring system in 2,5-diphenylthiophene S-
oxide’s A index is calculated at 0.79, and the parent thiophene S-oxide A index lies at 0.69 ([47],
see also [102]).

Subsequently, further X-ray crystal structure analyses were carried out on thiophene S-oxide,
such as on 2,5-bis(diphenylmethylsilyl)thiophene S-oxide [45], 3,4-bis-tert-butylthiophene S-
oxide (73) [43], (1,1,7,7-tetraethyl-3,3,5,5-tetramethyl-s-hydrindacen-4-yl)thiophene S-oxide
[68], 1,3-bis(thien-2yl)-4,5,6,7-tetrahydrobenzo|[c]thiophene S-oxide [40], and the sexithiophene
(170) (Figure 7), where two of the thienyl units were oxidized to sulfoxides [103]. As the
thiophene S-oxides are not planar, they invert at the sulfur with different substituents at the
C2/C5 positions leading to different barriers of inversion, which have in part been determined
experimentally [32, 68, 69]. Structural features of thiophene S-oxides and thiophene S,S-diox-
ides have been reviewed before [104].
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Figure 7. Oligothiophene S-oxide 170.

4.7. Oligomers and polymers incorporating thiophene S-oxide units

Oligothiophenes and polythiophenes are being studied as advanced materials with interesting
electronic and nonlinear optical properties [105] with applications in photovoltaic cells [106]
and field effect transistors (FETs) [107], among others. It has been noted that oxidation of
thienyl-units in oligothiophenes and polythiophenes leads to a lowering of energy gaps, to
greater electron affinities, and to greater ionization energies [103, 108, 109]. The introduction of
thienyl-S,S-dioxides into oligothiophenes often leads to solubility problems of the materials
and often leads to a noticeable increase of oxidation potentials. Therefore, there has been a
recent interest in incorporating thienyl S-oxide units in oligo- and polythiophenes with the aim
of greater solubility and smaller oxidation potentials and narrower energy gaps with electron-
affinities similar to thienyl S,S-dioxides [103].

A number of synthetic approaches exist towards the preparation of oligothiophenes with
thienyl S-oxide units. Oxidation of a pre-prepared oligo- or polythiophene is more difficult to
achieve and leads to modest yield [110]. However, two strategies can be seen as promising.
One is the transformation of polyarylene-alkynes 171 via oligozirconacyclopentadienes 172 to
polythiophene S-oxides 173, where the zirconacyclopentadienes are reacted with SO, [41]
(Scheme 44). The other takes advantage of the fact that certain thiophene S-oxides such as 2-
bromo-3,4-diphenyl-thiophene S-oxide (175) are stable enough to be subjected to C=C cross-
coupling reactions and subsequent halogenation reactions with N-bromosuccinimide (NBS),
leading to sequences as shown in Scheme 45 [103]. Already, an FET has been synthesized with
a thienyl-thienyl S-oxide polymer [103]. Also, larger m-conjugated ring systems with a thienyl
S-oxide unit such as 179 have attracted some attention because of their electronic and optical
properties (Figure 8) [111]. As a drawback, it may be noted that thienyl S-oxides in oligomers
and polymers would not be stable towards UV radiation as opposed to thienyl S,S-dioxides
[112, 113].

4.8. Thiophene S-oxides as metabolites in the enzymatic oxidation of thiophenes

Thiophenes have been known to have toxic effects [114, 115]. The understanding of the
mechanism leading to the toxicity of thiophenes is of importance, as a number of drugs such
as tienilic acid (180), ticlopidine (182), methapyrilene (183), thenalidine (184), tenoxicam (185),
cephaloridine (186), suprofen (187), and clopidogrel (188) carry thienyl units, where some of
the drugs have been taken off the market (Figure 9). Already in 1990, it was shown that hepatic
cytochrome P450 mediated oxidation of the thienyl-containing tienilic acid (180) led to
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Scheme 45. Preparation of thienyl S-oxide containing oligomers 170 and 178 by Pd(0) Suzuki and Stille cross-coupling
reactions.
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Figure 8. Tetrakis(pentafluorophenyl)tetrathiaisophlorin dioxide (179).
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Figure 9. Thiophene-containing pharmaceuticals.

electrophilic metabolites that bind to hepatic proteins [116, 117]. Oxidative metabolism of
thiophenes in rats involves thiophene S-oxides [118-120]. It has been found [119, 121] that rats
administered with thiophene (1) in corn oil showed dihydrothiophene S-oxide 191 in their
urine as a major metabolite [119] (Scheme 46). This metabolite was assumed to stem from the
addition of glutathione (189) to a reactive intermediate thiophene S-oxide 3 (Scheme 46).
Previously, it had been shown that rat liver microsomal cytochrome P450 oxidizes 3-
aroylthiophene 181, a regioisomer of tienilic acid (180), to aroylthiophene S-oxide 192, which
in the presence of mercaptoethanol (193) transformed into dihydrothiophene S-oxide 194 [121]
(Scheme 47). Also, 181 was oxidized by clofibrate induced rat liver microsomes to S-oxide 191,
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Scheme 46. Cytochrome P450 mediated transformation of thiophene 1 to adduct 191.



Thiophene S-Oxides
http://dx.doi.org/10.5772/intechopen.79080

] !
= [ - ol \:,-_—_.
N 7 o eyl SN, . TN T N J\. 021 00
- 3 - i ==t W
iy 4 IR 93 I
Sy L zl -
u %, ol " ovtochrere sz ﬂ ool [ }_5 aH
& . r
~g g s =
w = 19 2 qEa

Scheme 47. Transformation of tienilic acid regioisomer 181 to thiophene S-oxide and its addition of mercaptoethanol (193).
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Scheme 48. Cycloaddition of the thiophene S-oxide derivative of 181 to maleimide.
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Scheme 49. Formation of sequioxides 198-200 by dimerization of thiophene S-oxide 197.

which was then trapped as a Diels Alder product with maleimides, for example as 195 [120]
(Scheme 48).

The oxidation of 2-(4-chlorobenzoyl)thiophene (196), a molecule in structure close to tienilic
acid, by H,O, in the presence of trifluoroacetic acid (TFA) and by m-CPBA, BF;-Et,O, both in
CH,Cl,, gives sesquioxides 198-200 that clearly indicate that a thiophene S-oxide structure 197
is formed as an intermediate [122] (Scheme 49). Nevertheless, the oxidation of thiophene (1)
itself with H,O; in the presence of TFA produces apart from sesquioxides 6-8 thiophen-2-one
(thiolactone 202). Thiophen-2-one (202) most likely is produced through thiophene-epoxide
(201) [23] (Scheme 50). Thiophen-2-one (202) is in equilibrium with 2-hydroxythiophene (202).
There is one report of a Pummerer-like rearrangement reaction that leads from the purified
and isolated thiophene S-oxide 134 to thiophen-2-one (thiolactone 202) [123] (Scheme 51). Still,
the current understanding is that the thiophene S-oxide intermediates formed in vivo do not
lead to a 2-hydroxythiophene (203) [124] (Scheme 52), so that two separate mechanisms may
exist for the cytochrome P450 2C9 (CYP2C9) mediated oxidation of thiophenes. In this regard,
Dansette et al. [119] showed that CYP450s may catalyze both the reaction of thiophenes to
thiophene S-oxide and to thiophene epoxides [125].
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Scheme 50. Reaction of thiophene (1) leads via thiophene S-oxide (3) to sesquioxides 7-9 and in a separate pathway via
thiophene epoxide 201 to thiolactone 202 and thus to 2-hydroxythiophene (203).
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Scheme 51. Pummerer reaction of thiophene S-oxide 134 to thiolactone 202.
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Scheme 52. Cytochrome P450 mediated oxidation of thiophene may lead to two pathways, one through thiophene
S-oxide 3, the other through thiophene epoxide 201.
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Figure 10. Metabolites of ticlopidine that derive from a ticlopidine S-oxide intermediate.
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Scheme 53. In vivo oxidation of anticancer drug OSI-930 (207) to OSI-930 sulfoxide (208) and addition of glutathione
(GSH) to provide identified metabolite 209.

Also, the investigation of the metabolism of other thienyl-containing pharmaceuticals show
that potentially both mechanisms, epoxidation of the thiophene-unit and oxidation of the
thiophene-unit to thiophene S-oxide, operate concurrently. As to the thiophene S-oxide path-
way, Shimizu et al. in their investigation of metabolites ticlopidine (182) in rats found both the
glutathione conjugate of ticlopidine S-oxide 205 and the dimeric ticlopidine S-oxide cycloa-
dduct 206 (Figure 10) [126, 127]. The structures could be identified by mass spectrometry, and
'H and "*C NMR spectrometry. Medower et al. have noted that cytochrome P450 mediated
oxidation of cancer drug OSI-930 (207) leads to GSH conjugate 209, derived from OSI-930 S-
oxide (208), as recognized by mass spectrometry (Scheme 53) [128].

Lastly, both possible metabolic pathways of thiophenes, via thiophene S-oxides and via thio-
phene epoxides, have been examined as to their energy profiles using density functional
theory [129]. It was found that the formation of the thiophene epoxide (—23.24 kcal/mol) is
more exothermic than the formation of the thiophene S-oxide (—8.08 kcal/mol) [129]. Also, the
formation of thiophene epoxide seems kinetically favored [129]. Both possible metabolites,
thiophene S-oxide and thiophene epoxide, are highly electrophilic, leading to bond formation
with nucleophiles such as with amino acids, leading to a mechanism-based inactivation (MBI)
of cytochrome P450.

5. Conclusion

Since the first unverified isolation of a thiophene S-oxide a little more than 50 years ago,
research on thiophene S-oxides has reached a milestone. Due to mainly two synthetic routes,
the controlled oxidation of thiophenes in presence of a Lewis- or proton acid and the reaction
of zirconacyclopentadienes with thionyl chloride, a number of thiophene S-oxides have now
become readily accessible. Thiophene S-oxides are noted to be reactive dienes in Diels-Alder
type cycloadditions, where they react equally well with electron-poor and electron-rich
dienophiles. Thiophene S-oxides can be stabilized by sterically exacting substituents. Then,
they exhibit sufficient stability to be submitted to Pd(0)-catalyzed cross-coupling reactions
without deoxygenation.
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This leads to the possibility of preparing aryl-oligomers with thiophene-S-oxide subunits. By
comparing oligothiophenes and oligomers with thiophene S,5-dioxide subunits, oligomers
with thiophene S-oxide subunits exhibit smaller oxidation potentials and narrower energy
gaps with electron-affinities greater than oligothiophenes and similar to thiophene S,S-diox-
ides. Nevertheless, thiophene S-oxides are not stable photochemically, but deoxygenate to the
corresponding thiophenes or transform to furans by photochemical rearrangement.

Thiophene S-oxides have been found to act as intermediates in the cytochrome P540 mediated,
oxidative metabolism of thiophene-containing compounds, including a number of important
thiophene containing pharmaceuticals. Addition of nucleophiles in vivo leads to mechanism
based inhibition (MBI) and to toxic side effects of the thiophenes, including nephrotoxicity.
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Abstract

Heteroatom (metal and nonmetal) doping is essential to achieve excellent oxygen reduc-
tion reaction (ORR) activity of carbon materials. Among the heteroatoms that have been
studied to date, sulfur (S) doping, including metal sulfides and sulfur atoms, has attracted
tremendous attention. Since S-doping can modify spin density distributions around the
metal centers as well as the synergistic effect between S and other doped heteroatoms,
the S-C bond and metal sulfides can function as important ORR active sites. Furthermore,
the S-doped hybrid sample shows a small charge-transfer resistance. Therefore, S-doping
contributes to the superior ORR performance. This chapter describes the recent advance-
ments of S-doped carbon materials, and their development in the area of ORR with
regard to components, structures, and their ORR activities of S-related species.

Keywords: S-doping, metal sulfides, sulfur atoms, oxygen reduction reactions,
active sites

1. Introduction

Fuel cells are considered as promising energy conversion and storage devices. In such a
device, fuels (such as hydrogen, methanol, ethanol, or formic acid) react with oxygen at the
anode, while oxygen molecules are reduced to water molecules at the cathode [1-4]. However,
the oxygen reduction reaction (ORR) rate is ~5 orders of magnitude slower than the reaction
on the anode due to its high overpotential [5]. The search for catalysts that can conquer these
huge activation energy barriers has attracted much attention. Although Pt-based electro-
catalysts have been commercialized, the high cost of Pt and their poor tolerance to methanol
significantly hamper their large-scale commercialization. Thus, great effort has been devoted
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to developing low cost, non-precious-metal, and metal-free catalysts with improved electro-
catalytic efficiency [6-9].

Excellent electrocatalysts for ORR should possess a high specific surface area, finely tuned
pore structure, and good electron conductivity. The former two facilitate easy accessibility to
the active sites and ion diffusion, and the latter is beneficial for electron transfer. Much atten-
tion has been focused on the carbonaceous materials due to their remarkable advantages,
such as low cost, facile preparation strategy, and high conductivity. For constructing ORR
catalysts with promising electrocatalytic activity, single atom doping or co-doping of two
or multiple heteroatoms are essential. Metal/nitrogen/carbon (M/N/C) catalysts have been
regarded as the most promising alternative for precious metal catalysts. For example, Fe
species not only facilitate the formation of catalytically active N-C sites, but Fe atoms also
contribute to the graphitization of carbon. More importantly, Fe atoms and related nanopar-
ticles are generally suggested as the active site of ORR catalysts. Recently, the introduction
of nonmetal heteroatoms such as N, P, S, or B into carbon materials is generally effective in
enhancing ORR activities of catalysts. In N-doped carbon, the N atom with higher electro-
negativity (3.04) than that of carbon (2.55) leads to more charged adjacent C atoms. With
respect to S, the electronegativity of S (2.58) is similar to that of carbon; however, S can
easily change the band gap of carbon due to its two lone pair electrons [2]. P with an elec-
tronegativity of 2.19 and B with an electronegativity of 2.04 can also induce imbalanced
charge distribution in carbon materials, thus forming positively polarized C-P and C-B more
active sites to ORR [10, 11]. Furthermore, N/B, N/P, N/S, and N/S/P co-doped carbons also
show excellent catalytic activity due to their synergistic effects on spin or charge density of
carbon matrix. Notably, designing a carbon matrix with different morphologies combined
with hierarchical porous structures, such as micro-, meso-, and macroporosity, can further
optimize ORR activity.

Recently, the S atom has attracted particular interest and especially its high synergetic effect
with N dopants and metal dopants [12-19]. In this chapter, we briefly summarize the S-related
species as active sites in the ORR, such as S-M/N/C, metal chalcogenides, N/S, and N/S/P. We
then discuss the S-containing electrocatalysts including their carbon sources, heteroatom
dopants, and preparation methods as well as the nanostructure of the supports.

2. S-related active sites in the ORR

The development of novel strategies for the design and synthesis of carbon-based high per-
formance electrocatalysts is a hot topic. Therefore, efforts have been made toward the design
and synthesis of extraordinary ORR catalytic carbon materials with different morphologies
and single or multiple active sites from diverse sources. S-related active sites have been
extensively investigated due to their excellent performance in ORR. S atom mono-doping can
induce structural defects in the carbon matrix. The resulting charge dislocation can improve
the oxygen adsorption. Furthermore, protonation of S is not as severe as that of N [20]. More
importantly, dual doping of N and S or multiple doping of N, S, and M [21] can dramatically
enhance ORR activity due to the synergistic effects.
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2.1. M-N-S-based active sites

Whu et al. prepared Fe, N, and S decorated hierarchical carbon layers (S, N-Fe/N/C-CNT) from
pyrolysis of 2,2-bipyridine and Fe(SCN),-coated CNTs [22]. Adding S salts not only contrib-
uted to the formation of atomically dispersed Fe-N species, but also improved the surface
area of the carbon matrix. The half-wave potential (E,,) of the S,N-Fe/N/C-CNT catalyst is
about 0.85 V, which is higher than that of commercial Pt/C (0.82 V). The catalyst also exhibited
superior durability in alkaline medium. Theoretical calculations predicted that atomically
dispersed Fe-N_species function as highly active sites, while co-doping of N and S improved
the electrical conductivity. Furthermore, Wan et al. fabricated a sandwich-like graphene/car-
bon hybrid from graphene oxide (GO) and nontoxic starch (Figure 1) [23]. Graphene/carbon
nanosheets decorated by N, 5, and Fe (Fe, S/NGC) were obtained via treatment with FeCl, and
KSCN. Fe,5/NGC showed outstanding ORR performance in alkaline medium (E, , of 0.83 V
vs. RHE, surpassing E, , of NGC (0.76 V) and the Pt/C catalyst (0.81 V)), due to the simultane-
ous introduction of Fe and S. The Fe,N and S were considered major active centers in this
hybrid. Furthermore, Fe,S/NGC also displayed a high ORR activity in the acidic solution.
In addition, an S and N dual-doped Fe-N-S electrocatalyst (Fe-M-LA/C) was obtained via
pyrolysis of the mixture of melamine, lipoic acid, FeCl,, and carbon black [24]. FeS and Fe,C
formed in the Fe-M-LA/C. It has been suggested that Fe*" has high catalytic activity in ORR
and that Fe,C is the active site for the ORR. Combined with the N and S-doping, Fe-M-LA/C
showed promising ORR activity. Interestingly, sewage sludge itself can be used as “all-in-
one” precursor for ORR catalysts [25]. The innate N, Fe, and S compounds in the sewage
sludge function as N, Fe, and S dopants. The N, Fe, and S self-doped nanoporous carbon
material exhibited favorable electrocatalytic activity in both alkaline and acidic environments.
The nanostructure of the carbon matrix also played an important role in ORR. Wan et al.
synthesized Fe/N/S-doped carbon from glucose, thiourea, and iron nitrate based on a dual-
template method. Multiple active sites such as graphitic-N, pyridinic-N, thiophene-S, FeN ,
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Figure 1. (a) The raw materials of synthesis of NGC nanosheets used as the precursor of Fe,S/NGC-900. (b) Mixed
aqueous solution of FeCl, and KSCN (above) and NGC nanosheets prepared by hydrothermal reaction (below). (c) The
as-obtained catalyst (above) and illustration of nitrogen and sulfur atoms in carbon skeleton (below) of Fe,5/NGC-900.

83



84  Chalcogen Chemistry

and encapsulated iron nanoparticles combined with hierarchical porous structures contrib-
uted to the excellent ORR performance [2].

Bimetal-based N and S doped catalysts have also been reported. Li et al. synthesized PdW
alloy nanoparticles decorated S-doped graphene via a microwave irradiation method [26].
S-doping contributed to the formation of small particles and the uniform distribution of alloy
particles. The as-prepared catalyst was highly active for ORR due to the specific electronic
structure of the alloy. CoFe,O, nanoparticles decorated rGO designed by Yang et al. demon-
strated high ORR activity due to the existence of defects resulting from the doping of N and
S and the covalent coupling between the CoFe,O, and rGO matrix [27]. Moreover, Ren et al.
synthesized PdNi decorated N and S co-doped three-dimensional ordered carbon derived
from acrylonitrile telomere (C, N, and S sources) using silica as template [28]. Due to the co-
doping of N and S, the strong electronic interaction between Pd and Ni, and three-dimensional
honeycomb-ordered structure, the electrocatalyst exhibited superior performance compared
to commercial Pd/C in alkaline solution.

2.2. Metal chalcogenide-based active sites

Wang et al. prepared a raisin bread-like N and S co-doped mesoporous graphitic carbon
spheres with Fe, Snanocrystals embedded in (Fe,_ S/N, S-MGCS) (Figure 2) [29]. The Fe,_ S/N,
S-MGCS catalyst was obtained via pyrolysis of Fe*-Polydopamine (PDA), followed by a vul-
canization process, in which Fe C was transformed into Fe,_S. This catalyst showed excellent
ORR performance in both alkaline medium and acidic medium. Notably, the corresponding
E .andE , ofFe_S/NandS-MGCSwere0.97 and 0.91V, respectively. The RHE was superior
to that of the commercial Pt/C catalyst withan E_ 0f 0.93 V and an E,, of 0.87 V. Similarly,
Wang et al. prepared a S-Fe/N/C electrocatalyst by pyrolyzing thiourea and iron acetate [30].
Five types of nanoparticles were detected: Fe, FeS, FeN, FeC, and Fe,O,. The catalyst showed
higher ORR performance compared to Fe/N/C both in alkaline and acidic media. Apparently,

more S doping contributed to the higher catalytic performance.

Cobalt chalcogenides as active sites have also attracted significant attention. For example, Li
et al. successfully anchored Co,S, nanoparticles on N and S dual doped carbon nanosheets
(Co,S¢/N,S-CNS) via facile pyrolysis of CoCl,, citric acid, and thiourea as carbon source
and cubic NaCl crystals were used as template (Figure 3) [31]. Due to the highly dispersed
nanoparticle and the synergistic catalytic effect between Co,S, nanoparticles and the doped N

o
. 7 NH, H0 Fe? Acid Leaching
H,0/C.H,0H VYulcanization
h"_;
DA Fe*-PDA  Fe,0/Fe C/N-GCS

Figure 2. Schematic graph of the formation process from DA to Fe,_S/N, S-MGCS. Reproduced with permission from
Ref. [29]. Copyright 2017, Royal Society of Chemistry.
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Figure 3. Schematic of the formation of Co,S,/N,S-CNS. Reproduced with permission from Ref. [31]. Copyright 2017,
Royal Society of Chemistry.

and S in the carbon nanosheets, Co,S,/N,S-CNS showed high catalytic activity and stability.
Moreover, Liao et al. prepared S co-doped graphene nanoholes with cobalt sulfide hollow
nanospheres decorated in (Co,  S/N-5-G) using GO (graphene oxide), phen, and S [32]. The
catalyst presented high ORR catalytic activity with an E, , of 30 mV, which was more positive
than that of a commercial Pt/C catalyst. Similarly, Zhang et al. prepared CoS decorated N, S
co-doped reduced GO aerogel showing highly efficient activity for ORR [33].

There are other metal sulfides as active sites in ORR. Suh et al. prepared nano-CuS@Cu-BTC
composites using Cu-MOF as a sacrificial template and thioacetamide as sulfide source [34].
With the increasing amount of nano-CuS in the composite, electrical conductivity increased,
thus contributing to the positive shiftsof E__,. MoS,-embedded nitrogen-doped porous carbon
nanosheets were prepared using MoS, nanosheets as templates and conjugated microporous
polymers as N and C sources [35]. The novel electrocatalysts showed enhanced performance
for ORR, due to their strong interaction between MoS, and carbon layer, high conductivity,
and high specific surface area. Recently, it has been reported that Ni,S, [36] and WS, [37]
are also potential catalyst for ORR. Furthermore, metallic double sulfides as an ORR catalyst
were investigated in recent years. Li et al. prepared NiCo,S, and N, S-doped graphene aerogel
hybrid for application in ORR [38].

2.3. N-, S-, B-, and P-based active sites

Recently, metal-free catalysts have received much attention, and intensive research efforts
have been made. For example, Sun et al. synthesized N,S-co-doped nanocarbon polyhedral
morphology using a metal organic framework (MOF) as precursor followed by thermal
treatment with ammonia gas (NH,) and further co-doping of S (Figure 4) [39]. The obtained
catalyst showed improved electrocatalytic efficiency, comparable to that of the Pt/C catalyst.

Mu et al. synthesized N and S dual-doped 3D porous graphene from waste biomass and
GO (Figure 5) [40]. The resultant catalyst showed high ORR performance and stability com-
parable to commercial Pt/C in both alkaline and acidic media due to their unique porous
structure and synergistic effects of N and S doping. Furthermore, Wang et al. prepared N
and S co-doped 3D hollow structured carbon spheres based on a soft template method [41].
Aniline and pyrrole function as carbon source and N dopant and Na,S serve as S dopant. The
obtained hollow carbon spheres with uniform size, mesoporous structure, and high number
of active sites exhibited high ORR activity comparable to that of Pt/C. In contrast, Liao et al.
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LIF-8: 2-Methylimidazole zinc salt
Thiourea: CHN,S

Figure 4. Schematic illustration of the fabrication of the N,S-co-doped nanocarbon as the electrocatalyst toward ORR. The
ZIF-8 precursor and thiourea are used as C/N and S precursors, respectively. Reproduced with permission from Ref.
[39]. Copyright 2017, Royal Society of Chemistry.

Figure 5. Schematic illustration of the formation of NSG: (stage 1) homogeneous mixture of graphene oxide and horn,
(stage 2) disintegration/release of cysteine moieties and coverage of GO surface leading to reaction of functional groups,
eviction of gaseous species, and the formation of S and N containing moieties (e.g., H,S, NH,, etc.), and (stage 3) doping
of N and S into the graphene carbon network. Reproduced with permission from Ref. 40. Copyright 2016, American
Chemical Society.
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prepared N and S co-doped hollow carbon nanospheres from polyacrylonitrile and S via a
hard template method [42]. They reported that S-doping facilitated the formation of pyridinic
N, which is more active than other N species in ORR. The catalyst exhibits excellent ORR
performance with high stability and selectivity.

Dai et al. reported the development of N, S co-doped graphitic sheets from melamine (as
carbon precursor and nitrogen dopant), Ni,SO, (as S dopant and template), and KCl (as
template) [43]. The unique hierarchical porous structure renders active sites easily accessible
and facilitates electron and mass transfer. Therefore, this catalyst was not only effective in
ORR, but also demonstrated excellent activities in OER/HER. In addition, Zhi et al. reported
that atomic S doping in mesoporous carbon-supported C,N, can remarkably enhance ORR
activity [44]. In this work, thiourea was selected as S dopant and C,N, serve as N source. XPS
analysis showed the formation of C,N, S, indicating the atomic modification over the C,N,.

Song et al. prepared S-N dual doped ordered mesoporous carbon based on a hard template
method [45]. In their work, polythiophene (PTh) and polypyrrole (PPy) were used as precur-
sors and ordered mesoporous silica (SBA-15) was selected as template. Based on this method,
N and S contents can be easily adjusted. Furthermore, the mesoscopic morphology provided
more accessible active sites. Therefore, this catalyst showed excellent ORR performance.

Recently, P/S binary-doped carbon materials have also been reported. P, with higher electron-
donating ability, heavily affects neighboring carbon atoms, thus tending to induce more
active sites than N. For instance, Cao et al. prepared P/S co-doped porous carbon derived
from resorcinol, furaldehyde, and phosphorus pentasulfide. Due to the synergetic merits of P
and S, the onset potential positively shifted for ORR in alkaline media [46].

2.4. Mechanism

In fact, the mechanism of S-related active sites in ORR is still debated. Suib et al. prepared
S-doped carbon nanotube-graphene nanolobes via sequential bidoping strategy, in which
the nature of S functionalization can be finely tuned [47]. First, thiourea functioned as the S
source. To further stabilize and enhance the content of S, the second doping of benzyl disul-
fide was introduced. Different doping types of S were detected, such as C-5, C-5-C, and -S5O -.
The S-doped CNT showed high catalytic activity and good stability for ORR. Furthermore,
Guo et al. studied the effect of Fe/N/C and C-S-C active sites in alkaline and acidic media [48].
It is worth noting that no Fe-S bond formed in the catalyst. They found that no synergistic
effects between Fe/N/C and C-S-C were observed in alkaline solution as the two active cen-
ters are separated. In contrast, synergistic effects between Fe/N/C and C-S-C sites remarkably
enhanced ORR activity in acidic media because the C-S-C active sites facilitated the 4e- ORR
pathway.

Furthermore, S can function as platinum nanowire catalyst anchoring sites. Chen et al. stud-
ied the influence of S content on the ORR activity of S-doped graphene supported platinum
nanowires (PtNW/SGs) [49]. S doping increased the band gap, while the electrical conduc-
tivity decreased. PtNW/SGs with 1.40 at% S showed the best ORR performance. Zhi et al.
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Figure 6. Optimized structure of pristine g-C,N, as (a) top view and (b) side view, in which the N atoms are numbered
from 1 to 8, while C atoms are numbered from 9 to 14. Top views of the optimized structures of the energetically most
favorable (c) B-CN, (d) P-CN, and (e) SCN, in which the B and P atoms substitute the bay carbon C13, while S atom
replaces the pyridinic nitrogen N7. In each structure, the largest value of charge and spin densities on carbon atoms are
indicated by black and red colors, respectively; additionally, the related carbon atoms are illustrated by green arrows.
Reproduced with permission from Ref. [50]. Copyright 2017, American Chemical Society.

investigated the componential influences of heteroatoms doping (B, P, and S) in graphitic
CN, (g-C,N,)-based electrocatalysts (Figure 6) [50]. They found that S-doped C,N, with the
smallest charge-transfer resistance dramatically boosted the reaction kinetics and activities
of ORR.

Recently, Xu et al. designed Fe-N-, Fe-S-, and Fe-N-S-based model catalysts to investigate
heteroatom induced performance differences in ORR [51]. Pyrrole-derived and thiophene-
derived hypercrosslinked polymers were selected as carbon precursors. FeCl, a Friedel-
Crafts reaction catalyst, acts as both a metal dopant and a porogen. Interestingly, Fe, S and
Fe O, nanoparticles formed in the S-doped and N-doped carbon, respectively. In fact, N/Fe,O,
acts as a higher catalytic active site than S/Fe,_S. The possible reason is that the strong electro-
negativity of N generates more charged active sites, while the electronegativity of S is similar
to that of carbon. However, the synergistic effect between FeHS/FeSO4 and the N, S-doped
carbon showed superior ORR performance.

3. Conclusions

Although state-of-the-art Pt-based ORR catalysts are applicable in fuel cell vehicles, source
scarcity limits their mass application. M-N-C materials are still far from satisfaction for com-
mercialization. Presently, design and synthesis of novel ORR catalysts with various struc-
tures were at the center of research. Furthermore, to experimentally and theoretically explore
the relationship between component structure-properties has attracted extensive interest.
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Particularly, tuning the mode of heteroatom-doping and the underlying the role of active
sites in ORR catalysis still remains challenging.

Currently, S-related species represent promising active sites for ORR catalysis. S doping can
lead to a higher degree of graphitization because S can react with imperfect carbon to form
CS, gas [52]. Furthermore, S-doping can modify the spin density distributions around the
carbon framework. More importantly, the synergistic effect between the metal center and
the N, S-codoped carbon contributes to the superior ORR performance. With regard to metal
free catalysts, first-principle calculations indicate that N and S atoms close to each other were
more active than isolated N and S sites, indicating a synergistic effect of N and S. Therefore,
S-related active sites containing ORR catalyst will be promising alternatives for commercial

Pt/C catalysts, especially those with hierarchical porous structures.

Acknowledgements

This work was supported by the National Nature Science Foundation of China (No. 21603156),
Jiangsu Province Science Foundation for Youths (No. BK20170331).

Acronyms and abbreviations

ORR oxygen reduction reaction
PEM proton exchange membrane
Pt/C platinum/carbon black catalyst
CB carbon black

CNT carbon nanotube

XPS X-ray photoelectron spectroscopy
FeCl, iron(I1I) chloride

KSCN potassium sulfocyanide

NH, ammonia gas

OER oxygen evolution reaction
HER hydrogen evolution reaction
rGO reduced graphene oxide

P phosphorus

(M/N/C) metal/nitrogen/carbon
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Abstract

Chemical preparation, crystal structure, thermal behavior, and IR studies are reported for
the barium cesium cyclotriphosphate dihydrate BaCsP;0y.2H,O and its anhydrous form
BaCsy(POs)s. BaCsP309.2H,0, isotypic to BaTIP;09.2H,0 and BaNH,P304.2H,0, is mono-
clinic P21/n with the following unit cell dimensions: a = 7.6992(2)A, b = 12.3237(3)A,
c=11.8023(3)A, a =90 (2)°, [ =101.18(5)°, Y =90. (3)°, and Z = 4. The total dehydration of
BaCsP304.2H,0 is between 100°C and 580°C. The IR absorption spectroscopy spectrum
for the crystal confirms that most of the vibrational modes are comparable to similar
cyclotriphosphates and to the calculated frequencies. The thermal properties reveal that
the compound is stable until 90°C.

Keywords: barium cesium cyclotriphosphate, crystal structure, vibrational study

1. Introduction

During a systematic investigation of cyclophosphates, types BaCsP309.xH,O, BaCss(P30s),.
xH,0, BaCs,P401,.2H,0, Ba3Cs,(P4015)..2H,0, and BaCsP;09.2H,O were obtained. Barium
and cesium cyclotriphosphate dihydrate, BaCsP;09.2H,0, was prepared for the first time
by using Boulle’s process [1] by Masse and Averbuch-Pouchot [2], who described it as a
monohydrate. The literature provides BaCsP309.2H,0 crystallizing in the monoclinic system,
space group P2;/n, Z = 4 with the following unit cell parameters, a=7.6992(2) A, b=12.3237(3) A,

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
InteChOpen Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgNN
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c=11.8023 (3) A, and B = 101.181 (5)° with a brief report of the structural refinement based on
single-crystal XRD data. In the present work, we report the chemical preparation, crystalline
structure, thermogravimetric analysis, and infrared study of this crystal barium and cesium
cyclotriphosphate dihydrate, BaCsP309.2H,0, in order to have maximum information about
structure and reactivity of the solids.

2. Experimental parameters

2.1. Chemical preparation

Single crystals of BaCsP309.2H,O were prepared by slowly adding dilute cyclotriphosphoric
acid, H3P30q, to an aqueous solution of barium carbonate, BaCO;, and cesium carbonate,
Cs,CO;, with a stoichiometric ratio of Ba-Cs = 1:1, according to the following chemical reaction:

H3P309 4+ BaCO3 + 1/2Cs,COs

BaCsP509.2H,0 + 3/2CO;

The solution was then slowly evaporated at room temperature for 45 days until single crystals of
BaCsP304.2H,0 were obtained. The cyclotriphosphoric acid, H3P;0q, used in this reaction was
prepared from an aqueous solution of NazP;0y passed through an ion-exchange resin “Amberlite
IR120” [3]. NazP309 was obtained by thermal treatment of sodium dihydrogen monophosphate,
NaH,PO,, at 530°C for 5 h in the air, according to the following chemical reaction [4]:

3NaH2PO4 E— Na3P309 + 3H20

2.2. XRD, crystal data, intensity data collection, and structure

A single-crystal X-ray structure determination of BaCsP304.2H,0 was performed by using an
Oxford Xcalibur S diffractometer at 293 K.

The structure was solved by direct methods using SHELXS [5] implemented in the Olex2
program [6]. The refinement was then carried out with SHELXL by full-matrix least squares
minimization and difference Fourier methods. All non-hydrogen atoms were refined with
anisotropic displacement parameters. Hydrogen atoms were generated in idealized positions,
riding on the carrier atoms, with isotropic thermal parameters.

The final R1 value is 0.0401 for 1782 reflections with I > 20 (I), and full X-crystal data is
presented in Table 1. The main geometrical features, bond distances, and angles are reported
in Table 6.

2.3. Fourier transform infrared spectroscopy (FTIR)

A Nicolet Magna IR 560 spectrometer (resolution 1 cm ™', 200 scans) and an OMNIC software
were used to characterize the stretching and bending bands between 400 and 4000 cm ™.
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Compound

Empirical formula
Formula weight

Crystal system/space group
a/A

b/A

/A

of°

pr

A

V/A®

V4

D calc (g/em®)

{ (mm™")

Crystal size (mm)
Color/shape

Temp (K)

Theta range for collection
Reflections collected
Independent reflections
Data/restraints/parameters
Goodness of fit on F2
Final R indices [I >20(I)]
R indices (all data)

Largest difference peak/hole

2

BaCs H4,0¢1P3

543.20 g.mol !
Monoclinic/P 2;/n
7.6992(2) A

12.3237(3) A

11.8023(3) A

90°

101.18(3)°

90°

1098.57(5)A®

4

3.284 g/cm®

7.362

0.3296 x 0.1602 x 0.0957 mm®
Colorless/prism

293(2)K

3.50°/27.59°

9176

2448

2448/0/147

1.113

Ry =0.0285, wR, = 0.0611
Ry =0.0329, wR, = 0.0638
0.78/—1.40 A2

Table 1. Crystal data and experimental parameters for the X-ray intensity data collection for BaCsP309.2H,0.

3. Results and discussion

3.1. Structural analysis

The final atomic positions and anisotropic thermal parameters for the non-hydrogen atoms in
the BaCsP304.2H,0 structure are given in Tables 2 and 3, respectively. A projection of the
BaCsP304.2H,0 atomic arrangement along the c axis is given in Figure 1. It shows that all the
components of the atomic arrangements are located around the two axes in order to form
arrays delimiting large channels parallel to the c direction.
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Atoms X Y Z Ueq

Ba 0.24946(3) 0.06963(2) 0.37463(2) 0.01486(9)
Cs 1.23531(4) 0.37670(3) 0.60501(3) 0.02500(10)
P@) 0.49653(15) 0.33939(9) 0.34729(10) 0.0135(2)
P2) 0.75498(15) 0.17362(10) 0.42595(10) 0.0140(2)
P@3) 0.72984(16) 0.35936(10) 0.57392(11) 0.0185(3)
O(1i) 0.8311(4) 0.2619(3) 0.5238(3) 0.0194(7)
O(2i) 0.6424(4) 0.2510(2) 0.3278(2) 0.0159(7)
O(3i) 0.6022(4) 0.4024(2) 0.4588(3) 0.0178(7)
O(4e) 0.8606(5) 0.4456(3) 0.6136(4) 0.0393(10)
O(5e) 0.6256(5) 0.3191(3) 0.6572(3) 0.0312(9)
O(6e) 0.4740(4) 0.4168(2) 0.2497(3) 0.0212(7)
O(7e) 0.9053(4) 0.1308(3) 0.3805(3) 0.0223(8)
O(8e) 0.6306(4) 0.0994(3) 0.4691(3) 0.0201(7)
O(%e) 0.3428(4) 0.2843(3) 0.3783(3) 0.0205(7)
O(10w) 0.2195(4) 0.1274(3) 0.5953(3) 0.0233(8)
O(11w) 0.5532(5) 0.0975(3) 0.7172(3) 0.0315(9)
H(1) 0.5738 0.0941 0.7926 0.047
H(2) 0.5846 0.1617 0.6363 0.047
H®3) 0.1274 0.1017 0.6242 0.035
H(4) 0.3191 0.0980 0.6366 0.035

i, internal; e, external; w, water.

Table 2. Final atomic coordinates and U-equivalent temperature factors for BaCsP309.2H,0.

3.2. Barium and cesium arrangement in the structure

The barium atom, located on the twofold axis, is coordinated by two water molecules and six
oxygen atoms (Figure 2), forming an almost regular dodecahedron. The Ba-O distances spread
between 2.298(6) and 2.349(6) A. Each BaOg dodecahedron shares six oxygen atoms with two
anionic rings belonging to two phosphoric layers, thus providing the cohesion between these
layers (Figure 2). BaOg dodecahedra do not share any edge or corner and form layers alternat-
ing with P3Og ones. The shortest Ba-Ba distance is found to be 4.70731 A (Table 4).

The cesium atom occupies a general position and is coordinated to 10 external oxygen atoms and
one water molecule (Figure 3). The Cs-O distances spread between 3.0278(2) and 3.5982(9) A.

The water group, its environment, established by strong hydrogen bonds, is depicted in
(Figure 3) as an ORTEP representation [7].
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Atom UT1(s) U22 U33 U23 U13 U12

Ba 0.01483(15) 0.01281(16) 0.01595(15) 0.00044(10) 0.00056(11) —0.00029(10)
Cs 0.02411(18) 0.0258(2) 0.02600(18) 0.00406(13) 0.00715(14) 0.00042(13)
P(1) 0.0146(6) 0.0132(6) 0.0122(5) 0.0016(4) 0.0015(5) 0.0020(5)
PQR) 0.0150(6) 0.0130(6) 0.0134(5) 0.0004(5) 0.0016(5) 0.0028(5)
P@) 0.0171(6) 0.0193(7) 0.0171(6) —0.0062(5) —0.0015(5) 0.0022(5)
o) 0.0173(16) 0.0172(17) 0.0207(17) —0.0054(14) —0.0035(14) 0.0032(14)
o(i) 0.0195(17) 0.0166(17) 0.0113(15) 0.0007(13) 0.0023(13) 0.0071(14)
o) 0.0192(17) 0.0140(17) 0.0176(17) —0.0035(13) —0.0026(14) 0.0027(14)
O(4e) 0.025(2) 0.027(2) 0.058(3) ~0.0226(19) —0.0086(19) ~0.0009(17)
O(5e) 0.037(2) 0.037(2) 0.0201(18) 0.0038(16) 0.0079(17) 0.0101(18)
O(6e) 0.0241(18) 0.0194(17) 0.0210(18) 0.0080(14) 0.0067(15) 0.0069(15)
O(7e) 0.0173(17) 0.0245(19) 0.0247(18) ~0.0051(15) 0.0031(15) 0.0064(14)
O(8e) 0.0201(17) 0.0147(17) 0.0253(18) 0.0064(14) 0.0042(15) 0.0009(14)
0(%) 0.0177(17) 0.0185(18) 0.0255(18) 0.0026(14) 0.0050(15) —0.0004(14)
O(10w) 0.0190(17) 0.027(2) 0.0236(18) —0.0012(15) 0.0043(15) 0.0010(15)
0o(11w) 0.030(2) 0.034(2) 0.028(2) ~0.0008(17) —0.0009(18) ~0.0001(18)

i, internal; e, external; w, water.

Table 3. Anisotropic thermal parameters (A2) for BaCsP50.2H,0.
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Figure 1. Projection along the c axis of the atomic arrangement in BaCsP309.2H,0.
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Figure 2. The coordination of the barium atom in BaCsP3;0.2H,0.

s ¢ =

o %

Figure 3. ORTEP representation of BaCsP309.2H,O (H-bonds are represented by dashed lines). Thermal ellipsoids are
scaled to enclose 50% probability.
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Tetrahedron around P(1)

P(1) 0(2i) o) O(6e) 0(%)
0(2i) 1.6126(5) 100.5(9) 107.8(1) 109.7(7)
0@3i) 2.4804(3) 1.6065(6) 106.9(7) 108.7(6)
O(6e) 2.4983(3) 2.4803(1) 1.4795(3) 120.9(4)
0(%) 2.5254(9) 2.5046(5) 2.5662(1) 1.4708(8)

P©2) o(1i) 0(2i) P©2) o(li)
o(1i) 1.6120(2) 100.7(7) 107.4(8) 109.7(3)
0(2i) 2.4853(7) 1.6164(2) 107.3(7) 108.6(1)
O(7e) 2.4843(1) 2.4879(6) 1.4650(7) 120.7(8)
O(8e) 2.5346(1) 2.5175(5) 2.5637(8) 1.4838(6)

Tetrahedron around P(3)

P@) (O1i) (03i) (Ode) (O5e)
o(1i) 1.6058(7) 101.4(4) 107.8(7) 111.2(4)
o) 2.4836(6) 1.6045(7) 107.4(7) 110.5(9)
O(4e) 2.4914(1) 248390 1.4762(3) 117.3(4)
O(5e) 2.5386(2) 2.5308(4) 2.5158(1) 1.4705(7)
P(1)-P(2) 2.8773(2) P(2)-O(1i)-P(3) 129.4(1)

P(1)-P(3) 2.9289(6) P(1)-O(2i)-P(3) 131.6(6)

P(2)-P(3) 2.9081(6) P(1)-O(3i)-P(2) 125.8(9)

P(2)-P(1)-P(3) 60.2(1)

P(1)-P(2)-P(3) 60.7(2)

P(1)-P(3)-P(2) 59.1(6)

Table 4. Main interatomic distances (A°) and bond angles (°) in the P30y ring [8].

3.3. Characterization by infrared spectroscopy

Crystals were ground in a mortar with dry KBr powder in a ratio of 2:200 and pelleted in a
press (8*10° kg, 30 s). Then, they were stored at 95°C for 1 d to dry before use.

The IR spectrum of BaCsP30¢.2H,0 illustrated in Figure 4 reveals the presence of three bands
due to water molecules in the domain 4000-1600 cm™'. This confirms the existence of
nonequivalent positions of water molecules in the BaCsP30y.2H,O atomic arrangement:
3449 cm ™! attributed to O-H valence vibration, around 3270 cm™! to hydrogen bonds and
1637 cm™ ! to SHOH deformation. The valence vibration bands related to the P30y cycles are
expected in the domain 1400-650 cm ', as well as possible bands due to interactions between
P30y cycles and water molecules and also of water vibration modes.
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Figure 4. FTIR spectrum of BaCsP304.2H,0 crystal.
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The vibration modes of the phosphate anions usually occur in the 1400-650 cm ™' area. The two
IR bands observed at 1384 and 1286 cm ™' can be attributed to the vas (PO,) stretching
vibration (Table 5). The shouldered band at 1157 cm ™" and the doublet observed at 1100 and

v (em™)
3449
1637

1637
1384
1286
1157
1100
983
767
747
685

637
519

Vibration

v OH

o HOH

Vas OPO™

v, OPO™

V,s POP

vs POP

> OPO~

p OPO~

Table 5. Frequencies (cm’l) of IR absorption bands for BaCsP,09.2H,0.
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983 cm ™! can be assigned to vs(PO,) and vas(POP), respectively. The most characteristic
feature of the P30y ring anions is the occurrence of a strong intensity band near 767 cm ™" in
addition to 747 cm ™' due to the vs(POP) stretching vibration. The weak peak appearing at
685 cm ™! can be assigned to vs(POP) [9]. The broad bands observed at 519 cm ! and the weak

peak at 637 cm ™" can be due to the deformation vibrations of the anionic group.

In the spectral domain 650—400 cm ™}, the spectrum of BaCsP309.2H,0O (Figure 4) shows
bending vibration band characteristic of phosphates with ring anions.

4. Vibrational study

The percentage of participation of each group was determined (Table 6). The geometrical
parameters of the P309 3-ring with D3h symmetry, optimized by the MNDO [10] programs,
are comparable with those obtained, by X-ray diffraction for the compounds with known
structures.

Ty TR O O TP, B 00, 08, o of
viem')  viem') Av (e v fem™  Av (em™) viem')  Avem') participation
)]

1287.75 1287.52 0.23 1269.04 18.71 1249.67 38.08
1271.B0 127177 0.03 1253.83 17.97 1233.02 3878 v PO (99)
127179 127176 003 125381 17.98 1233.01 3878 vaPO: (100)
122500 117905 4595 121539 9.6 122198 102 vaPOP{98)+uwP0:(2]
122494 117899 4595 121523 9.71 1223.92 1.02 PO (100)

1168.80 116879 0.10 115602 12.87 1127.56 41.33

1108.24 109842 982 1102.000 6.24 1062.75 4549 vaPOP(18)+ uPOn (82)
10821 109839 982 1100.97 6.24 1062.72 4549 v POP (100)
105925 101103 4822 105297 6.28 105901 0.24

780,69 T6E.59 12,100 76537 15,32 T16.16 4.53 wPOP (73) + 6PO: (27}
T80.68 Th8.57 1211 Th5.37 15.31 T76.14 4.54

670,86 65943 1143 66310 7.76 BA0L1S 1067 o POP (52)+6P00(48]
55805 53678 2217 55505 3.90 552.77 613 POP(80) + 12PO:(40)
31125 405,00 15.26  509.05 2.20 301.27 9.98

$3670 43303 357 43242 428 42294 1376 rOP(Bode) (78)
43668  43NI1 35T 43241 427 422.92 1376  OPOP(21)+8PO:(79)
42007 417.52 255 41315 6.92 411.17 £.90 1Pz (78)

41847 406.18 1229 416.87 1.60 410401 g46  fPOP(39)+ PCa(41)
41841 40612 12.29 41681 1.60 409,96 A5 5PO: (98)

301.9% 30l.6l 0.35 301.36 0.60 285.89 16.07

9871 29263 608 29822 049 269.41 930 GPON40) +wPO: (50)
298.67 291,59 6.08 298.18 0.49 289.37 9.30

28095  279.15 180  279.08 1.87 268,77 1118 yPOP(14)+ ¥ PO: (88)
28092 27901 181  279.05 1.87 269,74 .18

256.50 253.00 350 255.02 1.48 246.50 10,00 SPOF(26)+ yw PCr (74)
256.49 25298 351 255.01 1.48 246.49 10,00 yrPOR (1000
21413 21413 000 21413 0.00 201.88 1225

49,08 48.30 0.7% 49.08 0.00 47.01 207 POP(27) = PO (F3)

15,78 3511 067 3577 0.01 34,39 1,39

34.40 33,75 0.65 34.40 0.00 33.00 L FPOP(33)+ PO: (67)

Table 6. IR frequencies and displacements (Av in cm ") calculated for the P3Oy (D, symmetry).
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All the Raman spectra available in the literature of compounds with the P;0o°~ cycle of
Csn symmetry, in LnP309.3H,0 [11] and M"M'P;0, with benitoite structure 4, and cycle
of Cs symmetry in NiRby(P300),.6H,O [17, 18], ZnM'4(P300),.6H,0 (M' = K, Rb) [12,
13], M"K4(P505),.7H,O (M" = Ni,Co), C; in M™(NH,)4(P505),.4H,0 (M" = Cu, Co, Ni) [14],
and NiNay(P305),.6H,O [15] are characterized by three intense bands situated between 1153
and 1180, 640-680, and 297-313 cm™!, which confirm the results of our calculations
(Table 6). Indeed, the theory predicts on the whole four bands with A’; modes for the
P30y ring with Dj, symmetry which are situated, according to our results, at 1169 cm ™!
for vs P-Oe, 671 cm ™! for ds P-Oi, 559 cm ™! for ®sPOiP, and 302 ecm™! for ds PO,. These
four frequencies are predicted to be characteristic in any Raman spectrum of a cyclotri-
phosphate (with cycle of symmetry, C;, C;, Cs, or C;). These four IR fundamental frequen-
cies have a null calculated intensity and are non-observable for D3}, or Cz, symmetries, and
their appearance in any IR spectrum indicates a symmetry lower than Cjp,.

M. G. Av fem™") v (e} im BaCsPy0y 2H0
Dyveal (em™) Vimax  Mode (IR, Ra) Mode (IR, Ra) Movement
128775 553 E“(-+) 0.3 18.71 IBE0 — A+ 1297 va PO
vlPOl
127080 Q0 T 17.97 878 A+ 1274 e PO
12779 ooa BN 0,03 17.98 1878 Af++) 1269
N 1211
1225 0y 100 1:4) 4595 .61 102 A+ vaFOP
122494 100 B 45,98 .7 102 :: Af+#) ve POP
1nesge oo A 0,10 1257 41,33 —— i) 1166 v PCh
wiCh
0824 585 E'(o4) 9,52 624 4549 A+ 17
110821 585 9,82 6.4 4549 Al+] 1103 w Pn
A'f=#)
105925 000 48.22 6.28 0 A 977
&80 vasPOP
combination
THOBS 1835 12.10 1532 453 Al ) 6l
THOEE 1835 12.11 15.32 454 “: Al++) 43 wPOP
whOP
G086 LI} 11,43 1.76 1067 ——® A+ +) B0

Avfem 'l effect of the isotopic substitution; Av(om): difference between the calculated
Value of the frequency before and after the substitution; M. G: molecular group.

Table 7. Attribution of the observed valence IR frequencies (cm’l) of the P30y ring (C;) in BaCsP304.2H,0.
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This allowed us an attribution of the 30 fundamental frequencies of the cycle Dj}, on valid
theoretical bases including 12 valence vibration frequencies and 18 bending vibration frequen-
cies. The correlation between the D3, group and the site group C; shows that the simple
normal modes (A’y, A’p, A”1, and A”5), of the D3y, group, are resolved each into the mode A
of the C; group and the doubly degenerate E” and E” modes are resolved into two modes and
are active in IR and Raman. The factor group analysis predicts for four cycles of the unit cells of
BaCsP509.2H,0 (Cap), respectively, 24 and 36 valence vibration bands active in IR. But, we
observe in the IR spectra of BaCsP30.2H,0 (Ca1,) only six or seven bands and one inflection
(Figure 4). It seems that the vibrational couplings between the P30y cycles of the unit cell are
absent or very weak; thus, we will be able to interpret the IR spectrum, in the range 1400-
650 cm !, of BaCsP30.2H,0 according to the vibrations of an isolated cycle with local sym-
metry C;. The values of the calculated frequencies, for the D3, symmetry, are close to those
observed for BaCsP309.2H,O (Table 6). Table 7 gives the attribution of the observed valence
frequencies, 1400-650 cm !, of the P30y ring, with D3, symmetry of BaCsP309.2H,0.

5. Thermal analysis

The curve corresponding to the TG analyses in an air atmosphere and at a heating rate of 10°C.
min~' of BaCsP309.2H20 is given in Figure 5. The dehydration of the barium cyclotri-
phosphate and of cesium dihydrate BaCsP309.2H20 is carried out in two steps in two tem-
perature ranges from 105 to 180°C and from 180 to 580°C (Figure 5). In the thermogravimetric
(TG) curve, the first step between 95 and 180°C corresponds to the elimination of 1.14 water

molecules; the second step from 180 to 580°C is due to the removal of 0.86 water molecules.

' ||I 17
I\'I.
£ ~.
= I". 6.85% of weight = 2H,0
g
s \

Temperature (*C)

Figure 5. TG curves of BaCsP309.2H,0 at rising temperature (10°C min ).
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6. Comparison of the thermal behavior of BaCsP3;0,.2H,0 with
BaNH4P309.2H20 and BaT1P309.2H20

The thermal behavior of BaNH,P30.2H,0 and BaTIP;04.2H,0 [16] was studied (Laboratory
of Physical Chemistry of Materials, Ben M’sik faculty of Sciences, Casablanca, Morocco). It
would be useful to compare the thermal behavior of BaCsP309.2H,0 with that of its isotypic
compounds BaNH,P304.2H,0 and BaTIP;0.2H,0.

The thermal behavior of BaCsP309.2H,0 is different from that obtained in the case of
BaTIP309.2H,0O [16], which leads to the anhydrous barium and thallium BaTIP;04 cyclotri-
phosphate at 280°C. After amorphous X-ray state, BaTIP;0q remains stable till its melting
point at 670°C.

70-270°C 300°C

BaTIP309.2H,0O Amorphous X — ray Phase + 2H, 0O BaTIP309

The total dehydration of BaCsP309.2H,0, after passing through an amorphous X-ray state,
leads to monobarium polyphosphate and tetracerium BaCs,(PO;)s at 500°C [17, 18].

100-550°¢ Amorphous X — ray Phase + 2H,0 _B0C Ly, BaCs4(PO3), crystallized

+ % [Ba(POs),|ee(BaP,Ogamorphous in X — ray diffraction).

BaCsP3 Og.ZHzo

7. Conclusion

The cyclotriphosphate BaCsP;04.2H,O was obtained as a monocrystal by the resin exchange
method. It crystallizes in the monoclinic system, space group P2;/n, Z = 4, and is an isotype of
BaNH4P309.2H20 and BaTlP3092H20

The crystal structure of BaCsP309.2H,0 was solved from 2448 independent reflections. The
final value of the unweighted reliability factor is R = 0.0329. The unit cell of BaCsP30y.2H,0
contains four P30¢>" rings, each of them consists of three crystallographically independent P
(1)04, P(2)O4, and P(3)O4 tetrahedra. The three tetrahedra have no special characteristics. The
P30y cycle observed in the structure of BaCsP309.2H,0 has no internal symmetry. The cohe-
sion between the cycles P50¢°>" is ensured via the associated cations Cs" and Ba*". The main
geometrical characteristics of the three P(1)O4, P(2)04, and P(3)O4 tetrahedra of the P3Oy cycle
are quite similar to those observed generally in cyclotriphosphates.

The thermogram (TG) of BaCsP309.2H,0 shows that dehydration takes place in two distinct
steps between 70 and 560°C.

The total removal of the water at 560°C is accompanied by a total destruction of the
BaCsP304.2H,0 structure, probably leading to a mixture of amorphous oxidesin X-ray diffrac-
tion BaO + 3/2 P,Os + Y2 Cs,0. The product resulting from calcinations of BaCsP;0.2H,O
between 300 and 560°C is the long chain polyphosphate BaCs4(POj3)e.
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