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Preface

Theunique properties of ‘Tellurium’ (Te) have aggrandized this silverywhitemetalloid,
from a rare to well-known species. Apart from its less abundance around 1pbb in the
Earth’s crust, the increasing research interest in the field of tellurium compounds has
been documented. Since its discovery in 1782, research findings have unfolded the
chemistry of tellurium compounds. The increase in the number of inorganic tellurium
compounds and organic/organometallic tellurium compounds by 40% to 70%, en-
visages their importance. The emerging significance of tellurium compounds is evident
from their diverse and potential applications in various fields of chemistry. This is due
to its unique property of three-centered bonding, hyper valence and secondary
bonding interactions. Basic knowledge of chemistry is very essential for the novel
applications of organotellurium compounds in diverse fields.

The main purpose of this book is to provide an authentic and comprehensive
account of current materialistic applications of organotellurium compounds. This
purpose is fulfilled by assembling a knowledgeable team of contributing authors
having considerable interest and skill in this field. The combined efforts of the authors
and their expertise in the relevant field have explored and produced almost complete
coverage of unique properties and modem applications of organotellurium com-
pounds. All twelve chapters of this book are designed in a way to impart synthetic and
practical knowledge of tellurium and organotellurium compounds.

Sahoo et al. have focused on various synthetic and applications of organotellurium
compounds in chapter 1. Kamboj has explored the chemistry of tellurium containing
macrocycles and its applications in chapter 2. The semiconductor properties and ap-
plications of organotellurium compounds in carbohydrate synthesis, cyclization re-
actions, solar cells and chemical sensors have been discussed and elaborated by Das
and Banik et al. in chapters 3, 4, 5, 9 and 11.

Chapter-6 contributed by Ashraf has thrown light on the toxic toxic behaviour
of tellurium which is the utmost important while working with organotellurium
compounds.

Chapter-7 authored by Pandey et al. have covered the detailed study of tellurium
existence and its effects on various environmental sections.

Banerjee et al. have explored the latest developments in the synthesis of bioactive
organotellurium scaffolds in chapter-8.

A detailed study of tellurium and its novel low-dimensional derivatives offering
intriguing nonlinear optical responses, making them promising candidates for design
of various photonic devices, has been identified by Rose et al. in chapter-10.

The reactivity of organotellurium compounds as catalysts, reagents and sensors
through functional group activation has been investigated by Ray et al. in chapter-12.

https://doi.org/10.1515/9783110735840-201
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Biswa Mohan Sahoo*, Bimal Krishna Banik*, Abhishek Tiwari,
Varsha Tiwari, Adya Jain and Preetismita Borah

1 Synthesis and application of
organotellurium compounds

Abstract: Organotellurium compounds define the compounds containing carbon
(organic group) and tellurium bond (C–Te). The first organic compound containing
tellurium was prepared by Wohler in 1840 after the discovery of the metal by the
Austrian chemist F. J. Muller von Reichenstein in the year 1782. The term telluriumwas
derived from Latin tellus. Tellurium was observed first time in ores mined in the gold
districts of Transylvania. Naturally occurring tellurium compounds are present in
various forms based on their oxidation states such as TeO2 (+4) and TeO3 (+6). These
oxidation states of tellurium compounds are more stable as compared to the other
oxidation states. Tellurium is a rare element and is considered a non-essential, toxic
element. Tellurium possesses only one crystalline form which consists of a network of
spiral chains similar to that of hexagonal selenium. Tellurium is used for the treatment
and prevention of microbial infections prior to the development of antibiotics. Hence,
the utilization of organotellurium compounds plays a significant role as reagents and
intermediates in various organic syntheses.

Keywords: application; compounds; organic group; synthesis; tellurium.

1.1 Introduction

Tellurium is an element represented with the symbol Te. It has an atomic number of 52
with an atomic mass of 127.60 g·mol−1. It is considered under the chalcogen (group 16)
family of elements in the periodic table. Chalcogen refers to the oxygen-family ele-
ments of p-block [1]. Te exhibits two allotropes as crystalline and amorphous. In the
case of crystalline form, Te is generally silvery-white with a metallic luster. While the
amorphous type of tellurium is black-brown powder. The crystalline form of tellurium
possesses parallel helical chains of Te atoms with three atoms per turn. It has the
properties of both metals and non-metals. The tellurium from natural sources contains
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eight isotopes [2]. Out of which, six isotopes are stable such as 120Te, 122Te, 123Te, 124Te,
125Te, and 126Te. Whereas the remaining two isotopes (128Te and 130Te) are slightly
radioactive (Table 1.1) [3].

Tellurium exits in different oxidation states such as −2, +2, +4, and +6.
The +2 oxidation state is displayed by the dihalides including TeCl2, TeBr2, and TeI2
(Figure 1.1, Table 1.2). Te is considered as one of the least available elements in the
earth’s lithosphere [4]. It was discovered by Austrian chemist F. J. Muller von Reich-
enstein in 1782. It was reported that the first organotellurium compound was identified
more than 150 years ago with the synthesis of diethyl tellurides by the scientist Wohler
in 1840. Taniyama and co-workers reported the strong antibacterial activity of
diaryltellurium-dihalides and the inhibitory activity of cyclic-tellurium substances
against the growth of bacteria in 1922 [5].

Haiduc and Edelmann reported the chemistry of organotellurium compounds in
1999. X-ray diffraction study is performed to confirm the geometry of these compounds.
When Te is present in the ground state, it exists two unpaired electrons and hence the
oxidation state (II) is well known in such compounds one ‘s’ and three ‘p’ orbital
hybridized to give four sp3 hybrid orbitals (Table 1.3). Out ofwhich, two are occupied by
lone pair and the remaining two have bonding electron pairs. So, the geometry is

Figure 1.1: Oxidation states of tellurium.

Table .: List of natural isotopes.

Name of isotopes Relative abundance (%)

Te .
Te .
Te .
Te .
Te .
Te .
Te .
Te .

2 1 Synthesis and application of organotellurium compounds
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V-shaped as presented in Figure 1.2 [6]. In the first excited state, the coordination
number greater than four is attained by accepting electrons with suitable donors in the
empty d-orbital. The coordination bonds are generally studied by X-ray diffraction
study and NMR spectroscopy.

1.2 Synthesis of organotellurium compounds

There are different synthetic routes for producing organotellurium compounds that
involve the use of elemental tellurium (Te), tellurium tetrachloride (TeCl4), and (iii)

Table .: List of organotellurium compounds.

Type Examples

Organotellurium(II) compounds

RTe and RR′Te Diphenyltellurides
Dialkyltellurides
Diaryltellurides(p-MeOCHTePh)
Methyl vinyl telluride
Telluracyclopentane
Tellurium azamacrocycles

RTe and RR′Te Te(CF), Te(CF)
RTe (R = Me, Et, MeCH)

RTeX RTeX (X = Cl, Br, I, CN)

Organotellurium(IV) compounds

RTeX -Biphenyl tellurium tri-bromides
Phenyl tellurium tri-iodide
Phenyl tellurium tri-chloride
Phenyltellurium tri-bromide

RTeX Biphenylene tellurium(IV) dichloride
Diphenyl tellurium(IV) monothiocarbamates
Diaryl tellurium dihalides bis(Ferrocenylcarboxylato)telluranes

RTeX Triphenyltelluronium thiocyanate (CF)TeCl
(CFCF)TeCl
(CFCF)TeBr

RTe Tetraphenyl tellurium
Tetramethylchalcogens

Organotellurium(VI) compounds

RTeX (CF)TeFCl
CHTeF
(CHO)TeFCl

RTeX (CF)TeF
RTe ArTe (Ar = CFCH, CH)

1.2 Synthesis of organotellurium compounds 3
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intermediates obtained by the above methods during the preparation of organo-
tellurium compounds (Figures 1.3 and 1.4).

Junk et al. reported the synthesis of 2-acylamino and 2-arylamino-1,3-benzo-tel-
lurazoles and also evaluate their properties (Figure 1.5). The reaction mechanism

Table .: List of tellurium compounds with coordination number and geometry.

Valency Coordination
number

No.of
bonds

No. of
lone pairs

Geometry Hybridization Examples

II    Angular sp RTe
RTeX

   Pyramidal spd RTeX
   Square planar spd Te

[SC(NH)]Cl
IV    Distorted trigonal

bipyramidal
spd RTeX

RTeX
RTe

   Square pyramidal spd RTeX
RTeXL
(L =
Monodentate)

   Distorted octahedral spd [RTeX]
−

RTeXL
(L = Bidentate)

   Distorted pentagonal
bipyramidal

spd RTe(EtNCS)

   Distorted
dodecahedral

spd Te(EtNCS)

VI    Octahedral spd CFTeFCl
(CF)TeF

Figure 1.2: V-shaped structure of Te(II) compounds.

4 1 Synthesis and application of organotellurium compounds
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involves the insertion ofmercury into the Te-Te bond (1), followed by an intramolecular
nucleophilic attack of the thiocarbonyl moiety by the resulting insertion prod-
uct. The targeted compounds were produced with 44–67% yield by reacting
bis(2-aminophenyl)ditelluride with acyl and aryl isothiocyanates respectively, and
the subsequent reductive cyclization of the resulting thiourea analogs. The synthe-
sized compound, 2-acylamino-1,3-benzotellurazoles (3) are found to be crystalline
solids. These compounds are stable at ambient light, air, and moderate heat [7].

Al-Fregi et al. demonstrated several quinolone-based organotellurium com-
pounds. (Figure 1.6). These compounds were obtained by the reaction of 8-(quinolyl)
mercuric chloride (5) with tellurium tetrabromide (TeBr4) in the presence of dry
dioxane to produce 8-(quinolyl)tellurium tribromide(6) and bis[8-(quinolyl)]tellurium

Figure 1.3: Synthetic routes for organotellurium compounds using elemental tellurium (Te).

1.2 Synthesis of organotellurium compounds 5
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Figure 1.4: Synthetic routes for organotellurium compounds using tellurium tetrachloride (TeCl4).

Figure 1.5: Synthetic route to benzotellurazoles.

6 1 Synthesis and application of organotellurium compounds
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dibromide(7), respectively. Further, the reaction of compounds 6 and 7 by ethanolic
hydrazine hydrate yields bis[8-(quinolyl)]ditelluride (8) and bis[8-(quinolyl)]telluride
(9)respectively [8].

Netellurolate is used as the tellurenating reagent to prepare optically active
tellurium-containing binaphthyl (Figure 1.7). The chirality inducers like ditellurides
are used in the asymmetric 1,4-addition reactions of α,β-unsaturated ketones. The
optically active (S,S)-bis[l-(l′-naphthyl)-2-naphthyl]ditelluride (10) was produced with
a high product yield (93%) by the sequential reaction of (S)-2,2′-dibromo-l,l′-
binaphthyl with an equimolar quantity of t-butyllithium, elemental tellurium, another
equimolar t-butyllithium and methanol followed by oxidation [9].

The monotellurated derivative is produced by the reaction between benzothio-
phene (11) and two equivalents of lithium diisopropylamide (LDA) followed by the

Figure 1.6: Synthesis of organotellurium compounds based on quinolone.

Figure 1.7: Synthesis of tellurium-containing binaphthyl.
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addition of tellurium. The reaction of lithium benzothiophene-tellurolate (12) with
1,2-dibromoethane afford di-2-benzo[b]thienylditelluride (13) (Figure 1.8). The crystal
structure of the compounds is determined by an X-ray diffraction study [10].

The synthesis of the ditellurides 14 and 15 is carried out by the ortho-lithiation
scheme (Figure 1.9). The single-crystal X-ray study is performed to determine the
presence of intramolecular interactions in case of ditelluride [11].

The treatment of compound 16 with tert-butyllithium (3.5 equivalent) at a tem-
perature of−78 °C indiethyl ether, followedby the addition of telluriumpowder and the
oxidation of the resulting tellurolate, produces ditelluride 17 (Figure 1.10) [12].

Tellurium oxide (TeO2) reacts with non-conjugated dienes (18–20) in the presence
of acetic acid and lithium halide to produce corresponding bis(2-acetoxyalkenyl)
ditellurides (21–23) (Figure 1.11) [13].

An efficient synthetic scheme was developed to prepare tellurophene (25). The
synthetic methodology involves the ring-closure addition-elimination reaction
between 2,3-dimethoxy-1,3-butadiene (24) and Tellurium dichloride (TeCl2) in the
presence of NaOAc (Figure 1.12) [14].

Huang et al. reported the condensation reaction of telluronium salts 26 with
aldehydes and dibutyl telluride 29, bromide 30 with aldehyde 27. This reaction pro-
ceeds efficiently in the presence of ionic solvent [bmim][BF4], to produce (E)-α,β-un-
saturated compounds 28with high purity, excellent yields, and high stereo-selectivity
(Figure 1.13) [15].

Figure 1.8: Synthesis of di-2-benzo[b]thienylditelluride.

Figure 1.9: Synthesis of ditellurides.

Figure 1.10: Synthesis of ditelluride (17).
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Hameed et al. reported the synthesis, characterization, and computational study of
several organotellurium compounds linked with azomethine groups (Figure 1.14).
Schiff bases undergo direct telluration in the presence of tellurium tetrahalides that
result in the production of the ionic products which arise due to hydrolysis of the
tellurium tetrahalides. The reaction of Ar2TeBr2 with hydrazine hydrate (N2H4) pro-
duces tellurides (Ar2Te) with excellent yield [16].

Figure 1.11: Synthesis of bis(2-acetoxyalkenyl)ditellurides (21–23).

Figure 1.12: Synthesis of tellurophene.

Figure 1.13: Synthesis of α,β-unsaturated compounds.
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4-Bromo aniline (48) undergoes telluration in the presence of potassium tell-
rocyanate (KTeCN) to produce 4-aminobenzeno-tellurocyanate (49) which is succes-
sively treated with sodium hydroxide (NaOH) and ammonium chloride (NH4Cl) to
afford bis(4-aminophenyl)ditelluride (50). The ditelluride is further treated with
formalin (CH2O) to obtain the target compound (51) with a 90% yield (Figure 1.15) [17].

The preparation of bis(2-halo-3-pyridyl)ditelluride (56) is carried out by the aerial
oxidation of 2-halo-3-pyridyl telluride (55) with a 60%yield (Figure 1.16). It involves the
reaction between one equivalent of n-BuLi and one equivalent of diisopropylamine
(DIA) in tetrahydrofuran (THF) under a nitrogen environment at 20 °C. The solutionwas
subjected to stirring at 0 °C for 1 h. A little amount of lithium-diisopropylamine (LDA)
was added to 2-halopyridine (52) in tetrahydrofuran (THF) with continuous stirring at
40 °C and LDA induced at the C-3 position. After that, fine tellurium powder was added
and stirred for 1 h for surface oxidation of the metal. The resulting product was hy-
drolyzed and the reaction was performed under aerial oxidation for 12 h [18].

Figure 1.14: Synthesis of organotellurium compounds containing azomethine groups.

Figure 1.15: Synthesis of the title compound (51).

Figure 1.16: Synthesis of ditelluride via aerial oxidation.
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1.3 Application of organotellurium compounds

Organotellurium compounds are applied as a key component in different fields that
include medicine, antibiotics, cancer drug development, biomarker, X-ray, biochem-
ical analysis, etc.

1.3.1 Applications of tellurium compounds in diagnosis and therapy

In 1926, it was reported that organ tellurium compounds are used for the treatment of
leprosy and syphilis. In 1984, it was proposed that TeO3

2− can be used as a potential
antisickling agent of red blood cells (RBC) for the management and treatment of sickle
cell anemia [19, 20]. Compounds like AS-101 inhibit the formation of IL-10, IFN-γ, IL-2R,
and IL- 5. It was demonstrated that AS-101 also protects the bone marrow stem cells
during chemotherapy. Tellurite (TeO3

2−) and tellurate (TeO4
2−) have been suggested for

utilize in the selective medium for the evaluation of Streptococci of feces. Similarly,
Cefixime-tellurite media has been used to isolate the organisms from minced beef and
rectal swabs of cattle. It was studied that Tellurate is about 2- to 10-fold less toxic than
tellurite in most organisms. Diphenylditelluride (PhTeTePh) is used extensively in
toxicological studies. The toxicological profile of organotellurium compounds is
determined by evaluating the relative toxicity in animals or by the inhibition of cellular
growth [21–23].

1.3.2 Applications of tellurium compounds in biology

Chasteen et al. demonstrated the evaluation of the toxicity of a series of ditellurides
(57–61, Figure 1.17) against HL-60 cells by assessing the induction of apoptosis using
cell cytometry. The ditellurides exhibited a significant apoptosis induction with doses
of 1 μM [24, 25].

Figure 1.17: Structures of ditellurides with anticancer activity.
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In 1994, Andersson et al. reported the in vitro antioxidant potential of the orga-
notellurium compounds. It was reported that tellurides 62 and 63 are the first orga-
notellurium compounds that exhibit antioxidant properties. They inhibit lipid
peroxidation of cells caused by oxidative conditions (Figure 1.18) [26].

The utility of organotellurium compounds plays a significant role in Photodynamic
therapy (PDT). PDT is designed as an alternative cancer remedy for the treatment of
head, neck, lung, digestive tract, genitourinary tract, and pancreas carcinomas [27].
During the synthesis of organic compounds, the use of organotellurium compounds
is mainly categorized into two types such as carbon–carbon bond (C–C) forming
reactions and different types of functional group inter-conversions. In the case of
carbon-carbon bond-forming reactions, tellurium is easily introduced into a variety of
organic compounds. The aromatic compounds (64) undergo an electrophilic aromatic
substitution reaction with tellurium tetrachloride (TeC14) to produce diaryl-tellurium
dichlorides (65). These compounds can be converted into symmetrical biaryls (66) on
treatment with degassed Raney nickel in high-boiling ether solvents (Figure 1.19) [28].

Similarly, the aryl-aryl coupling is achieved starting from an aryltelluriumtri-
chloride (67). Example: Naphthayl-tellurium trichloride undergoes a coupling reaction
to produce a 2,2′-binaphthyl compound (68). Whereas phenoxatellurine (69) afford
dibenzofuran (70) via intramolecular C–C bond formation (Figure 1.20) [29].

The synthesis of biaryl compounds is carried out by thermal decomposition of
tetra-aryltellurium species. Tetraphenyl-tellurium (71) on heating in the presence of
toluene at 140 °C afford biphenyl (72) and diphenyl telluride (73) (Figure 1.21) [30].

Figure 1.18: First organotellurium compounds with antioxidant property.

Figure 1.19: Synthesis of symmetrical biaryls.
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Tellurium tetrachloride (TeC14) is the reagent used to synthesize several organo-
tellurium compounds. TeC14 is prepared by the reaction of elemental tellurium with a
stream of chlorine at high temperature, followed by distillation of the TeC14 into glass
ampoules. Anisole (74) reactswith tellurium tetrachloride undermicrowave irradiation
at 100W for 3 min to produce p-methoxy-phenyl-tellurium-trichloride (75) with a good
yield (86%) (Figure 1.22). The synthesis is carried out in absence of organic solvents [31].

Engman et al. reported the scheme for the synthesis of a series of ditellurides and
evaluated their glutathione peroxidase-like (GPx) activity (Figure 1.23). Both the
1H-NMR and coupled reductase assaymethods were used to determine the GPx activity
of the synthesized compounds. Diarylditellurides 77–82 were obtained from aryl
bromides (76) by sequential reaction including lithiation, tellurium insertion, and
ferrocyanide oxidation [32].

Figure 1.21: Synthesis of biphenyl (72) and diphenyl telluride (73).

Figure 1.20: Synthesis of 2,2′-binaphthyl compound and dibenzofuran.
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Vazquez-Tato et al. reported the microwave-assisted synthesis of organotellurium
compound ammonium trichloro(dioxoethylene-O,O′)tellurate (AS101). AS101 is found
to be a potent immunomodulator with several therapeutic potentials including anti-
tumor, antibacterial, antioxidant, anti-inflammatory and anti-apoptotic, etc. MAOS
offers an efficient, clean, and faster process for the synthesis of AS101 under solvent-
free conditions. The reaction is based on Albeck’s synthesis that involves heating of
TeCl4 (83) andNH4Cl (84) in ethylene glycol (85) to produce AS101 (86) (Figure 1.24) [33].

Savegnag et al. performed the synthesis, characterization, and antioxidant activity
of chrysin-based organotellurium compounds (89) (Figure 1.25). Chrysin is chemically
known as 5,7-dihydroxyflavone. It is a flavonoid and is present commonly in various
plant extracts, honey, fruits, vegetables, etc. It is reported that chrysin exhibits
biological activities such as antiviral, anticancer, antibacterial, anti-inflammatory,
anti-allergic, anti-mutagenic, anti-anxiolytic and antioxidant, etc. The chemical
modifications of the natural products play a vital role to improve their biological

Figure 1.22: Synthesis of p-methoxy-phenyl-
telluriumtrichloride.

Figure 1.23: Synthesis of diarylditellurides.

Figure 1.24: Microwave-assisted synthesis of AS101.
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activities. The different types ofmodifications include cyclization reaction, dehydration,
reduction, oxidation reactions, etc. These reactions involve the insertion of organo-
chalcogen moieties. The optimization of the pysico-chemical properties of organo-
chalcogens makes an attractive synthetic target for selective chemical reactions [34].

Cadmium telluride (CdTe) nanoparticles are fluorescent. So it can be used as
quantum dots in imaging and diagnosis. It was investigated that CdTe is applied as a
biomarker in the diagnosis of tumors [35]. 2-amino-5-carboxyphenyl mercury chloride
(90) reacts with tellurium tetrabromide (TeBr4) in chloroform (CHCl3) to produce
2-amino-5-carboxyphenyl tellurium tribromide (91). Compound 91 further reacts with
4-hydroxyphenyl mercury chloride (92) in the presence of argon environment to afford
4-hydroxyphenyl-2-amino-5-carboxyphenyl tellurium dibromide (93) followed by
reduction with hydrate hydrazine (N2H4.H2O) to obtain 4-hydroxyphenyl-2-amino-
5-carboxyphenyl telluride (94) (Figure 1.26). Compound 94 exhibits antitumor and
antioxidant activities [36].

Butterfield et al. performed the antioxidant activity of the organotellurium com-
pound, 3-[4-(N,N-dimethylamino)benzenetellurenyl]propane sulfonic acid (NDBT, 95)
against oxidative stress in synaptosomal membrane systems and neuronal cultures
(Figure 1.27) [37].

Figure 1.25: Synthesis of tellurium-containing chrysin derivatives.

Figure 1.26: Synthesis of 4-hydroxyphenyl-2-amino-5-carboxyphenyl telluride.
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Kwon et al. reported benzo[b]tellurophenes as a potential histone H3 lysine 9
demethylase (KDM4) inhibitor (Figure 1.28). Among the carbamates, alcohol, and ar-
omatic derivatives, tert-butylbenzo[b]tellurophen-2-ylmethylcarbamate (96) exhibited
KDM4 specific inhibitory activity in cervical cancer HeLa cells (IC50: 30.24 ± 4.60 µM)
[38].

Giorgio et al. reported a novel organotellurium compound (RT-01) as a new anti-
leishmanial agent (Figure 1.29). The empirical formula of RT-01 (97) is C13H22N

+·
C3H3Cl4OTe

−.The organotellurane (RT-01) is evaluated to determine the effects in vitro
against L. amazonens is and in vivo in L. amazonens is infected mice. The screening
results revealed that the intralesional administration (720 μg/kg/day) of RT-01 in mice
displayed a significant delay in the development of cutaneous lesions and decreased
the number of parasites obtained from the lesions [39].

Tellurium compounds are found to prevent and reverse type-1 diabetes in NOD
Mice by modulating the α4β7 integrin activity, IL-1β, and T Regulatory Cells Tellurium-
based compounds such as AS101 and SAS considerably elevate the number of T reg-
ulatory cells in the pancreas and thereby potentially control the autoimmune system.
Chemically, AS101 (86) is ammonium trichloro(dioxoethylene-o,o′)tellurate and SAS
(98) is chemically known as octa-O-bis-(R, R)-tartarateditellurane (Figure 1.30) [40].

AS101 generally inactivates the cysteine proteases by interacting with the thiol
group. It also inhibits the enzyme caspases and thereby down-regulating the caspase-1
inflammatory products such as IL-18 and IL-1β. The direct inhibition of anti-
inflammatory cytokine IL-10 induces the up-regulation of glial cell line-derived

Figure 1.27: Structure of NDBT.

Figure 1.28: Structures of tert-
butylbenzo[b]tellurophen-
2-ylmethylcarbamate.

Figure 1.29: Structure of
organotellurium compound (RT-01).
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neurotrophic factor (GDNF), which in turn induces the activation of Akt and the
associated cell survival pathways (Figure 1.31).

Similarly, the compound RT-04 mainly inhibits the cathepsin B and thereby in-
duces apoptosis in HL60 cells with no significant toxic effects observed in normal
bone marrow cells. The possible biochemical mechanism of action includes the regu-
lation of Bcl proteins in the cancer cells. Chemically, RT-04 is (3E)-4-chloro-3-
[dichloro(4-methoxyphenyl)tellanyl]-2-methylbut-3-en-2-ol (Figure 1.32).

Figure 1.30: Structure of SAS (98).

Figure 1.31: Mode of action of AS101.

1.3 Application of organotellurium compounds 17

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



Abbas et al. performed the preparation of tetrazole-based organotellurium com-
pounds (Figure 1.33). The tetrazoles are the most popular five-membered heterocyclic
compound that contains four nitrogen atoms and one carbon atom in the ring. The
tetrazolemoiety possesses a carbon-hydrogen bondwith an acidic character (pKa = 23).

Figure 1.32: Structure of RT-04.

Figure 1.33: Synthesis of tetrazole-based organotellurium compounds.
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The synthetic route for generating organotellurium compounds involves the trans-
metalation of organomercury compounds containing tetrazole scaffoldswith tellurium
tetrabromide. These are useful due to several synthetic routes and a wide range of
applications [41].

Soni et al. reported the anti-bacterial potential of a series of unsymmetrical dio-
rganyltellurium dichlorides (110–114) (Figure 1.34). It was observed that the target
compounds exhibited anti-bacterial activity against both gram-positive (Bacillus sub-
tilis, Staphylococcus aureus) and gram-negative bacteria (Escherichia coli, Pseudo-
monas aeruginosa, and Salmonella sp.). Among the series, naphthyl derivatives
(112–114) were found most effective [42].

Laden et al. reported that the compounds 115, 116, and 117 (Figure 1.35) exhibit
potential inhibitory action on squalenemonooxygenase (SM) that leads to the dramatic
reduction in cholesterol biosynthesis. The inactivation of SM is due to the interaction of
the telluranes and a pair of vicinal thiols from the catalytic cysteine in the enzyme
system. Dimethyltellurium dichloride 115 is found to be the potential inhibitor of
SM [43].

Mono-telluride has successfully been applied for the synthesis of chiral mono-
telluride 119 (Figure 1.36). This monotelluride is an optically active compound and its
synthesis involves the reaction between one equivalent of finely ground powdered
tellurium and two equivalents mixture of sodium tetrahydroborate, ethanol, and
dimethylformamide. The reactionmixture is heated at 70 °C for 1 h till the formation of a
colorless solution. Further, the resulting solution is cooled to 25 °C, and two equivalents
of terphenyltosylate 118 are added in the presence of dimethylformamide [44].

Figure 1.34: Organotelluranes with gram-negative antibacterial effect.

Figure 1.35: Tellurium-based inhibitors of cholesterol biosynthesis.
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Tellurobistocopherols 121 (Figure 1.37) is prepared by the reaction between bro-
motocopherols 120, t-butyl lithium, and tellurium tetrachloride followed by reduction.
Tellurium is introduced into a carbon lithium bond (C–Li). The compound 120 is found
to have antioxidant properties due to the presence of the tellurium atom [45].

The trichloro(4-methoxyphenyl)tellurium 123 reacts with N-methylbenzothiazole-2-
(3H)-thione 124 to afford trichloro(4-methoxyphenyl)-tellurium-N-methylbenzothiazole-
2-(3H)-thione complex 125 (Figure 1.38). This complex displays square pyramidal
geometry due to the presence of lone pairs of electrons in the central atom of
tellurium. First of all, anisole 122 reacts with tellurium tetrachloride refluxed in dry
chloroform to yield trichloro(4-methoxyphenyl)tellurium 123. Then five equivalents
of compound 123 are treated with one equivalent of compound 124 in tetrahydro-
furan. The resulting mixture is stirred at room temperature for 1 h to produce yellow
precipitates of compound 125 with 87% yield [46].

Compound 128 exhibits antioxidant activity due to electron transfer by tellurium
which is attained by the high reactivity of the telluriummolecules. For the synthesis of
compound 128, one equivalent of compound 126 in ethanol is added into two and ahalf
equivalents of sodium borohydride (NaBH4). Then the resulting solution is stirred at
room temperature and refluxed in the presence of a nitrogen environment till the
appearance of colorless solution. Further, two equivalents of compound 127 are added
to the colorless solution. The resulting solution is further refluxed to obtain yellow-
colored product 128 with 87% yield (Figure 1.39) [47].

Figure 1.36: Synthesis of chiral monotelluride.

Figure 1.37: Synthesis of tellurobistocopherol.
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4-amino-N-(5-methyl isoxazole-3-yl)benzenesulfonamide (sulphamethoxazole) 129
reacts with mercuric acetate in the presence of sodium chloride to produce 2-amino-
(N-(5-methyl isoxazole-3-yl)sulfamoyl)mercuric chloride 130. Compound 130 further
reacts with tellurium tetrabromide to afford organotellurium compound 131 which on
reduction in presence of hydrazine hydrate to produce diorganylditelluride 132 in a good
yield (Figure 1.40). These compounds are found to have antibacterial activity [48].

Figure 1.38: Synthesis of tellurium-N-methylbenzothiazole-2-(3H)-thione complex.

Figure 1.39: Synthesis of compound 128.

Figure 1.40: Synthesis of diorganylditelluride.
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Al-Fregi et al. performed the synthesis and antimicrobial evaluation of organo-
tellurium compounds based on pyrazole scaffold with a general molecular formula of
ArTeBr3 and Ar2TeBr2 [Ar = 2-(3-(4-substituted phenyl)-5-(2-chlorophenyl)-1H-pyrazol-
1-yl)-3,5-dinitrophenyl] (Figure 1.41). First of all, organomercuric chloride-containing
pyrazole moiety 135 is attained by reaction between substituted chalcones 133 and
2-hydrazinyl-3,5-dinitrophenylmercury chloride 134. Then, the corresponding aryl
mercuric chlorides react 135 with TeBr4 in two different mole ratios of 1:1 and 2:1 to
produce ArTeBr3 136 and Ar2TeBr2 137 respectively. The synthesized compounds are
evaluated for their antimicrobial activity against both Gram-negative and Gram-
positive bacteria based on the agar diffusionmethod. It is observed that the presence of
substituents like bromo, methoxy, and methyl on aryl rings potentiate antimicrobial
activity [49].

Andersson et al. reported that the diaryl tellurides 138 are found to exhibit
inhibitory action efficiently on the peroxidation in hepatocytes and livermicrosomes of
rats (Figure 1.42). The mechanism action of the thiol-peroxidase activity of organo-
tellurides was further demonstrated by Engman (Figure 1.43). It was observed that the
organotelluroxide in the hydrate form reacts with thiols to produce disulfides and
regenerate the initial diorganotelluride [50].

Figure 1.41: Synthesis of organotellurium compounds based on pyrazole derivatives.

Figure 1.42: Synthesis of
diaryltellurides.
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1.4 Conclusions

The synthesis and applications of organotellurium compounds provide wide oppor-
tunities for the research and development of medicinally active agents. Organo-
tellurium compounds are handled easily and purified because these compounds are
crystalline. These compounds display their applications in the different chemical
reactions including oxidation, reduction, functionalization, addition, cyclization,
elimination, rearrangement reactions, polymerization reactions, etc. The utility of
organotellurium compounds is increased in industrial applications, synthetic trans-
formations, and the production of pharmaceutical products. Organochalcogen com-
pounds also act as a potential component of various biologically active compounds.
So, the knowledge of the toxicity profile, physicochemical properties, mode of action,
and synthetic methodologies of the organotellurium compounds is essential for the
development of potential medicinally active agents.
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2 Chemistryof telluriumcontainingmacrocycles

Abstract: The chemistry of Tellurium containing macrocycles has received great
attraction and developed rapidly. Recently inorganic chemists are fascinated by
ligands containing macrocycles having tellurium as soft donor and N and O as hard
donor atoms. The tellurium atom is more electropositive than carbon due to its large
size that resulted in polarisation of Te–C bond. So, tellurium containing macrocycles
are explored due to their high reactivity and toxicity. Well-designed macrocycles
containing differentmetals is an interesting field of chemistry as macrocycle withmixed
donor atoms can bind two different metal atoms with different nature within the same
cavity and thereby ion selectivity increases. Chemistry of macrocycles with tellurium as
soft donor atoms also gives rise to very interesting coordination behaviour as addition of
Tellurium in macrocycle adds an additional probe (125Te NMR help to monitor their
structures in solutions). The chemistry of hard and soft donors inmacrocyclic framework
makes interesting coordination chemistry and need to be explore. The discussion
includes different types of tellurium macrocycles and their chemistry.

Keywords: coordination behaviour; hard donor; macrocycles; soft donor; tellurium.

2.1 Introduction

Tellurium is a semi -metallic, silver-white element, shiny, crystalline and hard.
Tellurium forms many compounds like its group members (sulphur and selenium).
Recently, chemists have shown their curiosity in Tellurium chemistry otherwise it
was unnoticed for several years. Chemists concentrated their research on tellurite,
tellurate and organic tellurides. After 1970, the ligand chemistry of tellurium was
explored. During the last decade, several findings have fuelled a new interest in
this element. After 1970, the ligand chemistry of tellurium was explored. Before 1970
there was delusion that they are toxic in nature, foul smelling, air-sensitive and
non-accessibility of a various organotellurium ligands commercially. Now the new
applications of tellurium compounds in material science have given impetus in this
field [1]. The chemistry of Tellurium containing macrocycles has received great
attraction and developed rapidly. Recently inorganic chemists are fascinated by
tellurium ligands containingmacrocycles having tellurium as soft donor and N and O
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as hard donor atoms. The chemistry of hard and soft donors with a metal centre [2] in
framework make an interesting coordination chemistry and need to be explore [2, 3].
Such assemblies play significant role in transition metal catalysed asymmetric syn-
thesis [4, 5] MOCVD processes [6–8] and in mimicking as models for proteins and
enzymes [9–13]. The tellurium atom is more electropositive than carbon due to its
large size that resulted in polarisation of Te–C bond. So, tellurium containing mac-
rocycles are explored due to their high reactivity and toxicity. Well-designed mac-
rocycles containing differentmetals is an interesting field of chemistry. The chemistry
of macrocycles with tellurium as soft donor atoms stimulate interest in coordination
chemistry. Amalgamation of large Tellurium atom in macrocycle alters the size of the
cage cavity. Due to high ϭ-donating ability of tellurium, complexation with a variety
of metal ions can occur easily [14]. This amalgamation of Te inmacrocycle with donor
atom N, S makes some interesting coordination behaviour. Macrocycles are useful in
Supramolecular chemistry, which provide recognition sites in their cavity to bind the
guest and modified their properties, is an emerging branch of chemistry with enor-
mous application.

In recent years, synthesis of macrocyclic Schiff bases with phenol, pyridine,
pyrrole, furan and thiophene have been studied along with their ligating chemistry
[15–20]. Synthesis of polyazamacrocyclic complexes with hard and soft metal ions
and numerous metallocene groups had been reported by Beer et al. [21]. The adverse
non-bonding electron pair interaction between nitrogen atoms in the ring are reduced
due to intramolecular Te -N interaction that gives impetus for the formation of the
macrocyclic ring. The first example of macrobicyclic ligand with tellurium/selenium
(Te3N8 or Se3N8) have been reported by A. Panda et al. [14].

2.2 Advantage of adding tellurium in macrocycle

– Addition of Tellurium in macrocycle adds an additional probe. 125Te-NMR help to
monitor their structures in solutions

– It has better sigma donating properties as a ligand which makes an important and
rich coordination chemistry

– Introduction of Tellurium in macrocycles help to obtain macrocycle with mixed
donor atoms. So, they can bind two different metal atoms with different nature
within the same cavity and ion selectivity increases.

– Such complexes can be used for changing the oxidation-reduction abilities of the
transition metal cation

– Promising tool for an allosteric effects and bimetallic catalysis [22]
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2.3 Types of tellurium macrocycles

2.3.1 Telluraporphyrinoid

Porphyrinoid are core modified pyrrole containing macrocycles (1). They are also
known as heteroporphyrinoids where one or more nitrogen atom(s) of the pyrrole
ring in macrocycles are substituted by chalgogen atoms such as Oxygen, Sulphur,
Selenium, and Tellurium through core modification method [23].

Telluraporphyrinoid are the core modified pyrrole containing macrocycles in
which Te is the hetero atom at position 21 (2). They are Planar and aromatic in nature.
Telluraporphyrinoids are unique in its physico-chemical properties owing to large size
of tellurium atom. Telluraporphyrinoids are the interesting class of macrocycles as
compared to normal as well as other chalcogen containing porphyrinoid macrocycles
as the presence of tellurium atom alters the electronic properties of porphyrinoids [24].
The Telluraporphyrinoid chemistry is not investigated in depth and the progress in this
field is at slow pace when compared to the porphyrinoids with oxygen and sulphur
atoms. The chemistry of Telluraporphyrinoids is relatively less explored as compared
to the other group-16 chalcogen due to the:
– Higher reactivity of the Te–C bond as compared to S–C and Se–C bonds,
– Toxic effect of organotellurium compounds [25].

1978 was the year of inception of Telluraporphyrinoids when porphyrin containing
tellurium was published by A. Ulman [26]. Not much work was done in this area for
almost two decades. The porphyrin macrocycles whose core has been modified by
replacing NH at 21 positions by Te are known as Telluraporphyrins (2).
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So there is a contact between Te and the 23- transheteroatom (Nor S) (3a, 3b) due to
tellurium’s large van der Waal’s radii [27].

Due to large size of tellurium atom, two Te atoms cannot be accommodated in the
macrocyclic core cavity [23]. If simultaneously two tellurium atoms are placed inside
the macrocyclic cavity, then one of the tellurophene units is over turn. (4). Tellurium’s
large size also inhibit the metal ions in the cavity of macrocyclic core for coordination.
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Due to this trans interaction, lone pair of heteroatoms bring about the oxidation of
tellurium and can be utilised for the catalysis of H2O2 [28]. The first core modified
telluroporphyrin with meso-substituted tellurium, (5) (tetraphenyl-21-tellura-
23-thiaporphyrin) (Scheme 2.1) was reported by Ullman et al. in 1978 [26].

As shown in Scheme 2.1, Trace amount of structure A was obtained by refluxing
2,5-bis (α-phenylpyrrylmethylene) tellurophene with 2,5-bis(phenylhydroxymethyl)
thiophene in dioxane

Tetraphenyl-21-tellura-23-thiaporphyrin (5) is first core modified telluroporphyrin.
X-ray structure confirm the short distance of 2.65 A° between Te and S. The first core
modified telluraporphyrin was reported by Ullman, with abnormal short Te…. S bond
(at position 21 and 23) [26] and chemical bonding interaction between Te and S. The
Porphyrin’s inside and outside aromatic path varies due to this interaction, that
changes shielding and deshielding zone of H atom at the periphery [29]. The downfield
shift of the peripheral proton is not influence by electronegativity of heteroatom but
due to Te …. S interaction, electron density is reduced for inner aromatic pathway. It
has been observed that 21- Telluraporphyrins is distorted but planar, due to large size of
Tellurium that resulted in longer interaction between Nitrogen atoms [30]. Since the
macrocycle is planar and involve the participation of tellurophene ring in aromatic
delocalisation. These 21-telluroporphyrins are easily oxidised as the large size of
tellurium makes it distorted planar. They are used as catalysts as the Te is easily
oxidised. The trans-atomat 23 positions donates the lone pair of electrons that bring the
oxidation of Te.

Meso-substituted 21-telluraporphyrins (6) synthesis was reported by Latos-
Grażyński et al. [30]. 2,5-bis(phenylhydroxymethyl)tellurophene, aromatic aldehyde
and pyrrole in dichloromethane in (1:2:3 ratio) was condensed in presence of
acid catalyst, followed by oxidation with p-chloranil as shown in (Scheme 2.2).
21-telluroporphyrins, (6) (Scheme 2.2) shows longer distance betweenN(1) andN(3) in
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comparison to normal porphyrin due to presence of large Tellurium atom in macro-
cycle that make it distorted. This has been corroborated by X-ray single crystal
structure of 21-telluraporphyrin (Figure 2.1). This macrocyclic porphyrin is planar
although the distance between Te andN(2) is short. The planar nature of thismolecule
is due to the participation of tellurophene ring in aromatic delocalisation unlike its
selena counterpart.

Also, the 21-telluroporphyrins (6) is air sensitive and on reaction with m-chlor-
operoxybenzoic acid is rapidly oxidised to reddish-brown 21-oxaporphyrin (7). This
renovation occurs through the isolation of intermediate (8) (tellurium hydroxyl com-
pound) (Scheme 2.2). This novel tellurium compound, (8) has hydroxyl group attached
to tellurium atom. Such types of conversion in tellurophene chemistry are rare. X-ray
crystal structure of tellurium hydroxyl compound, (8) shows that NH of pyrrole trans to
tellurophene ring protonate the oxygen of telluroxide and thereby produces a zwit-
terion in which hydroxyl group is attached to tellurium atom. A deprotonated nitrogen
of trans pyrrole ring is weakly hydrogen bonded to this hydroxyl group. Ewa Pacholska
et al [31] synthesised planar, novel macrocycle vacataporphyrin (aza deficient

Scheme 2.1: Synthesis of tetraphenyl-21-tellura-23-thiaporphyrin (5) by Ulman et al.
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Figure 2.1: Crystal structure of
21-telluraporphyrin (6). Taken from ref
[30] with permission from JohnWiley &
Sons, Inc.

Scheme 2.2: (a) Synthesis of 21-telluraporphyrins(meso-substituted monotelluraporphyrins) (b)
Oxidation of 21-telluraporphyrins.
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porphyrin) (9) from compound (5,20-diphenyl-10,15-di(p-tolyl)-21-telluraporphyrin) by
refluxing it in 20% HCl and o-dichlorobenzene. This step expels the tellurium and
enlarges the coordination core from 16 to 17 atoms (Scheme 2.3) and expand the mac-
rocycle. Extrusion of Tellurium is possible as C-Te-C bond is fragile and electrophile H+

attack carbon of tellurophene unit so this compound (5,20-diphenyl-10,15-di(p-tolyl)-
21-telluraporphyrin) is considered as good substrate to synthesise new compounds.

Latos-Grażyński and his research team [32] had reported the extrusion of tellurium
from ditelluraporphyrin. 5,10,15,20-tetraphenyl-21,23-ditelluraporphyrin was trans-
formed into 21-tellura-23-vacataporphyrin (10) (by refluxing with HCl/Toluene) and
21,23-divacataporphyrins (11) (refluxing with HCl/o-dichlorobenzene) respectively,
based on the reaction’s conditions used (Scheme 2.4). Ewa Pacholska-Dudziak et al.
[33] reported Pt(II) and Pt(IV) complexes, synthesised from 21,23- ditelluraporphyrin.

21,21-dichloro-21-telluraporphyrin (12) was synthesised by Detty and co-workers
[34] from 21-telluraporphyrin.

Scheme 2.3: Conversion of 21-telluraporphyrin (6) into 21-vacataporphyrin (9).
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21-telluraporphyrin was first oxidised to telluroxide, followed by exchange
of ligand with dichloromethane/HCl to give black, parallelepiped crystals of
21,21-dichloro-21-telluraporphyrin. 21-telluraporphyrin yielded monohalogenated
derivatives on direct oxidation with halogen [28]. Formation of 21,21-dihalo-
21-telluraporphyrins was unsuccessful by this method. They are outside the coordi-
nation core and so the distance between Te and trans N is longer. The Te atom with IV
oxidation state, is in the centre of the distorted trigonal bipyramidal geometry with
axial position occupied by two Cl atoms. Te-Cl bonds are of unequal length (one is
2.58 Å and other is 2.49 Å) and the Cl-Te-Cl bond angle was found to be 168.65°.
21,23-ditelluraporphyrin and 21-tellura-23-vacataporphyrin show ability to bind with
palladium (II). 21,23-ditelluraporphyrins react with palladium (II) salts to form the
products that strongly depend on the conditions of reaction and the source of
palladium. On reaction with Pd(OCOCH3)2 in CH2Cl2/(C2H5)3N, one Te atom in inverted
tellurophene ring of 21,23-ditelluraporphyrin is substituted by a Pd atom. So, a regular
palladacyclopenatadiene ring takes the position of an inverted tellurophene ring in
21,23-ditelluraporphyrin. Whereas on refluxing with PdCl2 in CH2Cl2/(C2H5)3N, Te

Scheme 2.4: Tellurium extrusion reactions of ditelluraporphyrin.
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insertion occurs with inverted tellurophene ring is preserved. In this PdCl2 macrocyclic
complex, Pd form the coordinate bond with the Te of normal tellurophene ring.
21-tellura-23-vacataporphyrin on reaction with Pd(PhCN)2Cl2 in dichloromethane
formed the brown red coloured Pd(II) complex [29]. This Pd complex has square
planar geometry and its X-ray structure showed that Pd is coordinated to tellurium
and nitrogen (neighbouring porphyrin heteroatoms) and to two chlorides in a cis
arrangement.

Scheme 2.5 depicts the unique features of Telluraporphyrins and its transformation
journey. The salient features of this scheme [35] is:

Scheme 2.5: Transformation of Telluraporphyrins. Reprinted with permission from ref. [35].
Copyright (2004) American Chemical society.
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– The integrity of the porphyrin skeleton in 21-telluraporphyrinwasmaintained even
after the removal of Te atom from it

– Expansion ofmacrocycle ring by removal of a telluriumatom from 1by oxidation or
by under acidic conditions to form 21-oxaporphyrin three and vacataporphyrin
four respectively.

– 21,23-ditelluraporphyrin two can be transformed to 21-Tellura-23-vacataporphyrin
5, and 21,23-divacataporphyrin six by refluxing with acid

– Also 21-telluraporphyrin can be transformed to 21,21-dichloro-21-telluraporphyrin

2.3.2 Cryptand

Cryptands are amember of synthetic bicyclic and polycyclic multidentate ligands that
binds a variety of cations in a cryst in three dimensions [36].

(13) is the only known tellurium-containing cryptand reported by A Panda et al.
[37] It was synthesised by template condensation of 2 mol of tris(2-aminoethyl) amine
(tren) and 3 mol of bis (o-formylphenyl)telluride in presence of templating cation,
cesium ion (Scheme 2.6).

Scheme 2.6: Synthesis of Tellurium containing cryptand.
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2.3.3 Macrocyclic Telluroether

These macrocyclic ligands are homoleptic compound. They are also known as
Telluroether crown and are designated as (n- Te –m). Where n is the ring size, m is the
number of Tellurium atoms in the ring. l,5-ditelluracyclooctane, (8Te2), novel eight
membered macrocyclic compound with two tellurium atoms (14), have reported
by Furukawa and coworkers (Scheme 2.7) [38]. 8Te2 behaves as oxidising agent as on
two-electron oxidation produces the novel ditelluride dication (15)

In 1996, the same research team reported the noval chlorine adduct of telluro-
macrocycle. This 12-membered macrocyclic ring consist of three hypervalent tellurium
(IV)moiety (17), resulted from 8-membered ring compound (16) by pyrolysis, through a
ring expansion reaction (Scheme 2.8) [39]. In solid state, this 12-membered macrocycle
(17) through intermolecular chlorine bridges have polymeric networks arrangement
and is converted to 12Te3 (18).

Scheme 2.7: Synthesis of macrocyclic Telluroether (8Te2) and ditelluride dication.

Scheme 2.8: Synthesis of chlorine adduct of telluro-macrocycle.
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A distorted trigonal bipyramid geometry of Te(IV) atom (Figure 2.2) has been proposed
inwhich chlorine atoms takes axial positions andequatorial positionat corners of trigonal
are occupied by the two alkyl C-atoms and a lone pair. Because of reactive nature of Te-C
bonds, it is hard to prepare complexes of telluracrown ethers with metal.

2.3.4 Metallomacrocycles

McWhinnie & coworkers [40] reported the first 13 membered macrocyclic chelate
involving tellurium (19). In the complex, two atoms of Cl and two Te atoms are bonded
to tetrahedral Mercury (II). Tellurium (II) behave as Lewis’s acid due to interaction

Figure 2.2: ORTEP plot for the
structure of 17. Reprinted with
permission from [39]. Copyright
(1996) American Chemical Society.
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between Hg and Te and at the same time due to interaction of Te and lone pair of
nitrogen, it acts as Lewis’s base. The tellurium ligands have strong affinity towards
‘soft’ acids. The nitrogen’s lone pair are involved in intramolecular Te·· ·N bond that
result in decease in denticity of ligand.

The 24-membered metallomacrocyclic Ag(I) complex (20) (Figure 2.3) has four
Ag(I) atom and each one is forming coordinate bond with four tellurium atoms of four
bridging CH3-Te(CH2)3Te-CH3 tetrahedrally [41].

The synthesis of 20 membered metallomacrocyclic ring (21,22) [42, 43] are reported
by Singh and coworkers. This is the first example of organotellurium ligand forming 20
membered metallomacrocycle. The geometry of Pd and Pt are square planar. The two
Chlorine atoms have trans position (Figures 2.4 and 2.5).

Figure 2.3: ORTEP drawing of polymeric [Ag-CH3Te(CH2)3TeCH3)2]n cation (20). Reproduced by
permission from ref. [41]. Copyright (1995) American Chemical Society.
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2.3.5 Mixed Donor (O/N/S/Te) Macrocycles

Macrocycles with different cavity size and mixed donor atoms shows amazing coor-
dination chemistry. The synthesis and coordination strength of macrocycles with
heterocyclic units such as pyrrole, thiophene, phenol, pyridine and furan are studied in
depth till date [15–17, 44–46]. The design and complexation studies of schiff base
macrocycles with Te (23) was reported by S.C. Menon et al. [47]

Figure 2.4: ORTEP diagram of (21).
Taken from ref. [42]. Reproduced by
permission from Elsevier.

Figure 2.5: ORTEP diagram of (22). Taken from ref. [43]. Reproduced by permission from Elsevier.
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Intramolecular interaction between Te …. N (hypervalent bond) facilitates the
formation of the macrocycle by template free method. This intramolecular interaction
reduces the interaction that exist between lone pair on nitrogen atoms in the ring. The
purity of the solvent is the sole factor on which the yield of the reaction depends. The
solubility of ligand is found in chloroform & dichloromethane. In solvents like meth-
anol and DMSO, it was found insoluble.

Since then, a template free synthesis of many tellurium azamacrocyclic ring has
been isolated in high yield by condensing two moles of bis (2-formylphenyl) telluride
with two moles of diamines in one step (Scheme 2.9) [47–51]. Single crystal X-ray
structure (24) of the Pd (II) complex of a first telluraaza macrocyclic Schiff base cation
had been reported by S.C. Menon et al. [49].

Scheme 2.9: Synthesis of tellurium azamacrocycles.
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The metal complexes of this tellurium azamacrocycles with HgCl2 (25), PdCl2 (26)
and NiCl2 (27) have also been reported.

2.3 Types of tellurium macrocycles 43

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



The tellurium azamacrocycles (23), react with
(a) PdCl2 to form stable complex (26) (1:2 ratio) [48].
(b) HgCl2 to form unstable complex (1:2 ratio) so undergo dismutation reaction to

gives a mixture of (28) and (29) (Scheme 2.10) [48].
(c) NiCl2·6H2O with excess of PF6−to form stable complex which is stable to oxida-

tion and is paramagnetic in nature and reddish brown (27) [50]. Nickel ion is
coordinated to six (two Te and four N) donor atoms in a distorted octahedral
geometry.

2 moles of bis(aminoalkyl)tellurides and 2 moles of 2,6-diacetyl-4- methylphenol
undergoes condensation via non template method to form macrocyclic ring with
cavity size of 24 & 28 having two tellurium, four nitrogen and two oxygen as donor
atoms. (30) [51]
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Light yellow coloured 32-Membered tellurium-containing Schiff base mercu-
raazamacrocycles (31) are isolated by reacting 2 moles each of bis(6-formyl-{2,3,4-tri-
methoxymethylphenyl})mercury(II) and 3,3′-telluorobis-1-propanamine. Secondary
intramolecular Hg···N interaction also reduces the repulsion between lone pairs on
nitrogen, thereby play important role to architecture macrocycles [52].

Scheme 2.10: Dismutation reaction of Mercury complex of tellurium azamacrocycles.
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Template synthesis of octahedral 10- and 12-membered tellurium containing tet-
raazamacrocylicmetal complexes (Te2N4M system) have been also described [53]. Also,
a 2:2:1 condensation process on metal template has been reported to isolate 10
membered distorted octahedral ditellura tetraazamacrocyclic complexes (32) [54]
(Scheme 2.11).

The corresponding 10-membered ditellura dithiadiazamacrocycles (Te2N2S2M
system) and their metal complexes (33) are also obtained by reacting diaryltellurium
dichlorides and 2-aminoethanethiol with metal dichlorides in 2:2:1 ratio on transition
metal template (Scheme 2.12) by S.Kumari [55].

Scheme 2.11: Scheme to synthesise ditellura tetraazamacrocyclic complexes by template reaction.

Scheme 2.12: Synthesis of ditellura dithiadiazamacrocyclic complexes by template reaction.
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Te/O macrocycles having Te—O–N bridges are also reported [56]. Levason and
coworkers reported 18aneO4Te2 macrocycle (34) as main product and 9O2Te as the
minor product (35), synthesised from sodium telluride and 1,2-bis(2-chloroethoxy)
ethane [57]. They are characterised by the formation of preparation of the Te(IV)
derivatives 18O4Te2Me2I2, 18O4Te2Cl4 [57].

Kobayashi and coworkers [58] reported 21 and 18-membered (36 and 37), distorted
trigonal bipyramidal multi-telluranes macrocycles with hypervalent Te–O apical
linkages. This is the first such example of apical linkage in macrocycles and has been
prepared by the [3 + 3] and [2 + 2] condensation of a phthalic acid disodium salt with
cationic ditelluroxane respectively.
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The reaction of the ditelluroxane (initiator) with the telluroxide (monomer) under
mild conditions gives cationic oligotelluroxanes, a 14-membered pseudo-ring
with hypervalent apical Te–O bonds. The distance between Te and oxygen is in
2.55 ± 2.79 A° range. The atoms in the ring are coplanar and the cavity of the mac-
rocycle are accommodated by two counterions [59]. The aggregates of iso-tellurazole
N-oxides comprises of cyclic tetramers, hexamers and a helical polymer, associated
by Te …. O–N bonds. The Te—O bond is short and interaction between these atoms
are strong. They show properties of actual macrocycles and act as host for
small molecules and complexes with transition-metal ions. These macrocycles form
addition product with fullerenes i.e., adduct [56]. Vargas along with his coworkers
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reported effects of chlorination on chalcogen (Te⋅⋅⋅O) bonds in aggregates of
Iso-Tellurazole N-Oxides macrocycles [60].

9,11,12 and 14 membered macrocycles (38–41) with mixed tridendate (S2Te)
and tetradendate (S3Te) donor atoms are isolated by reacting disodium telluride
with various α-ω-dichlorothioalkane in [1 + 1] ratio [61–63] (Scheme 2.13). These
macrocycles are light yellow coloured and poorly soluble. In 11S2Te and 12S2Te,
tellurium occupy corner and the Sulphur occupy position on edges with C–S–C angle
(∼100°) slightly larger than C–Te–C angles (∼94°). Te (IV) diiodide species (11S2TeI2
and 12S2TeI2) of 11S2Te and 12S2Te are also reported therein [64]. A geometry at Te (IV)
in 12S2TeI2 is distorted pseudo trigonal bipyramidal. Two atoms of iodine have trans
position while the equatorial position is occupied by carbon and tellurium’s lone pair
electrons [63].

Scheme 2.13: Synthesis of macrocyles with tridendate (S2Te) and tetradendate (S3Te) donor atoms.
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2.4 Conclusions

Tellurium act as sigma donors for transition metal centres with low oxidation
state. Also, 125Te-NMR help to monitor their structures in solutions. These structural
characteristic of tellurium macrocycles make them excellent architect ligand that
show some interesting coordinating bonding behaviour in these species. These fac-
tors are the driving force in creating curiosity in this field and chemistry of such
tellurium macrocycles need to be explored. The novel synthetic routes for tellurium
macrocycles via high dilution methods are being develop. The considerable work has
been done on telluraporphyrins and telluracrown ethers, but its potential as efficient
materials need to be explored further. Macrocycles involving Te donor’s atom form
complexes with variety of metal. Well-designedmacrocycles containingmixed donor
atoms can bind two different metal atoms with different nature within the same
cavity and thereby such macrocycles play extensive and effective role as ligands for
variety of transition-metal ions. In comparison to bonds C–S and C–Se, Te–C bond is
highly reactive. This facile nature of Te–C bond will make the journey of chemists
challenging in terms of synthesis and investigating the chemistry of tellurium
macrocycles. Through this discussion, the interest in the tellurium macrocycles will
be boosted up and the different aspects of their synthesis and practical application
will be explored further.
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3 Semiconductor characteristics of tellurium
and its implementations

Abstract: Tellurium (Te) gained worldwide attention because of its excellent
properties, distinctive chained structures, and potential usages. Bulk Te is a p-type
elemental helical semiconductor at room temperature and it also having a very limited
band gap. Te presents fascinating characteristics such as nonlinear optical response,
photoconductivity, good thermoelectric and piezoelectric properties. These charming
characteristics induce Te a possible nominee for applications in field-effect transistors,
IR acousto-optic deflectors, solar cells, self-developing holographic recording devices,
photoconductors, gas sensors, radiative cooling devices, and topological insulators. The
developments in these areas are incorporated in great detail. This study opens up the
possibility ofdesigningnovel devicesand consideringmodernapplicationsof Tellurium.

Keywords: photoconductivity; semiconductor; sensors; solar cells; tellurium.

3.1 Introduction

Tellurium (Te) is a p-type low band gap semiconducting material. It is a semi-metallic
and silvery-white element. Te is brittle and crystalline. Telluriumdissolve in nitric acid,
at the same time it remains stable in hydrochloric acid or water. At room temperature,
bulk tellurium has shown a band gap of 0.35 eV [1]. It is often doped with silver, gold,
copper, or tin. It is found in the ores calaverite, sylvanite, and krennerite. From the
refining andmining copper, Te can also be obtained as a byproduct. Tellurium (Te) has
gained worldwide attention because of its distinctive chained structures, excellent
characteristics, and possible usages. The important chemical, physical, mechanical,
thermal, and electrical properties of Te are noted in Table 3.1.

Te is used for various applications. It is used as an additive to steel and alloyed to
lead, tin, aluminum, or copper. In the case of lead, to raise the strength, durability, and
corrosion resistance, Te is used as an additive to lead. Te is used for the fabrication of
blasting caps, ceramics, cast iron, chalcogenide glasses, and solar panels. In the case
of rubber, to accelerate the curing process, cut down the susceptibility to aging, and
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enhance the resistance to oil, Te is used as an additive to rubber. Tellurium is used
for heterogenous catalysis. Compared to sulfur-vulcanized synthetic rubber, the
synthetic rubber vulcanized with Te displays superior thermal and mechanical prop-
erties [2, 3].

For ceramics, Te-containing compounds are used as specialized pigments [4].
Studies have shown that tellurides and selenides significantly raise the light refraction
of glass which is in a great degree employed in optical fiber applications such as in
telecommunications [5, 6]. In the delay powder of electric blasting caps, mixtures of
selenium and tellurium are applied as an oxidizer with barium peroxide [7]. One of the
most common methods to make iodine-131 is the neutron bombardment of the tellu-
rium technique. This iodine-131 can be applied for the treatment of thyroid disorders,
and in hydraulic fracturing as a tracer material, along with different other practical
usages.

Table .: Chemical, physical, mechanical, thermal and electrical properties of Te.

Chemical Properties
CAS number --
Electrochemical equivalent . g/A/h
Cross section of thermal neutron . b per atom
Electronegativity .
Ionic radius . Å
Absorption edge of X-ray . Å
Physical Properties
Boiling point  °C
Melting point  °C
Density . g/cm

Mechanical Properties
Poisson’s ratio .
Tensile strength  MPa
Shear modulus . GPa
Modulus of elasticity  GPa
Hardness, Brinell 

Material condition Polycrystalline
Thermal Properties
Thermal conductivity . W/mK
Thermal expansion co-efficient (@– °C) . μm/m°C
Latent heat of fusion  J g−

Latent heat of evaporation  J g−

Specific heat @C  J K− kg−

Electrical Properties
Electrical resistivity @ °C . ×  µOhmcm
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For the epitaxial fabrication of II–VI compound semiconductors by metalorganic
vapor phase epitaxy (MOVPE), organotellurium compounds are employed as pre-
cursors. The mainly used precursor compounds are diallyl telluride, diisopropyl
telluride, diethyl telluride, dimethyl telluride andmethyl allyl telluride [8]. For the low-
temperature epitaxial growth of CdHgTe by MOVPE, the considered favored precursor
is diisopropyl telluride [9]. In these procedures, the most pureness metalorganics of
both tellurium and selenium are utilized. Adduct purification ismainly used to prepare
the compounds for the semiconductor industry [10, 11]. Tellurium suboxide is
employed in rewritable optical discs, especially in the media layer. For example in the
media layer of digital video discs, compact discs, and blu-ray discs [12]. To make
acousto-opticmodulators for confocalmicroscopy, dioxide of tellurium is employed. In
phase changememory chips also, tellurium compounds are used [13, 14]. Lead telluride
and bismuth telluride is the mainly used for the preparation of thermoelectric in-
struments. To make far-IR detectors, tellurides of lead is also used.

Te has application in several photocathodes which are used formaking solar-blind
photomultiplier tubes [15]. For example, the Cs-Te photocathode has 3.5 electron volt
photoemission threshold in poor vacuum environments. This photocathode presents
the rare coordination of prominent durability and quantum efficiency. This has caused
photoemission electron guns employed to drive the free-electron lasers. Even though
several other Tellurium comprising photocathodes have been made employing
different alkali metals like sodium, rubidium, and potassium, but they have not
obtained the similar acceptance that Cs–Te photocathode has received. Te is also
employed in high brightness photoinjectors which are used to drive modern particle
accelerators.

Considering the biological applications of tellurium, in humans or other animals, it
has some known biological function [16] as tellurium is identical in a chemical manner
to various chalcogens like sulfur and selenium. However, Fungi can incorporate
tellurium in place of selenium and sulfur into amino acids, for example, telluro-
methionine and telluro-cysteine [17, 18]. A highly varying tolerance to Te compounds
has been shown by organisms. Several bacteria, say Pseudomonas aeruginosa, absorb
tellurite and later reduce it to Te. The prepared elemental Te then gathers and induces a
feature and sometimes cell darkening will occur [19]. Regarding yeast, the sulfate
assimilation pathway mediates the reduction of tellurite [20] Accumulation of Te
produces toxicity effects. To produce dimethyl telluride, several organisms metabolize
tellurium partly. In hot springs, dimethyl telluride has been detected in low quantities
[21, 22]. Tellurite agar technique is employed to detect the individuals of the genus
corynebacterium, for example, Corynebacterium diphtheriae, which is the responsible
microorganism for diphtheria [23]. In reality, some compounds of tellurium are toxic to
human being in a moderate degree. However, the human body metabolizes it and
makes dimethyl telluride as a byproduct [24]. Compounds of tellurium also have been
investigated for their possible anti-cancer and anti-inflammatory activities [25, 26]. For
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example, it was reported that ammonium trichloro(dioxoethylene-O,O′)tellurate, or
AS101 slowed down the cancer cell’s growth and to be a potent immunomodulator [27].

Tellurium has p-type semiconductor properties. Owing to its low electronegativity
Te interacts with a variety of materials and makes different materials with low band
gaps. It is capable of being addressed by light with comparatively long-wavelength.
Because of this special characteristic, it is applicable for several possible usages such
as in solar cells, photoconductive materials, and IR sensors. The concerns about
environmental impact and the low constancy of these materials are the major worries
arresting the use in some applications. However, in some applications, tellurium
compounds have shown the excellent property. For instance, in the case of cadmium
telluride solar panels, these solar boards demonstrated some of the most outstanding
efficiencies [28]. X-ray detectors based on tellurium, cadmium, and zinc have been
reported [29]. For infrared radiation detection, mercury cadmium telluride is a good
choice [30]. Detailed semiconductor properties and recent developments in these areas
are discussed in this article.

3.2 Recent developments in Te- semiconductor
research

Tellurium exhibits excellent semiconductor properties. For example, it had
demonstrated excellent fascinating characteristics like nonlinear optical response,
photoconductivity, and high thermoelectric and piezoelectric properties. The recent
developments in this area are discussed in the following sections.

An elementary semiconductor, few-layer Tellurium (FL-Te), has shown and
succeeded in some of the outstanding physical characteristics that black phosphorus
provides. Few-layer tellurium could be practicably prepared using simple solution-
based methods [31]. Few-layer tellurium is constituted of non-covalently bound
parallel tellurium chains,withinwhich covalent-like characteristic comes out.With the
strength of intra-chain covalent bonding, the strength of this inter-chain covalent-like
quasi-bonding was comparable, which heads to the closed stability of many tellurium
allotropes. The electronic band arrangement of few-layer Te is demonstrated in
Figure 3.1.

Few-layer tellurium also brings out a tunable bandgap (0.31–1.17 eV). It also
introduces in the first Brillouin zone, a highly anisotropic, two (four) complex, and
layer-dependent hole (electron) pockets. As the function of sample thickness, the
variations in the indirect bandgaps and the locations of VBM (valence bandmaximum)
and CBM (conduction band minimum) are shown in Figure 3.2.

It also has presented notable great hole mobility (around 105 cm2/Vs). Together, a
strong optical absorption along the non-covalently bound direction (Figure 3.3). The
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Figure 3.2: Changes in bandgap and energy.
(a) and (b) variations in the indirect bandgaps and the locations of conduction band minimum and
valence band maximum as a function of the thickness of the sample. Adapted with permission from
ref. [31].

Figure 3.1: Electronic band structures of FL tellurium.
(b), (a) Brillouin zones of FLα-Te andbulk. (c) and (d) Band structuresof bulk andbilayerα-Te. Adapted
with permission from [31].
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optical properties were layer-dependent and nearly isotropic. A large ideal strength
(above 20%), compared to black phosphorus, improved environmental stability, and
unusual force constants crossover for breathing modes and interlayer shear were also
observed. The study demonstrated that the FL tellurium is a remarkable semiconductor
having great optical absorption, mobility, better environmental stability, tunable
bandgap, intrinsic-anisotropy, nearly direct bandgap, and low-cost production is
possible. Along with different geometrically alike layered materials, this few-layer
α-tellurium may upgrade the outgrowth of a novel group of layered materials.

3.2.1 Te based Photoconductors

Using liquid-phase sedimentation together with the dry vibration milling method, fine
powders containing Te grains (less than 10 nm) were raised, beginning from poly-
crystalline powders having grain diameter of around ca. 30 μm [32]. By bonding these

Figure 3.3: Optical absorption spectra of few-layer-α-Tellurium.
(a) Absorbance per layer of 2 L (b) absorbance per layer of 6 L-α-Te with the polarization direction of
incident light along x, y, and z, respectively. (c) Absorbance per layer with the polarization direction of
incident light along y for few-layer-α-Tellurium with the thickness changing from 2 L to 6 L and bulk.
Adapted with permission from ref. [31].
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nanosized Te grains with poly (methyl methacrylate), nanocomposite films were
prepared.

Raman spectrum obtained from the film is shown in Figure 3.4. The spectrum
disclosed that the Te/PMMA films were grounded on the existence of the oxide of
tellurium and crystalline phases of tellurium because of the partial oxidation
of the grains in the air. The data obtained from optical analysis revealed that in the
310–2200 nm range the absorbance was nearly constant as shown in Figure 3.5. Along
with that, a distinctive ultraviolet absorption peak from the Te nanostructures was
observed roughly at 260 nm.

To get details about photoconductivity properties, an extensive characterization
was actioned by irradiating the Te-poly(methyl methacrylate) films with rays selected
from the ultraviolet to near-infrared region or white light (Figure 3.6). The obtained data

Figure 3.4: Raman spectrum
obtained from Te/PMMA film. The
magnified Raman spectrum is shown
in the inset. Adapted with
permission from ref. [32].

Figure 3.5: Absorbance spectrum in
the ultraviolet region. The
absorbance in the ultraviolet to near
infrared region is shown in the inset.
Adapted with permission from ref.
[32].

3.2 Recent developments in Te- semiconductor research 61

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



demonstrated that the response to light is mainly associated with the absorption
of light and is not related to the spectral constitution of the incident rays in the
310–2200 nm wavelength range. It was also observed that with the optical power
density the photocurrent enhanced linearly over about three orders of magnitude. The
reported photoconductivity characteristics of the Te-poly(methyl methacrylate) film
may have potential applications in electronics and optoelectronics.

Pursuing a layer-by-layer fabrication method, tellurium nanowires prepared from
stabilizer-depleted nanoparticles of CdTe were pieced in thin films [33]. Scanning
electron microscopy imaging displayed that the tellurium nanowires were homoge-
neously distributed over the surface of the substrate (Figure 3.7a). To analyze the
morphology of the surface of the film, microscopic analysis was used the image is
shown in Figure 3.7b.

The photoresponses of the tellurium thin films were examined in detail. By
chopping the incident red laser light, the time-resolved traces of the photocurrent at
1mVwere found (Figure 3.8a). In comparisonwith the initial dark current (0.16 nA), the

Figure 3.6: The changes in the
photocurrent, for light-dark cycles.
The sample was irradiated with
radiations of the various spectral
compositions having optical power
density F. Adapted with permission
from ref. [32].

Figure 3.7: Microscopic analysis.
(a) Scanning electron microscopy image of (PDDA/NW). (b) Atomic force microscopy image of (PDDA/
NW). Adapted with permission from ref. [33].
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current under illumination raised to 0.24 nA. Figure 3.8b shows that the rise and decay
times of the conductance in tellurium films were about 40 s.

The tellurium thin-film displayed a potent photoconductance result which is
the feature of narrow-bandgap semiconductors. The films have an unusual metallic
mirror-like visual aspect. Treatment with gold induced several variations in the
characteristics of the film (Figure 3.9a). Reduction of Au, in situ, resulted in the creation
of gold nanoparticles binding to tellurium nanowires. It heads to the loss of photo-
conductivity of the tellurium thin film. Besides, the study was able to prove that the
resistance can be changed by summing novel chemical constituents, for example,

Figure 3.8: Photoresponses of the tellurium thin films.
(a) The response of the Te thin films to light for repetitious switching of the He:Ne laser light between
“on” and “off” states. (b) Enlarged view of one on-off cycle. The bias between two contacts is 1 mV.
Adapted with permission from ref. [33].
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metallic Au, employing tellurium nanowires as a chemical template (Figures 3.9b and
3.9.c). The photocurrent measurements evidenced that following irradiation with the
external light source, the tellurium thin films can be switched in a reversible manner
among the higher- and lower-conductivity conditions. These types of photoconducting
nanowires can serve as light detectors and switching devices for optoelectric purposes,
as the binary conditions could be addressed in an optical manner by using the pho-
toconducting nanowires.

Using the Langmuir−Blodgett technique, periodic chiselled mesostructures of
hydrophilic ultrathin Te nanowires could be made [34]. Any extra functionalization
hydrophobic or pretreatment was not used during this technique and the nanowires
with aspect ratios of about or more than 104 were produced. Fabrication of nanomesh-
like structures or advanced multilayered systems framed of ultrathin nanowires on a
planar substrate was possible with packing the arrayed nanowire monolayers. The
proper-arrangedmonolayer of tellurium nanowires having regular mesostructures can
be promptly employed as a stamp to transport such nanopatterns with mesostructured
to another substrate or can be implanted among a polymer matrix. When the light is on
and off, the mesostructures of the sample displayed reversibly shifted photoelectric

Figure 3.9: Characteristics of the film.
(a) SEM image of Te nanowires after the film was immersed in 1 mM HAuCl4 for 3 min. The lateral
resistance changes of Te nanowire thin film before (b) and after (c) immersing in 1 mM HAuCl4 when
the ambient light is turned on or off. Adapted with permission from ref. [33].
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characteristics among the higher and lower conductivity conditions. It was also
observed that the photocurrentwas regulated by the count ofmesostructured nanowire
monolayer films and the intensity of the light. This technique can be applied for the
inventing of other mesostructured assemblies of ultrathin nanotubes or nanowires.

3.2.2 Te-based Infrared acousto-optic deflectors

For laser wavelength purposes in the range of 5–20 μm, a single element 2-dimensional
acousto-optic laser beam deflector by employing a Te crystal was projected and
constructed [35]. The figure of merit values related with the two acousto-optic actions
(285,000× 10−15 s3 kg−1) were among two and three orders ofmagnitude greater thanGe,
the immediate most effective acousto-optic material for 10.6 μm. The acoustic power
densities of the crystal (nearly 0.1 Wmm−2) were adequate to diffract all the light
striking on it. The observational analysis supported the anticipated deflection slope of
about 13°/25 MHz. The theoretical analysis regarding the amplitude and frequency
modulation features of the 2-D acousto-optic deflector was also addressed.

3.2.3 Te-based Field effect transistors

Using an environmentally-friendly hydrothermal method, uniform and well-dispersed
needle-like tellurium nanowires were fabricated in excellent yield [36]. The study
demonstrated that the morphology of tellurium nanowires, reaction temperature and
beta-cyclodextrin ligands play a critical role. To obtain uniform needle-like tellurium
nanowires, an appropriate amount of beta-cyclodextrin and temperature for reaction
are needed. An applicable formation mechanism of the needle-liked tellurium nano-
wires was also covered based on the experimental data. Using the photolithographic
patterning technique, high-quality single tellurium nanowires field-effect transistors
were fabricated. The demonstrated tellurium nanowires field-effect transistor pre-
sented carrier mobility of about 299 cm2 V−1 s−1. The performance of the device was
influenced by surface species of nanowires, metal contacts of nanowire devices,
crystallinity, and purity.

Using a catalyst-free one-step PVD (physical vapor deposition) technique,
extremely arranged and well-arrayed 1-D tellurium nanostructures were fabricated
[37]. The size, smooth structures, and density of nanowires were optimized consis-
tently. To show remarkable dependence on nanostructure morphologies, field emis-
sion analysis was executed. The field emitter based on the ordered nanowire array
presented a turn-on field as small as 3.27 V/μm and a more prominent field enhance-
ment parameter of approximately 3270. The study demonstrated the potential of
mastering the Te nanowire lays out growth and it opens the potential applications of
tellurium in electronic and display devices.
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For the development of new technologies grounded on 2-Dmaterials, the authentic
fabrication of 2-D crystals is necessary. But, most of the current synthesis technologies
were subjected to a diversity of retracts, such as restrictions in crystal stability and size.
Several synthetic methods were investigated to overcome the drawbacks in the
synthesis. Using a substrate-free solution method, manufacturing of high-quality,
large-area two-dimensional tellurene (tellurium) was reported [38]. Samples with
the process-tunable thickness (monolayer to tens of nanometres) and with lateral
dimensions of maximum 100 µm were possible with this approach. The chiral-chain
van der Waals structure of tellurene produced influential thickness-dependent
changes in Raman vibrational modes and greater in-plane anisotropic characteris-
tics. These characteristics were not observed in other two-dimensional layered
materials. Field-effect transistors based on tellurene were also demonstrated. At room
temperature, the fabricated transistor showed air-stable functioning, field-effect
mobilities of around 700 cm2V−1 s−1 and on/off ratios on the order of 106. In addition, by
integrating with high-k dielectrics and scaling down the length of the channel, tran-
sistors with a considerable on-state current density of about 1 Amm−1 were achieved.

3.2.4 Te-based self-developing holographic recording devices

On Li-implanted Te thin films, the ablative holographic recording was executed
employing a Nd:YAG laser [39]. Implantation dosages in the range of 2.9 × 1013 ions per
cm2 to 2.3 × 1015 ions per cm2 inside the thin films were realized tomake an increment in
the writing threshold of about 20%. A decrease in the efficiency of the diffraction of the
registered gratings was also observed at the elevated doses. A substantial rise in the
constancy of the recording media has been detected, for dosages as small as 1.2 × 1014

ions per cm2.

3.2.5 Te-based radiative cooling devices

The formulation of large area and homogenous thin layers of Te on thin polyethylene
foils was reported [40]. The Te was prepared using room temperature breakdown of
electrochemically created hydrogen telluride. To improve the tellurium homogeneity
and adhesion, the polyethylene substrateswere pre-treatment using KMnO4 to produce
a manganese oxide layer (Figure 3.10).

Applying spectroscopic technique, the optical characterization of the layers was
executed. In themid-IR region, the Te layers displayed eminent transmission and in the
solar spectral region, blockingwas observed (Figure 3.11). In a radiative cooling device,
these characteristics are favorable for the role of solar radiation protective covering.

The greater solar reflectivity would amend the layers even more for the usage as a
radiative cooling device. By control of deposit morphology, it can be accomplished.
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Figure 3.10: Scanning electron microscopic image of (a) manganese oxide coated polyethylene (b)
Tellurium implant on the manganese oxide/polyethylene. Adapted with permission from ref. [40].

Figure 3.11: Visible-NIR total
transmission spectra of
polyethylene (a), manganese oxide
covered polyethylene (b), tellurium
film on manganese oxide covered
polyethylene (c). Adapted with
permission from ref. [40].

Figure 3.12: Total reflectance of the
samples. Adapted with permission
from ref. [40].
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The total reflectance (diffuse reflectance and specular reflectance) of the samples is
shown in Figure 3.12. The easiness of preparation of the very unstable hydrogen
telluride was also used to evidence the establishment of size-quantized Cadmium-
Tellurium nanocrystals.

3.2.6 Te-based Topological insulators

Electronic structure analysis using ab initio calculation demonstrated that under
shear strain (uniaxial or hydrostatic), trigonal tellurium constituting feebly acting
helical chains experiences a transition from less important insulator to potent
topological insulator, for instance metal [41]. The changeover was presented by
analyzing the concomitant band inversion, the band structure’s strain evolution, and
the topological Z2 constant. The proposed mechanism was the depopulation of the
lone-pair orbitals linked with the valence band through suitable strain engineering. In
that way, tellurium turns the prototype of a new group of chiral-based 3-D topological
insulators with significant applications in thermoelectrics, magneto-optics and
spintronics.

3.2.7 Te-based photodetectors

Because of the broad usages in the synthesis of ultrathin 2-D layered materials, Van
der Waals epitaxy is of great concern. At the same time, the Van der Waals epitaxy
of nonlayered useable substance was not very well investigated. Because of its
chain-like structure, Te has a greater inclination to grow into 1-D nanoarchitecture,
however, researchers successfully realized two-dimensional hexagonal tellurium
nanoplates using Van der Waals epitaxy on flexible mica sheets [42]. For the lateral
growth of hexagonal tellurium nanoplates, a chemically inert mica surface was
observed to be essential. As it helps the tellurium adatom’s migration through the
surface of mica and grants a big lattice mismatch. Moreover, photodetectors based on
two-dimensional Te hexagonal nanoplates were manufactured on flexible mica
sheets in situ. Even afterwards deforming the device for hundred times, an efficient
photoresponse was observed. The analysis indicated that the photodetectors,
on mica sheets, based on two-dimensional Te hexagonal nanoplates possess
outstanding purpose in wearable and flexible optoelectronic devices. The underlying
knowledge of the consequence of Van der Waals epitaxy on the growth of two-
dimensional tellurium hexagonal nanoplate can open a direction for leveraging Van
derWaals epitaxy as a practicablemethod to obtain the two-dimensional geometry of
other nonlayered materials.

The nonlinear optical response of the tellurium is also studied in detail. In single-
crystal tellurium, on the coherent phonon formation the effect of chirped laser pulses
was investigated [43]. It was observed that the amplitude of coherent phonons having
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A1 geometry was affected by the pulse chirp in the instance of strong irritation. By
altering the chirp of a strong exciting pulse, the negatively chirped pulses were about
twice greater efficient in the introduction of lattice coherence compared to positively
chirped pulses.

3.2.8 Te-based thermoelectric materials

Tellurium has shown high thermoelectric properties. Zhang et al. presented a fabri-
cation principle to make novel classes of thermoelectric nanowire heterostructures
established on telluride via rational solution-phase interactions [44]. The catalyst-free
production made Tellurium-Bi2Te3 “barbell” nanowire structures with a small length
and diameter distribution together with a rough govern over the density of the
hexagonal Bi2Te3 plates on the tellurium nanowires. As PbTe-Bi2Te3, it can be again
changed to other telluride-based compositional-modulated nanowire hetero-
structures. The characterizations of the hot-pressed nanostructured bulk pellets of the
Te-Bi2Te3 structure depicted greatly reduced thermal conductivity and a largely
enhanced Seebeck coefficient. It resulted in a bettered thermoelectric figure of merit.
This method pioneers novel platforms to look into energy filtering and phonon
scattering.

The thermoelectric transport characteristics of elemental tellurium were studied
using DFT together with the Boltzmann transport theory in the rigid band estimation
[45]. It was reported that because of the isotropic (anisotropic) electron (hole) pockets
of the Fermi surface, the thermoelectric transport characteristics perpendicular and
parallel to the helical chains were extremely symmetric (asymmetric) for n-(p-) type
doped Te. The electronic band structure indicated that the lone-pair deduced upper-
most heavy-hole and highly light-hole lower valence bands allow the possibility to get
both high electrical conductivity and Seebeck coefficient along the chains via bismuth
or antimony doping. Moreover, relative to the Fermi energy, the stair-like density of
states gives a great asymmetry for the transport distribution function which guides to
large thermopower. The analysis showed that Te has the potency to be an efficient
p-type thermoelectric material having an optimum figure of merit of around 0.31 at a
hole concentration of about 1 × 1019 cm−3 at room temperature. Tapping the rich
chemistry of lone pairs in chiral solids may have significant imports for the break-
through of large-figure of merit thermoelectric materials based on polychalcogenide.

Utilizing ab initio calculations, the intrinsic lattice thermal conductivity of chiral
Te was calculated [46]. The study showed that the interplay among the weak van der
Waals interchain and strong covalent intrachain interactions produces the phonon
band gap among the higher and lower optical phonon branches. The fundamental
process of the great anisotropy of the thermal conductivity was the anisotropy of the
anharmonic interatomic force constants and of the phonon group velocities. The large
interchain anharmonic interatomic force constants were related to the lone electron
pairs. It was anticipated that the low thermal conductivity of Te was because of the

3.2 Recent developments in Te- semiconductor research 69

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



large three-phonon scattering phase space. Under implemented hydrostatic pressure,
the thermal conductivity anisotropy decreases.

High conductivity is required for high-efficiency thermoelectric materials. A big
count of degenerate band valleys provides lots of conducting channels to improve
the conductivity without damaging impressions on the other attributes. Several
semiconductors provide an inherent band nestification, along with the strategy of
converging diverse bands, evenly allowing a big count of efficient band valley
degeneracy. Tellurium displays a great thermoelectric figure of merit of unity, not
only evidencing the concept but also filling the high-performance gap for elemental
thermoelectrics in the range of 300–700 K [47]. A survey of the temperature-
dependent figure ofmerit (zT) for elemental thermoelectrics is depicted in Figure 3.13.
For comparison, both high-temperature Si/Si–Ge alloys and low-temperature
Bi/Bi–Sb alloys are considered in the survey.

The Hall carrier concentration dependence in nested bands on the transport
properties is shown in Figure 3.14.

Transport properties (temperature-dependent) are shown in Figure 3.15. In
Figure 3.15a, for comparison, the ab initio computed Seebeck coefficient is admitted
as solid curves. Many of the materials examined showed a dissipated p-type
semiconducting behavior and a predominant phonon scattering, which is noted as a
red curve in Figure 3.15d.

Figure 3.13: Survey of the figure of merit for elemental thermoelectrics.
(a) The temperature-dependent figure of merit for p-type polycrystalline Te with various carrier
concentrations is shown in a unit of cm−3. (b) p-type tellurium showed the highest zT in the
temperature range of 300–700 K, largely relying on its inherently nested valence bands (H4 and H5).
Adapted with permission from [47].
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3.2.9 Te-based piezoelectric materials

Trigonal ultrathin tellurium nanowire was demonstrated as a novel group of
piezoelectric nanomaterial bearing a radially asymmetric crystal geometry for a high-
volume power-density nanogenerator [48]. Considering the crystal structure of trigonal
tellurium nanowire, a perfect design for the trigonal tellurium nanowire-based nano-
generator was proposed. Figure 3.16 shows the schematic representation of a most
preferably projected trigonal tellurium nanowire-based nanogenerator.

To analyze the grade of the organization of the trigonal tellurium nanowires, the
monolayer was detected employing different techniques (Figure 3.17). To assert the
potency of the qualitative design, using a finite element method a theoretical analysis
of two potential stretching modes of trigonal tellurium nanowires in a deforming
functioning was carried out. As a result, it was confirmed that strain only in the radial
way of the trigonal tellurium nanowires triggers its piezoelectricity. Using amonolayer

Figure 3.14: Changes in the parameters.
(a) Hall carrier concentration-dependent Seebeck coefficient, (b) Hall mobility, (c) power factor at 450
and 300 K and (d) temperature-dependent Hall mobility with a comparison to literature. Adaptedwith
permission from ref. [47].

3.2 Recent developments in Te- semiconductor research 71

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



of well-aligned trigonal tellurium nanowires developed employing a fast-spreading
process, a nanogenerator with a power density of 9 mWcm−3 was demonstrated
(Figure 3.18). The nanogenerator showed distinct operation degrees concording to the
ordinated way of the trigonal tellurium nanowires in reference to the deforming line,
which was in accord with the theoretic calculations. From the view of bringing out the
trigonal tellurium nanowire as a novel group of piezoelectric material, the bending
frequency stability and long-term stability of the trigonal tellurium nanowire-based
nanogenerator were evaluated, and its impressive stability in these positions was
affirmed by experimentation. Accordingly, a project path in which the way of the chief
piezoelectric strain in the trigonal tellurium nanowire-based nanogenerator has to be
aligned to the direction of the asymmetry in its crystal structure was created. To
manifest the higher quality piezoelectricity of the trigonal tellurium nanowire on the
output power, the thickness of the dielectric layer in the nanogenerator was optimized.
This process significantly promoted the functioning in comparison to that of a con-
ventional nanogenerator. This investigation of the trigonal tellurium nanowire can be

Figure 3.15: Temperature dependent transport properties. For p-tellurium, (a) Seebeck coefficient,
(b) resistivity, (c) total thermal conductivity and (d) lattice thermal conductivity. Adapted with
permission from ref. [47].
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Figure 3.16: Schematic representation.
(a) A bent nanogenerator comprising of arrayed single-crystalline trigonal tellurium nanowires which
are immersed in an SU8 layer bamong Al electrodes on a PI substrate. (b) A cross-sectional view of
trigonal tellurium nanowires. (c) Under tensile stress, dipole moment arises along the [-1-10]
direction. (d) Under compressive stress, the [110] directional dipole moment is generated. Adapted
with permission from [48].

Figure 3.17: Microscopic images.
(a) The TEM image of the monolayer. (b) The XRD analysis of the monolayer on a glass substrate.
(c) SAED pattern of the trigonal tellurium nanowire film. (d) The white dotted circle indicates the
selected area. (e) High-resolution TEM analysis of a trigonal tellurium nanowire. The (110) orientation
of the NW on the TEM grid definitely is confirmed from the magnification image (f) and the FFT image
(g) of white dotted square. Adapted with permission from [48].
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Figure 3.18: According to thealigneddirectionof the trigonal telluriumnanowires, the output voltageof
nanogenerators (a) and the output current of nanogenerators (b) under tensile stress as induced by
bending are shown. (c) The output voltage of the nanogenerator with forward and reverse connections.
(d) Theoutput currentof thenanogeneratorwith forwardand reverseconnections. (e) Theoutput voltage
with 1, 3, and 5 layers. (f) The output currentwith 1, 3, and 5 layers. Stability depends on the (g) time and
(h) frequency using a sample of a single layer. Adapted with permission from ref. [48].
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elaborated to the different ultrathin chalcogenide nanowires. The trigonal tellurium
nanowires can be utilized as a template to get several telluride materials posing
practicable characteristics, exchanging different kind of ambient energy into electrical
energy utilizing features like thermoelectricity, pyroelectricity, and piezoelectricity.

On a sample of Au-coated textile, the ultra-thin Te nanoflakes (NFs) were fabri-
cated in a successful manner, which then was employed as an efficient piezoelectric
[49]. The schematic drawing of the manufacturing method and characterization of
the tellurium nanoflake nanogenerator device are shown in Figure 3.19. The schematic
diagrams in Figure 3.19a show the preparation method for constructing a flexible
tellurium nanoflake nanogenerator device. The photographs in Figure 3.19b represent
three various bending conditions: flat, rolled and folded. The SEM images in
Figure 3.19c and the insets present that 20 nm thick tellurium nanoflakes are well
fabricated on textiles. The crystalline symmetry of the tellurium nanoflakes is analyzed
by X-ray diffraction (Figure 3.19d). The crystalline nature of the tellurium nanoflakes
was examined by employing HRTEM (high-resolution transmission electron micro-
scopy) as shown in Figure 3.19e. The SAED (selected area electron diffraction) and
high-resolution transmission electron microscopic images of individual tellurium NFs
are demonstrated in Figure 3.19f.

The bending test with a driving frequency of around 10 Hz showed a current of
300 nA and an output voltage of around 4 V. To examine the practical applications, the
tellurium NFs nanogenerator device was connected to the subject’s arm. Employing
periodic arm-bending motions, the electrical energy was created from mechanical
energy. When the tellurium nanoflake nanogenerator device experienced a compres-
sion test with driving frequency of around 10 Hz and a compressive force of about 8 N,
the optimized short-circuit current density and open-circuit voltage of approximately
17 μA/cm2 and 125 V, respectively, were measured. The instant powering of 10 green
LEDs (light-emitting diodes) was possible with this high-power generator, the diodes
were glowed without any help from an external power supply.

Under identical strains, the tellurium nanoflake nanogenerator device reached an
open-circuit voltage and a closed-circuit current of 3 V and 290 nA, respectively
(Figure 3.20). The current (Figure 3.21a) and output voltage (Figure 3.21b) created by the
continues straightening and bending activities of the human arm achieved up to
∼650 nA and 2.5 V, respectively.

The experimental analysis of the piezotronic phenomenon in one dimensional van
der Waals solid of p-type Te nanobelt was investigated [50]. The strain-gated charge
carrier’s transport properties were also studied. Through the volumetric action on
the conducting medium and the interfacial effect on the Schottky contacts, the strain-
stimulated polarization charges at the [10-10] surfaces of tellurium nanobelt can
regulate electronic transport. The competing phenomenon among volumetric and
interfacial effects has been examined. This study permits entry to a wide range of
depiction and implementation of tellurium nanostructures for piezotronics. It could
also lead the future study of piezotronic effect in different structures. The advance in
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Figure 3.19: The schematic diagrams of the fabrication process and general characterization of the
tellurium nanoflake nanogenerator device.
(a) Schematic of the process for fabricating the TFNG devices. (b) Optical images depicting the
tellurium nanoflake nanogenerator devices in different states: Flat, folded, and rolled. (c) SEM image
of the Te nanoflakes synthesized by the low hydrothermal method; the inset represents a magnified
view. (d) XRD patterns of the Te nanoflakes as synthesized. (e) TEM image of Te nanoflakes and (f)
HRTEM image showing individual nanoflakewith [110] growth direction, Inset shows the SAEDpattern
of Te nanoflakes. Adapted with permission from ref. [49].
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piezotronics, along with rising ways for settled manufacturing and gathering of
nanostructures, heads to obligating possibilities for research from basic analysis of
semiconductor properties and piezoelectricity in useable nanostructures to the
exploitation of excellent optoelectronics and electronics.

3.2.10 Te-based Sensors

A single ultralong tellurium micrometer wire-based flexible strain sensors have
been demonstrated [51]. The flexible strain sensor comprised of a flexible polystyrene
substrate having a single Te micrometer wire was positioned on its surface and

Figure 3.20: Electrical measurements of the TFNG device during bending test. Measured output
voltage and current of the TFNG device during repeated bending and unbending motions. The device
exhibited a maximum peak open-circuit voltage of 3.0 V (i) and a short-circuit current of 290 nA (ii),
while the power was 0.87 mW. Adapted with permission from ref. [49].

Figure 3.21: Electrical measurements of the TFNG device attached to a human arm.
(a) Open-circuit voltage during periodic bending and straightening of the human arm. (b) Closed-
circuit currents are produced by the TFNG device during periodic bending and straightening of the
human arm. Adapted with permission from ref. [49].
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attached by silver paste. Two different kinds of strain sensors were demonstrated.
Back-to-back Schottky barrier contacts were utilized in one sensor. Because of the
alteration of the Schottky barrier height, this sensor had the diverse shape I–V
behaviors, when there were no stretch, strain, and compressive strains. As the
compressive strain raises the current also raises. A single Schottky barrier contact was
employed in the second sensor. At a negative voltage, under compression strain, the
current enhances more markedly. the second one was more appropriate for strain
detection.

Using quaternary chalcogenides (As–Ge–S–Te), room temperature ac operating
gas sensors were fabricated [52]. In order to check the sensing property at room tem-
perature, the impedance spectra of quaternary As–Ge–S–Te based alloys were
analyzed in both dry synthetic air and a mixture with NO2. The quaternary composi-
tionsAs2Te13Ge8S3 andAs2Te130Ge8S3,with enhancing concentration of Tewas counted
along with pure Te films to analyze the effect of tellurium. At room temperature, the
frequency-dependent sensitivity of the films against NO2 is shown in Figure 3.22.

Sensors using CdTeS quantum dots (QDs) and silver nanoparticles (NPs) for
the sensing of L-cysteine were demonstrated [53]. For the fabrication of the sensor, the
ternary alloyed CdTeS QDs were fabricated in two steps, utilizing 3-mercaptopropionic
acid as a stabilizer. The polyvinylpyrrolidone stabilized silver nanoparticlesweremade
by the crystal-seed method. The CdTeS QDs/Ag NPs (QNs) emitting at around 580 nm
were employed as detectors for L-cysteine. With the summation of L-Cysteine, the
luminescence of QNs was raised. A linear relation was observed among the fluores-
cence intensity and the L-cysteine concentrations (20–400 µM) as shown in Figure 3.23.
The sensing limitation was observed at 0.025 µM and the correlation coefficient was
0.99.

Figure 3.22: Sensitivity spectra of quaternary chalcogenide thin films to 1.5 ppm NO2 in. dry air at
room temperature. Inset shows the comparison diagram of the maximum sensitivities at respective
frequencies for the materials in question. Adapted with permission from ref. [52].
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3.2.11 Te-based Solar cells

Oladeji et al. demonstrated the potency of CdTe/CdS/Cd1–xZnxS solar cell material
[54]. The demonstrated solar cell structure was an option to CdTe/CdS material in
photovoltaic usage. The solar cell materials fabricated on transparent conducting
oxide-coated soda-lime glass having no antireflection covering showed a 10%
effectiveness.

Recently, a glass/FTO/CdS/CdTe/Te/Al superstrate structured solar cell was
demonstrated [55]. Tellurium was integrated among the CdTe layer and the Al
electrode. The optical transmittance of the manufactured device was analyzed using
UV–Visible-NIR-spectrometer in the wavelength range of 200–1100 nm. The optical
transmittance spectrumof the demonstrated device is depicted in Figure 3.24. The device

Figure 3.23: Changes in the fluorescence intensity.
(a) Relationship between fluorescence intensity F/F0 and L-cysteine concentrations. Inset: Expanded
linear region (20–400 µM) of the calibration curve. (b) The effect of the response time of CdTeS QDs/
Ag NPs to L-cysteine on detection results. Adapted with permission from ref. [53].

Figure 3.24: Transmittance
spectrum in the wavelength range
200–1000 nm of the fabricated
device (glass/FTO/CdS/CdTe/Te).
Adapted with permission from ref.
[55].

3.2 Recent developments in Te- semiconductor research 79

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



presented a transmittance of 48% in the infrared range (810–1000 nm) and poor
transmittance in the range of 810–200 nm. The poor transmission was owing to the
high absorption features of CdTe in that range.

To find the energy band gap of the film, the plot of (ɑhυ)2 versus hυ was
diagrammed (Figure 3.25). The calculated band gap was observed to be around 1.4 eV,
the value was the optimized bandgap for CdTe absorber material. The I-V response of
the solar cell is shown in Figure 3.26.

3.3 Conclusions

Tellurium is a promising and important functional material because of its unique
physical and chemical properties. This article has discussed the semiconductor
properties of tellurium and recent developments in these areas. This study opens up
the possibility of designing novel devices and considering modern applications of
Tellurium.

Figure 3.25: Plot of (ahυ)2 versus
photon energy (hυ) for the
evaluation of energy band gap of.
CdTe thin films. Adapted with
permission from ref. [55].

Figure 3.26: I–V response of the
FTO/CdS/CdTe/Te/Al solar cell.
Adapted with permission from ref.
[55].
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Aparna Das*, Devalina Ray and Bimal Krishna Banik*

4 Tellurium in carbohydrate synthesis

Abstract: In this article, we discuss about the influence of tellurium in carbohydrate
synthesis. Mainly the chapter focuses on the importance of the tellurium during the
synthesis of glycosides and during the oxidation of glucose.

Keywords: catalyst; gluconic acid; glucose; glycosides; oxidation; tellurium.

4.1 Introduction

Carbohydrates are accountable for various cell functioning, together with metabolism
of energy [1, 2]. For example, carbohydrates are observed in extra- and intra-cellular
media adhered to lipids and proteins [3–5]. In intercellular space and on cell surfaces,
carbohydrates also pose as free polysaccharides and it is utilized by virus and bacteria
as attachment locations [6]. Likewise, carbohydrates are also observed as units in
various natural products such as macrolactin O, salicin, oleandrin, tunicamycin,
dapagliflozin, empagliflozin, aureonuclemycin and catalpol. These compounds have
showed a broad range of medicinal activities. Thus, it is important to note various
routes for the carbohydrates synthesis.

In this chapter, we focus on the differentmethods for the synthesis of glycosides and
the oxidation of glucose. Mainly, there are four glycosides: O-glycoside, N-glycoside,
S-glycoside and C-glycoside. The major constituent of nucleic acids and nucleotides,
adenosine, is an N-glycoside. To a great degree, S-glycosides were observed in the
Brassica family. Examples of C-glycosides isolated from different plant genus include
aloin, carminic acid, saponarin and scoparin. O-glycosides are widely found in nature
in the higher plants, including rhubarb, frangula, and senna. In this article we discuss
only about the synthesis of O- and C-glycosides.

Tellurium (Te) is a metalloid and it is a low bandgap semiconductor. Te is useful
for various applications. For example, it is used for photovoltaic and thermoelectric
applications. Te is used as a coloring agent in glass and ceramics and also in copying
machines. Te is also utilized as a vulcanizing agent to make durable products in
chemical industry. Te is also used in the semiconductor industry such as in integrated
circuits, laser diodes and sensors, in medical instrumentation, and automobile in-
dustry. Tellurium compounds are also used in organic synthesis. For instance, it uses
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for carbohydrate synthesis. In organic synthesis, in addition to utilize as reagents for
oxidation, tellurium compounds are also described as versatile electrophiles practi-
cable in diverse organic transformations. Tellurium-induced cyclization of alkenyl
compounds, as well as alkynyl compounds, is explored very well considered for the
study. In the following sections, some remarkable and recent, breakthrough in this
field is highlighted. The importance of the tellurium during carbohydrate synthesis is
presented in this chapter.

4.2 Synthesis of glycosides

4.2.1 O-Glycosides

In carbohydrate chemistry, one of the main interests is the exploitation of synthetic
methods for the stereoselective and efficient synthesis of glycosides. Among several
glycosides, the synthetic method for 2,3-unsaturated-O-glycosides O has gained much
interest due to its grandness as intermediates in the synthesis of various crucial mol-
ecules [7–11]. Figure 4.1 shows examples of natural products containing an O-glycosidic
bond.

Ferrier rearrangement is one of the significant O-glycosylation procedure for
synthesizing 2,3-unsaturated-O-glycosides. This method requires an allylic shift in a
glycal together with a nucleophilic substitution reaction and is originally promoted by
BF3·Et2O [12].

Other Lewis acids can also be used in the reaction, for example montmorillonite-
K10 [13], InCl3 [14], SnCl4 [15], FeCl3 [16], BiCl3 [17], Sc(OTf)3 [18], LiBF4 [19], ZnCl2 [20],
AuCl3 [21], Dy(OTf)3 [22], ZrCl4 [23] and CeCl3 [24]. Besides, some oxidizing agents can
also promote the reaction, for example DDQ [25], iodine [26], NIS [27], CAN [28],
I(Coll)2ClO4 [29] and HClO4 on silica gel [30]. However, majority of these process need a
big quantity of alcohol, some have drawbacks in yields, selectivity and generality.

Figure 4.1: Natural products bearing an O-glycosidic bond.
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Due to the structural versatility and possible applications as synthons in several
chemical interactions, tellurium tetrahalides (TeI4, TeCl4 and TeBr4) have attracted
considerable attention [31]. With both Lewis acids and Lewis bases, tellurium tetra-
halides can interact [32]. The Te–X bondingwhich is partially ionicmight be the reason
for the amphoteric behaviour of tellurium tetrahalides.

Freitas et al. reported the usage of a catalytic quantity of tellurium(IV) tetra-
bromide to elevate the glycal’s O-glycosylation to produce 2,3-unsaturated-O-glyco-
sides [33]. Figure 4.2 shows the synthetic route. At room temperature, a solution of
glycal 2 and alcohol in CH2Cl2 was processedwith catalytic quantity of TeBr4 to produce
2,3-unsaturated-O-glycosides 3. The products were found in high α-selectivity and
good yields. Nine selected products are shown in Table 4.1.

Table .: Selected products.
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Figure 4.2: Preparation of 2,3-unsaturated-O-glycosides promoted by TeBr4.
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The same research team demonstrated the O-glycosides dimers synthesis cata-
lyzed by tellurium(IV) tetrachloride [34]. The synthesis of glycosides promoted by TeCl4
is shown in Figure 4.3.

At room temperature, glucal 2 and diol in dichloromethane were processed with
a tellurium catalyst to produce 2,3-unsaturated-O-glycosides 4. The interaction pro-
duced the desired products in impressive quantity and with well α-anomeric selec-
tivity. The obtained products are shown in Table 4.2.

The pseudoglycoside synthesis catalyzed by tellurium (IV) tetrachloride under
mild conditions was also reported and the reaction was stereoselective [35]. To
boost the 3,4,6-tri-O-acetyl-D-glucal-O-acetyl-D-’s O-glycosylation to produce the
representing 2,3-unsaturated-O-glycosides, catalytic amounts of TeCl4 were used.
Using only 2 mol% of the catalyst the hoped compounds were found in very good
anomeric selectivity and good yields with simple alcohols, in a short reaction time.
The interaction functioned substantially for diverse alcohols (Figure 4.4). The
interaction with alkynols also produced the desired compounds with an excellent
selectivity after short reaction times. Nine selected products are shown in Table 4.3.

Figure 4.3: TeCl4 promoted preparation of 2,3-unsaturated-O-glycosides.

Table .: Selected products.
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Using catalytic amounts of TeCl4, the interaction of 3,4,6-tri-O-acetyl-D-glucal 2
with diverse alkynyl diols as nucleophiles produced the corresponding glycosides 8 in
well selectivities, in short reaction times, and in good quantity (Figure 4.5). The ob-
tained products are shown in Table 4.4.

The interaction of 3,4,6-tri-O-acetyl-D-glucal 2 with glycol ethers produced the
desired products 10 in reasonable selectivities and yields (Figure 4.6). The obtained
products are shown in Table 4.5.

Enediyne motifs and enyne are structural components observed in many natural
products, which present a range of medicinal activities. For example, neocarzinostatin

Figure 4.4: Preparation of 2,3-unsaturated-O-glycosides 6 promoted by TeCl4.

Table .: Selected products.
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chromophore [36, 37] and phorbaside are biologically active molecules (Figure 4.7).
However, because of the scarcity from natural resources and toxicity, the practical
application of the mentioned compounds is confined. Hence, the synthesis of corre-
spondent compoundswith a less structural complication that could imitate themode of

Figure 4.5: Preparation of alkynyl 2,3-unsaturated O-glycosides 8 promoted by TeCl4.

Table .: Selected products.
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Figure 4.6: Interaction of compound 2 with glycol ethers promoted by TeCl4.

Table .: Products obtained.

  

 

Figure 4.7: Molecular structure of phorbaside A and the neocarzinostatin chromophore.
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function of these compounds is important. For the preparation of stereodefined
enynes, several methods can be employed [38–47].

Stereoselective synthesis of Z-enyne pseudoglycosides was investigated by Dantas
et al. [48]. The preparation of Z-1,3-enynes was based on the coupling interaction of
Z-vinyl tellurides and alkynes comprising a pseudoglycoside moiety. The desired
compounds were received through a stereoselective pathway in good yields.

The stereoselective synthesis of vinyl tellurides is shown in Figure 4.8. Alkynes 11
were experienced to hydrotelluration circumstances to produce the desired Z-vinyl
tellurides 12 in well quantity in a very regio- and stereo-selective path. The obtained
vinyl tellurides are shown in Table 4.6.

As a glycosyl donor 3,4,6-tri-O-acetyl-D-glucal, 2, was utilized in a reaction using
various alcohols catalyzed by TeCl4 (Figure 4.9). The corresponding pseudoglycosides
15 were produced in anomeric selectivities and good yields. The obtained products are
depicted in Table 4.7.

The cross-coupling reaction of vinyl tellurides 16 with α-pseudoglycosides 17
catalyzed by palladium is shown in Figure 4.10. The corresponding enyne compounds
are shown in Table 4.8.

In all cases good yields were obtained without isomerization of the Z-double bond,
so the method was robust and the reaction seems not to be sensitive to the type of
functional group present in the starting telluride. The reaction also does not seem to be

Figure 4.8: Preparation of stereoselective vinyl tellurides.

Table .: Corresponding vinyl tellurides.
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affected by the type of substituent present on the aromatic ring. The increment in the
distance of the glycosyl moiety from the triple bond did not affect the yield
considerably.

The synthesized compounds were tested against three cancer cell lines (NCI-H292,
HL-60 and MCF-7) and the data showed that the desired products are hopeful in-
termediates for the synthesis of more biologically active compounds.

4.2.2 C-Glycosides

C-Glycosides are central parts of a large count of bioactive compounds, drugs and
natural products. Some important C-Glycosides are shown in Figure 4.11. Structurally,

Figure 4.9: TeCl4 catalyzed synthesis of pseudoglycosides.

Table .: Corresponding pseudoglycosides.

   

 

 

Figure 4.10: The coupling interaction of α-pseudoglycosides and Z-vinyl tellurides.
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they are similar to O-glycosides, in which the C–C bond in place of C–O acetal linkage.
The changes increased importantly the stability of C-glycosides for hydrolytic enzymes
in vivo. These have great potential as biological probes and therapeutic agents.

Various methods were described for C-glycosides synthesis. α-Alkoxyacyl
telluride-associated interactions, reactions catalyzed by transition-metals and photo-
mediated reactions are a few among the methods.

Using radical-based coupling reactions of sugar derivatives employing two-and
three-component, the single-step building of different carboskeletons which are
densely oxygenated was demonstrated [49]. During the process, an Et radical gener-
ated from Et3B/O2 would induce the C–Te homolysis of 20, leading to the acyl radical,
the decarbonylation of which would give rise to -alkoxy carbon radicals. The nucleo-
philic radical would then react intermolecularly with the electrophilic C=N bond and
the C=C bond to generate the corresponding N- and C-radicals, respectively. Et3B in

Table .: The obtained enyne compounds.
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turn would transform these radicals into the polar intermediates through ejection of an
Et radical, and subsequent protonation would afford the two-component adducts 22
and 21, respectively. The three-component adducts weremade using an intermolecular

Figure 4.11: Selected C-glycosides.
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aldol reaction among the boron enolates and the aldehyde yielded by the capture of the
radical intermediates (two-component) by Et3B.

The synthesis of α-alkoxyacyl tellurides α- and their interactions with enones
and glyoxylic oxime ether is shown in Figure 4.12. Acid derivative of β-D-Arabino-
2-hexulopyranosonic β-D, β-D-Ribofuranosiduronic β-D-, and 2-Keto-L-gulonic were
used as carboxylic acids with four neighbouring oxygen-bonded stereocenters. The-
alkoxyacyl tellurides 20 were then prepared in one pot from these sugar-derived acids.
The two-component radical interactions among the three radical acceptors and three
radical donors 20 produced nine complex adducts (Table 4.9).

The nucleoside antibiotics, polyoxins J and L, have showed significant activities.
Synthesis of polyoxins and their artificial analogues with fluorouracil and tri-
fluorothymine structures was reported [50]. The radical coupling reaction which is
decarbonylative among a chiral glyoxylic oxime ether and α-alkoxyacyl tellurides head
to stereo- and chemo-selective building of the ribonucleoside α-amino acid symmetry
of polyoxins without altering the preinstalled nucleobases.

The synthesis of α-alkoxyacyl tellurides is shown in Figure 4.13. The C4″-radical
precursors 24 and C3″-radical precursor 26weremade in three steps from commercially
obtainable ribonucleosides 23 and (+)-2,3-O-isopropylidene-l-threitol 25, respectively.

The radical coupling reactions of 24 and 26 are shown in Figure 4.14. By the action
of O2 and Et3B, the α-alkoxyacyl tellurides 24 and 26 were changed into the desired
α-alkoxy radicals. The total synthesis of polyoxins is shown in Figure 4.15.

Figure 4.12: Synthesis of α-alkoxyacyl tellurides and their interactions with enones and glyoxylic
oxime ether.

96 4 Tellurium in carbohydrate synthesis

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



Table .: The obtained compounds.

   

   

   

Figure 4.13: Synthesis of α-alkoxyacyl tellurides.

4.2 Synthesis of glycosides 97

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



Figure 4.14: Decarbonylative radical reactions of 24 and 26.

Figure 4.15: Unified total preparation of the compound 31.
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Asimicin is a biologically active compound, it can extracted from the seeds and
bark of the tree pawpaw [51, 52]. Asimicin displays cytotoxicity towards several tumour
cell lines and powerful antileishmanial and pesticidal activities, also it is an assuring
initiating material for the exploitation of novel agrochemicals and pharmaceuticals
[53]. A convergent total synthesis of asimicin from D-gulose derivative in seventeen
steps was reported [54]. Decarbonylative radical–radial homo-coupling of α-alkox-
yacyl telluride in an efficient manner created the C2-symmetric core, which was then
converted into asimicin via the affixation of the two side-chains stepwise and func-
tional group manipulations (Figure 4.16).

4.3 Oxidation of glucose to gluconic acid

Carbohydrates such as cellulose, lactose or glucose form the main part of the biomass.
The chemical transformations of the carbohydrate lead to the creation of many prod-
ucts with interesting properties. The oxidation of glucose is an example and one of the
main compounds obtained from the glucose oxidation is gluconic acid. Gluconic acid
has a broad spectrum of usages, for example in medical industries, cosmetic and food
industries [55–58].

Figure 4.16: Total preparation of asimicin.

4.3 Oxidation of glucose to gluconic acid 99

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



Catalytic glucose oxidation on monometallic systems, Pt/support and Pd/support
produces gluconic acid. However, selectivity was poor in this process. Besides, as the
oxygen dissolves on the surface layers of metals, these systems easily undergo deac-
tivation [59–61]. The application of bimetallic and polymetallic catalysts can improve
the glucose oxidation process.

It is reported that the insertion ofmetals like Bi, Pb, Sn, or Tl to Pt and Pd supported
catalysts can alter their selectivity and activity during the oxidation of carbohydrates in
the liquid phase [62–70]. Another important metal of choice for the improvement of the
glucose oxidation reaction is the tellurium. Studies have shown that in the reaction of
oxidation tellurium may modify the properties of metallic catalysts, especially the
selectivity [71–82].

Frajtak et al. described in the glucose oxidation to gluconic acid the effect of
tellurium addition on catalytic behaviour of Pd catalysts, supported by silica [83]. The
Pd catalysts modified with Te showed improved selectivity, stability and activity than
monometallic supported Pd catalysts. ToF-SIMS (Time of flight secondary ion mass
spectrometry) and XRD (X-ray powder diffraction) techniques were used to charac-
terize the modified catalysts. The characterization analysis evidenced the existence of
the intermetallic compound PdTe. The intermetallic compoundmight be the reason for
the increased selectivity and activity of Pd-Te/SiO2 catalysts.

The oxidation of glucose by using the electrocatalyst, nanoparticles of Nd(OH)3-
NiTe2, was also reported [84]. Chronoamperometry, cyclic voltammetry, and elec-
trochemical impedance spectroscopy were used to analyze the functioning of the
electrocatalyst for oxidation of glucose in alkaline electrolytes. The morphology of
the nanoparticle was observed by SEM.

Cyclic voltammetry (CV) was used to analyze the electrocatalytic activity of the
preparedmaterials for the oxidation of glucose (Figure 4.17). Figure 4.17A shows the CV
of Nd(OH)3/GCE, NiTe2/GCE, andNd(OH)3-NiTe2/GCE in NaOHwith glucose (0.1M) and
without glucose. The analysis displayed that Nd(OH)3 is an effective substance and it
encourages the redox reaction of NiTe2 [85]. Besides, the current density of Nd(OH)3-
NiTe2/GCE was the highest, which points that the synergistic effect of Nd(OH)3 and
NiTe2 plays a critical role in the non-noble metal catalysts for glucose electrocatalysis.
Thus, for the electrocatalytic oxidation of glucose Nd(OH)3-NiTe2 is a promising ma-
terial [86].

The changes in the CV curves of the Nd(OH)3-NiTe2/GCE in NaOH electrolyte with
diverse concentrations of glucose is shown in Figure 4.17B. As the glucose concen-
tration increases (0 to 0.1 M), the peak current densities increase gradually. The strong
independence of current density on glucose concentration pointed to a good electro-
catalytic activity of the Nd(OH)3-NiTe2 for glucose [87].
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4.4 Conclusions

Te is a promising and important functional material due to its unique physical and
chemical properties. For instance, Te is brittle and crystalline. Tellurium dissolves in
nitric acid, at the same time it remains stable in hydrochloric acid or water. Tellurium
has gained worldwide attention because of its distinct chained structures, excellent
properties, and potential applications. This article has discussed the importance of Te
during carbohydrate synthesis. Te-based synthesis methods have shown promising
results. A great improvement in the carbohydrate synthesis field [88] can be contribute
by the unique features and advantages of these synthesis methods.

Acknowledgements: AD and BKB are grateful to Prince Mohammad Bin Fahd
University for support.

Figure 4.17: (A) TheCVcurvesofNd(OH)3/GCE,NiTe2/GCE, andNd(OH)3-NiTe2/GCE in 1MNaOHwithout
andwith0.1Mglucoseat the scan rate of 0.1 V/s. (B) CVs of Nd(OH)3-NiTe2/GCE at the scan rate of 0.1 V/
s in 1 M NaOH with 0, 0.02, 0.04, 0.06, 0.08, 0.1 M glucose. (C) Impedance spectra of Nd(OH)3/GCE,
NiTe2/GCE, and Nd(OH)3-NiTe2/GCE in 1MNaOHwith 0.1 M glucose. (D) The chronoamperometric curve
for Nd(OH)3-NiTe2/GCE in 1 M NaOH with 0.1 M glucose at an oxidation potential 0.5 V. Adapted with
permission from [84].
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5 Tellurium-based solar cells

Abstract: In this article, we discuss about various Tellurium-based solar cells. Mainly
this analysis focuses on the CdTe solar cells. The latest development in this area is
incorporated in great detail. Te doping in various other solar cells is also discussed in
the last part of the article.

Keywords: CdTe; luminescence; nanostructures; semiconductors; solar cells;
tellurium.

5.1 Introduction

Tellurium (Te) is ametalloid and is available rarely on Earth. Te is used formanufacturing
films which is essential to solar cells. It is reported that when Te is alloyed with other
elements, for example with cadmium (Cd), it creats a compound that presents raised
electrical conductivity. Thus, it can take in sunlight in an efficient manner and change it
into electric current. Working like an additive to steel, copper, and lead alloys, in ther-
moelectric cooling applications Te improvesmachine efficiency. In that way, ductility and
tensile strength improve, and also it aids to prevent sulfuric acid corrosion.

More than two-thirds of global Te consumption was account for photovoltaic and
thermoelectric applications. Te is used as a coloring agent in glass and ceramics and also
in copying machines. In the chemical industry, it is also used as a vulcanizing agent to
make durable products. Te is also used in the semiconductor industry such as in inte-
grated circuits, laser diodes, and sensors, in medical instrumentation, and automobile
industry. In this article, Tellurium-based solar cells are discussed in great detail. Mainly
this study focuses on the CdTe based solar cells. Future trends and the latest develop-
ment in this area are considered. Te doping in various solar cells is also discussed briefly.

5.2 CdTe solar cell

Cadmium telluride (CdTe) is considered as a potent candidate for thin-film based solar
cell usages [1–3]. The bandgap energy of CdTe (1.45 eV) is perfect for photovoltaic
energy changeover. All the incident radiation with energy above 1.45 eV is took in
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inside 1–2 µm from the top layer due to its great coefficient of optical absorption. The
Cadmium telluride-based cells are mainly heterojunctions, accompanying CdS (cad-
mium sulfide) as the n-type junction.

Figure 5.1 shows the superstrate configuration of the thin-film CdTe/CdS solar cell.
Ferekides et al. reported about the usage of the close-spaced sublimation process for
the fabrication of CdTe/CdS solar cells [4]. The close-spaced sublimation technique has
appealing features such as efficient material utilization and high deposition rates
which are useful for large-area applications.

The optical and structural properties of close-spaced sublimation CdS and CdTe
films and junctions were reported. Figure 5.2 shows the SEM images of close-spaced
sublimation CdTe films synthesized at two different temperatures. The XRD analysis
of a set of close-spaced sublimation CdTe films prepared at various temperatures
(500–600 °C) are shown in Figure 5.3.

The possibility of CdTe/CdS/Cd1−xZnxS solar cell system was demonstrated by
Oladeji et al. [5]. This solar cell structure was an option to CdTe/CdS system in
photovoltaic usage. The presented solar cell system prepared on transparent

Figure 5.1: The typical CdTe/CdS superstrate configuration. Adapted with permission from Ref. [4].

Figure 5.2: SEM images of CSS-CdTe films deposited at (a) 600 and (b) 500 °C. Adapted with
permission from Ref. [4].
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conducting soda-lime glass coated with oxide having no antireflection coating showed
an efficiency of 10%. The J–V features of thin-film CdTe solar cells are presented in
Figure 5.4. The data showed a higher short circuit current (Jsc) value for type 1 cell and
that of CdS/CdTe is the least. Figure 5.5 shows the CdTe thin-film solar cell’s spectral
response curves. Figure 5.6 presents the SIMS depth profiles of solar cells. Zinc seemed
to have penetrated via to the CdS/CdTe interface and much into the CdTe layer in the
cell type 2 compared to the cell type 1 was also observed.

Figure 5.7 compares the diagrammatic representation of the CdTe solar cells in
conventional ‘substrate’ as well as ‘superstrate’ forms. In the ‘superstrate’ configura-
tion, the layers are prepared onto the polymer substrates or transparent conducting
oxide-coated glass substrate. At the same time, metal-coated glass or metal foils or
polymers are employed for ‘substrate’ configuration which is less efficient.

Solar cells based on polycrystalline thin-film CdTe/CdS were reported. In that
configuration, on p-CdTe a transparent conducting layer of ITO (indium tin oxide) was
employed as a back electrical contact [6]. Solar cells were prepared on SnOx:F-coated
glass substrates, with an efficiency of around 8%. In the cell, both the back and front
contacts were conducting and transparent. In this way, as a ‘bi-facial cell, the solar cell
can be excited from both or either side at the same time. Another important feature is
this solar cell can be employed in tandem solar cells. Under accelerated test conditions,
the solar cells having transparent conducting oxide back contact showed long-term

Figure 5.3: XRD spectra of CSS-CdTe films deposited at temperatures in the range 500–600 °C.
Adapted with permission from Ref. [4].
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Figure 5.4: J–V characteristics of thin-film CdTe solar cells. Adapted with permission from Ref. [5].

Figure 5.5: Spectral response curves of CdTe thin-film solar cells. Adapted with permission from
Ref. [5].
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Figure 5.6: SIMS depth profiles of (a) type 1 and (b) type 2 CSS-CdTe/CBD-CdS/Cd1−xZnxS solar cells.
Adapted with permission from Ref. [5].

Figure 5.7: Schematics of the CdTe solar cells in conventional ‘superstrate’ and ‘substrate’
configurations. Adapted with permission from Ref. [6].
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unchanging functioning. The current-voltage plot of the highest efficiency solar cell is
shown in Figure 5.8 and the cell was activated from the FTO/glass position.

Lin et al. prepared the freestanding high-quality boron-doped graphene (BG) and
pristine graphene (PG) [7]. Boron-doped graphene is more conductive than free-
standing pristine graphene because of a larger density of state-produced close the
Fermi level. Bettered photovoltaic efficiency and hole-collecting capacity for CdTe
solar cells were achieved using boron-doped graphene as a back electrode.

The Nyquist plots present a smaller semicircle for freestanding pristine graphene
than for reduced graphene oxide (r-GO), pointing an improved conductivity for free-
standing pristine graphene; the conductivity of boron-doped graphene was even
higher (Figure 5.9(a)). Solar cells are demonstrated in Figure 5.9(b) were prepared to
demonstrate the suitability of boron-doped graphene and freestanding pristine gra-
phene as back electrode substance for CdTe based solar cells. Figure 5.9(c) shows the
current-voltage plot of the cell.

Woldenet al. reported thepurposes of ZnTebuffer layers on functioningof CdTebased
solar cell [8]. To analyze the development of the back contact region during RTP (rapid
thermal processing) of layer, APT (atom probe tomography) and HR-TEM (high-resolution
transmission electronmicroscopy) were used. After activation, the ZnTe layer transformed
into a bilayer system comprising of a disordered part in touch with CdTe. The Copper, co-
evaporated within ZnTe in a uniform manner, was observed to be dramatically combine

Figure 5.8: I–V curves of the FTO/CdS/CdTe/ITO solar cell illuminated from: (1) the FTO side
(Voc = 702 mV, Jsc = 18.2 mA/cm2, FF = 0.62, η = 7.9%); and (2) the ITO side (Voc = 591 mV,
Jsc = 3.4 mA/cm2, FF = 0.50, η = 1.0%) under simulated AM1.5 illumination. Adapted with permission
from Ref. [6].
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Figure 5.9: Characteristics of solar cell.
(a) The typical electrochemical Nyquist plots of the r-GO-modified, PG-modified, and BG-modified
electrodes, (b) the schematic of the CdTe solar cell with a graphene back electrode, and (c) I–V
characteristics of CdTe solar cells with different back electrodes.
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and segregate after rapid thermal processing (Figure 5.10). The TEManalysis disclosed that
Zn gather together at the border of the clusters. Figure 5.11 shows the high-resolution
transmission electron microscopy of the CdTe|ZnTe interfacial area.

Instead of CdS, the use of ZnxCd1−xS in heterojunction solar cells can head to an
increment in photocurrent. It was provided by the compatibility in the electron affin-
ities of the absorber material and window [9, 10]. In addition, the open-circuit voltage
and the short circuit current can be bettered in heterojunction solar cells with the

Figure 5.10: HAADF image (left) and a bright-field TEM image (right) of the back contact region before
(left) and after (right) RTP treatment. Adapted with permission from Ref. [8].

Figure 5.11: High-resolution TEM of the CdTe|ZnTe interfacial region after RTP activation and selected
area diffraction images taken from both layers. Adapted with permission from Ref. [8].
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internalization of Zn to CdS. This is because of the decrement of losses due to ab-
sorption in the window region [11, 12].

The effect of the layer dimension of radio frequency sputtered CdTe thin film in
ZnxCd1−xS/CdTe system at smaller concentrations of Zn was reported [13]. To investi-
gate the surface morphology of CdTe layers (0.58–4.5 μm thick layers), FESEM images
were taken (Figure 5.12). The Schematic representation of the solar cell device is

Figure 5.12: FESEM images of CdTe thin film with thickness variation. Adapted with permission from
Ref. [13].
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demonstrated in Figure 5.13(a). The concentrations of elements were analyzed by EDX
phenomena (Figure 5.13(b)). The study reported that an additional reduction of CdTe
thickness (0.58 μm) heads to inferior functioning of the solar cell. The J–V plot for the
calibrated CdTe thickness (3.5 × 10−6 m) for better efficiency of cell is shown in
Figure 5.14.

Many issues such as materials, chemical etching of the film, post-growth treat-
ment, and choice of back contacts hinder the functioning of the CdTe based solar cell.

Figure 5.13: ZnxCd1−xS/CdTe solar cell device.
(a) Schematic diagram of ZnxCd1−xS/CdTe solar cell device and (b) EDX spectrum ZnxCd1−xS thin film
for x ≈ 0.2. Adapted with permission from Ref. [13].

Figure 5.14: J–V characteristic of Zn0.2Cd0.8S/CdTe solar cells. Adapted with permission from Ref. [13].
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To improve efficiency more studies are needed in these areas. Apart from these, to get
better efficiency, many studies are centering on various kinds of preparation tech-
niques, materials for electrode, and anti-reflection covering on the glass substrate. To
make an extremely effective CdTe solar cell, the most important and common step is
treatment with CdCl2. This procedure aids in the growth of grain, recrystallization, and
also it reduces the lattice mismatch among CdTe and CdS [14, 15].

The Fermi energy pinning is one of the major elements that cuts down the open-
circuit voltage. It develops because of the potential energy barrier among the upper
metal electrode and the absorber layer. CdTe has a higher work function (5 eV) and it is
important to choose a substance that equalizes the band alignment to both the top
aluminum metal electrode and CdTe layer. Among different materials, tellurium is
found to be the best material to cut down the potential energy barrier among the CdTe
layer and top Al electrode [16].

Recently, Venkatesh et al. demonstrated a glass/FTO/CdS/CdTe/Te/Al superstrate
integrated solar cell, and tellurium was integrated among the CdTe layer and Al
electrode [17]. The optical transmittance of the prepared device was analyzed utilizing
Ultra Violet–Visible-Near Infrared -spectrometer in the wavelength range of
200–1100nm. The optical transmittance analysis of the fabricated system is depicted in
Figure 5.15. The system showed a transmittance of around 50% in the Infrared range

Figure 5.15: Transmittance spectrum in the wavelength range 200–1000 nm of the fabricated device
(Glass/FTO/CdS/CdTe/Te). Adapted with permission from Ref. [17].
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(nearly 800–1000 nm) and poor transmittance in the region of around 200–800 nm.
The eminent absorption characteristics of CdTe was the reason for the poor trans-
mission in that range.

Figure 5.16: Plot of (ahυ)2 versus photon energy (hυ) for the evaluation of energy band gap of. CdTe
thin films. Adapted with permission from Ref. [17].

Figure 5.17: I–V response of the FTO/CdS/CdTe/Te/Al solar cell. Adapted with permission from
Ref. [17].
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The plot of (ɑhυ)2 versus hυ was diagrammed to find the bandgap energy of the
film, (Figure 5.16). The calculated bandgap was found to be around 1.4 eV, the value
was the optimized bandgap for CdTe absorber material. The current-voltage response
of the solar cell is presented in Figure 5.17.

It was reported that making an ohmic contact on the back interface of CdTe solar
cells for hole extraction is hard due to the deep work function of CdTe. Copper/gold is
mainly employed as back contact material, however, the existence of a Schottky po-
tential barrier limits the device performance [18, 19]. Usage of a back contact buffer
layer with a suitable work function is the one common process to amend the open-
circuit voltage. To reduce the height of back-barrier between the standard back contact
and CdTe, several studies are reported based on Copper bearing interfacial layers
[20–22]. Another important approach was the tellurium layer deposition on the back
interface, it also cuts down the height of the back-barrier [23–25]. For better device
performance, the back contact interface layer helps transport of hole in the direction of
the electrode and by producing an upward band bending, it also suppresses the
transport of the electron towards the back contact [26, 27].

Subedi et al. synthesized p-type semi-transparent sulfide of barium copper
(α-BaCu4S3, BCS) as a back contact interface layer for solar cells based onCdTe [28]. The
study showed that the barium copper sulfide deposition procedure creates an
enhancing tellurium rich surface on CdTe, it was occurred in a selective manner taking
out cadmium from the surface. The barium copper sulfide interface layer acts dual
operations for CdTe photovoltaic systems as a hole transport substance and as an
engrave, heightening the performance of the device. With the barium copper sulfide
buffer layer, a substantial increment in the open-circuit voltage of CdTe solar cells was
also observed. The scanning electron microscope images of CdTe layers without and
with the barium copper sulfide layer are shown in Figure 5.18(a) and (b) respectively.

Figure 5.19(a) shows a diagrammatic representation as well as cross-sectional
micrograph of the solar cells and Figure 5.19(b) presents the J–V curve of the solar cells. To
approximate the concentrationofdoping forCdTedeviceswithandwithoutbariumcopper

Figure 5.18: SEM of (a) surfacemorphology of a VTD CdTe film and (b) a CdTe film after barium copper
sulfide deposition. Adapted with permission from Ref. [28].
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Figure 5.19: Characteristics of solar cells.
(a) Schematic diagramand cross-sectional SEMof a VTDdeposited CdTe solar cell with barium copper
sulfide as HTL layer, and (b) J–V characteristics of CdS/CdTe solar cell devices with and without
barium copper sulfide thin films as interface layers. Adapted with permission from Ref. [28].

Figure 5.20: C–V measurement
used to determine the apparent
carrier density of the CdTe film stack
with BCS/Au and Au only interface
layer. Adapted with permission from
Ref. [28].
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sulfide interfacial layer, C–V analysis were executed at room temperature (Figure 5.20).
The study also discussed semi-transparent CdTe solar cells with barium copper sulfide as
the layer for hole transport and ITO (indium tin oxide) as an ending electrode. For the front
side illumination, the semi-transparent CdTe solar cells showed conversion efficiency of
around 13 and 1.2% efficiency for backside illumination. It indicated that great charge
carrier recombination yielded near to the rear CdTe/BCS/ITO contact.

In the last 20 years, several studies were reported the principal mechanism of
degradation in the case of CdTe solar cells. The influence of impurities and the mate-
rial’s defects were the main problems for reliability. It was reported in many studies
that the migration of Cu from the metal has a profound action in the degradation of
device [29–34].

Bertoncello et al. investigated the constancy of CdTe based solar cells which was
disclosed to high-temperature storage [35]. Several solar cells with various Cu thick-
nesses in the contacts and CdTe absorber were considered during this study. The
results pointed that the copper metal contact has an important purpose in the cell
degradation. The schematic representation of solar cell samples used for the study is
shown in Figure 5.21.

During thermal stress, the EQE plots were evaluated on solar cells with various
thicknesses of the CdTe layer (Figure 5.22). The cell having the leaner CdTe layer had
both the strongest degradation and the lowest EQE efficiency. This might be because of
the generation of the copper ions at the back for thinner CdTe layered solar cells. The
schematic diagram of potential mechanisms that can induce the cells degradation is
shown in Figure 5.23.

Because of their simplicity and low cost, colloidal arrangements have been
employed in a great degree as optoelectronic and thermoelectric generator devices [36],

Figure 5.21: Schematic representation of samples that are used for the study. Six different kinds of
cells: three with different thicknesses of CdTe and three with different thicknesses of Cu. Adapted
with permission from Ref. [35].
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biological markers in medicine [37, 38], and photovoltaic thin films solar cells [39]. For
example, copper zinc tin sulfide cells [40] and bifacial cells [41] have been achieved
employing colloidal arrangements. The glass/TCO/CdS/CdTe/back-contact is the
traditional configuration of CdTe-based solar cells. By using chemical techniques, the
glass/TCO/CdS system, the n-type materials of solar cell are commonly posited. By
using spray pyrolysis method, the transparent conductive oxide is usually placed [42].
By using chemical bath deposition method, the cadmium sulfide film is traditionally
placed (CBD) [42]. By using sublimation method, the CdTe/back contact (p-type solar
cell) heterojunction is usually synthesized. Regarding the price of p-material and back
contact deposition substituting it into chemicals methods could cut down the final
system price which is entirely potential as prior observed.

Recently, Arce-Plaza et al. reported the usage of the colloidal-gel method for the
preparation of the material and the Dr. Blade method in CdTe films placement [43]. To
assemble the photovoltaic device, a conformation of Glass/SnO2:F/CdS/CdTe/Ag was
used. The solar cells manufacturing process is shown in Figure 5.24.

The optical characterization data of the CdTe thin layers are presented in
Figure 5.25. J–V measurements were used to characterize the solar cells (Figure 5.26).

CdTe thin-film devices achieve great efficiency of conversion via the chlorine
activation method. Unlike other thin-film devices, for example, CuInGaSe2 [44] and

Figure 5.22: The EQE chart of the cell (a) with 9 μm of CdTe, (b) with 4 μm of CdTe, (c) with 2 μm of
CdTe. These cells have a 0.5 nm thick Cu layer. Generally, the figures show that by increasing the CdTe
thickness, the stability improves. Adapted with permission from Ref. [35].
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Cu2ZnSnS4 [45]. To improve layer quality and increase the grain size, in a Cl-containing
atmosphere high-temperature post-treatment is executed in a regular manner. Cl
activation process is necessary for achieving great-efficiency solar cells, as the process
takes away inherent structural defects [46] and improves the thin-film properties. To
enhance the CdTe solar cell’s efficiency, several chlorine activationmethods have been
reported. In most cases, chlorine activation therapy is accomplished employing Cl-
containing gases such as Freon [47] and HCl [48] or using Cl salts such as MgCl2, CdCl2,
NaCl, and NH4Cl [49–54]. Among the activation methods, the most usual activation

Figure 5.23: Schematic representation of possible phenomena that can cause degradation of cells:
(a) decomposition of Cu2Te in CuTe with the migration of copper in CdTe cells; (b) oxidation
mechanism of tellurium atoms at the CdTe/Cu surface; (c) representation of iteration between copper
and Cd atoms. Adapted with permission from Ref. [35].
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method is on the top of CdTe thin films build a CdCl2 layer either by immersing the films
in a solution (methanol) and annealing them in a specific temperature or by thermal
evaporation. Usage of a gas containing chlorine, for example, Freon, has the advantage
of annulling both carcinogens and in the activationmethod the usage of wet treatment.
In that way, the scalability and reproducibility of the production of the solar cell
increase [55]. Same as the dipping treatment of CdCl2, the heat therapy of the cells at
high-temperature in a vacuum chamber in a Cl-containing atmosphere makes grain
boundary passivation events and recrystallization [56]. An efficiency of approximately
15% was reported when the CdTe cell was deposited at high temperature by a closed-
space sublimation process andwas experienced tomethod of gas treatment [57]. At the
same time, the CdTe cells placed by the physical vapor deposition method at a lower
temperature resulted in small dimension grains in CdTe cells. Hence, annealing is
crucial to increase the grain size in CdTe.

Romeo et al. reported lower efficiency during the Freon treatment compared to the
samples addressed with CdCl2 utilizing a methanol dipping method [58]. This could be
resolved to some extent by utilizing the Freon process, accompanied by the CdCl2
dipping method. At the same time, if one treatment method is executed more overly
than the other one, the total efficiency decreases [59]. When heat treatment is executed
in compounding with the CdCl2 dipping method and Freon method, the crystal growth
direction was different [47].

Recently, Kim et al. reported improvement in the functioning of CdTe solar cells by
employing a double treatment process that aggregates the Freon treatment and CdCl2
dipping methods [60]. The double treatment sample showed higher efficiency
compared to that of a single-treated cell.

The SIMS (secondary ion mass spectroscopy) analysis data entered for various
depths of the device are presented in Figure 5.27. The SEM micrographs showed that
after treatment by diverse methods the packing ratios and grain sizes alter in samples
(Figure 5.28).

Figure 5.24: Solar cells manufacturing process. Adapted with permission from Ref. [43].
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Figure 5.25: Optical CdTe thin films characterization (a) transmission spectrum (b) absorption
spectrum, (c) Tauc plot and, (d) Refractive index (b) photoluminescent spectrum. Adapted with
permission from Ref. [43].
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5.3 Tellurium doping in various solar cells

Triple junction solar cells are widely used for terrestrial and space solar electricity
usages. These systems generally blend three solar cells in tandem interconnected with
two tunnel junctions to allow for transport of carrier in the device. For triple-junction
solar cells, Te doped InGaP is an appropriate substance for the n face of tunnel junction
solar cells. Ebert et al. reported in triple junction the Te doping of InGaP for tunnel
junction usages [61]. The study showed that before InGaP growth Te pre-doping of the

Figure 5.26: CdS/CdTe solar cell J–V characterization. Adapted with permission from Ref. [43].

Figure 5.27: SIMS depth profiles of the S, Te peaks (a), and Cl peak (b) in the back-contact metal
electrode (Au) to front contact electrode (TCO) for each sample treated with methanol dipping CdCl2,
Freon gas, and CdCl2 + Freon. Adapted with permission from Ref. [60].
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Figure 5.29: X-ray rocking curves for four different InGaP compositions with the same tellurium
doping. Adapted with permission from Ref. [61].

Figure 5.28: SEM images of (a) CdCl2, (b), Freon, and (c) (CdCl2 + Freon) treated samples, (d) shows
XRD data of the As dep. sample, CdCl2 dipping treatment sample, Freon treatment sample, and the
double treatment sample. Adapted with permission from Ref. [60].
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film provided for an abrupt turn-on and that utilizing a growth pause at higher growth
temperatures afterward InGaP provided for an abrupt turn-off in the profile of doping.
A doping level of more than 1 × 1019 cm−3 was attained over 4in. diameter germanium
wafers in a uniform manner. The study also demonstrated that InGaP layers can be
strained byhigh Te doping and to produce smooth epitaxial layersmodification ofmole
fraction of indium in InGaP is needed. X-ray rocking plots for four diverse InGaP
constitutions with the similar Te doping are shown in Figure 5.29.

SIMS profile of Te in a three-layer InGaP system is shown in Figure 5.30. The AFM
and scanning electronmicroscope images of the top layers are presented in Figure 5.31.

By utilizing a facile sol-gel process, groups of ZnO nanoparticles with Te and Ga
dual-doping were prepared [62]. Their performance as the photoanodematerial in dye-
sensitized solar cells (DSSCs) was analyzed. The XPS analysis of Ga–Te dual doped and
pure ZnO systems were analyzed to look into the chemical bonding states and to key
out the O, Zn, Te, and Ga elements. The typical XPS spectra of pure ZnO and
Ga0.50Te0.50ZnO films are shown in Figure 5.32. The surface morphologies of the films
are presented in Figure 5.33. Figure 5.34 depicts the change in photovoltaic parameters
as a function of time. The study showed that the Ga and/or Te incorporation into the
ZnO system helps superior characteristics to finally heighten the dye-sensitized solar
cell performance.

Figure 5.30: SIMS profile showing tellurium profile in InGaP using pre-doping pre-growth process
and post-growth elevated temperature growth pause. Adapted with permission from Ref. [61].
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Figure 5.31: AFM 5 × 5 µm2 scan showing the smooth surface of Te: InGaP (left) and SEM image of the
same surface showing the smooth surface with growth steps (right). Adapted with permission from
Ref. [61].

Figure 5.32: Characteristics of films.
(a) Complete XPS spectra of pure ZnO and Ga0.50Te0.50ZnO films. High–resolution spectra of samples
for the elements of (b) Zn, (c) Ga, (d) Te. Adapted with permission from Ref. [62].
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5.4 Conclusions

Tellurium is a promising and important functional material because of its unique
chemical and physical characteristics. This article has discussed the synthesis and
properties of Te-based solar cells. Te-based solar cells have shown promising results.
The unique properties and morphologies of these solar cells may also contribute to the
great improvement in this field.

Figure 5.33: FE–SEM images of pure ZnO and GaxTe1 − x ZnO films. Adapted with permission from
Ref. [62].
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6 Toxicity of tellurium and its compounds

Abstract: Tellurium (Te) is widely used in industry because of its unique physicochem-
ical properties. In the general population, foodstuff likemeat, dairy products, and cereals
is the major source of tellurium exposure. In the occupational environment, inhalational
exposure predominates. Due to its exceptional properties as a metalloid, Te is broadly
used in the industry. For example, Te is used as an alloy for solar panels, phase change
opticalmagneticdisks, andPeltier devices.Recently, alloysof Tewith cadmium, zinc, and
othermetals are used for nanomaterials, such as quantum dots. Thus, it is suggested that
there is an existence of risk of exposure to Te in everyday life. Commercial Te is mostly
obtained from slimes of electrolytic copper refineries. Te concentration in the slimes can
extendup to 10%ormore.Slight levelsof its organic compoundsmayalsobeabsorbedvia
skin. Notmuch information is available to prove Te as carcinogenic but its toxicity is well
established. The present paper will review the toxicity of Te and its compounds.

Keywords: industry; tellurium; toxicity.

Tellurium (Te) is a scarce element found in nature and its properties are similar to the
elements that are identified as toxic to humans. Over the years, utilization of Te due to
its exceptional properties as a metalloid has emerged in various fields including
electronics, catalysis, glass industry, metallurgy, semiconductor manufacturing, solar
panels, and rubber industry. Tellurium has been used as an antibacterial element
before the discovery of antibiotics. Recently it has gained a lot of attention as it is being
used in nanotechnological advancements. Tellurium quantum dots are used as bio-
sensors for biological detection systems. Whereas, other related nanostructures of Te
are used in imaging, labeling, targeted drug delivery systems and are also used for
antifungal and antibacterial properties. Besides, Te nanostructures also demonstrate
free radical scavenging, novel antioxidant, and lipid-lowering properties. The growing
use of Te and its compounds in various applications indicates that in near future it will
be introduced into the environment and will cause various health problems as it
accumulates in the body. Recent reports have demonstrated that enhanced
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contamination of environment with Te has a fundamental connection to oncological,
neurodegenerative, and autoimmune diseases. Thus, the knowledge of the toxicity of
tellurium-containing compounds is important. Current review presents an overview of
the exposure, absorption, and the toxicity of tellurium and its compounds.

6.1 Introduction

Tellurium (Te) belongs to the chalcogen family (group 6 A of the periodic table). It is a
true metalloid and shares few chemical properties with other family members such as
Selenium, Sulfur, and Oxygen [1]. It was initially discovered in 1782 from the ores of
gold in the district of Transylvania, by a Romanianmining official named Franz Joseph
Mueller von Reichenstein [2, 3]. Later, in 1798, it was named Tellurium (taken from a
Latin word “tellus”meaning Earth) byMartin Heinrich Klaproth [4, 5]. Tellurium is one
of the rarest elements on the Earth and is considered as a non-essential trace element.
Nevertheless, a normal human body contains >0.5 g of Te surpassing the level of all
other trace elements in humans, excluding rubidium, zinc, and iron [6, 7]. In the Earth’s
crust its abundance is around 0.027 ppmwhich is similar to elements such as gold and
silver [8]. Te is rarely found in its elemental form as it is usually found as tellurides of
gold such as Krennerite (AuTe2), calaverite (AuTe2), and sylvanite (AgAuTe4). It is also
found in the form of tellurides ofmore commonmetals. Tellurides are oxidized near the
erath surface resulting in the formation of natural tellurate and telluriteminerals [9]. Te
is also found in coal [10, 11]. These days, most of the Te is gained as a by-product in the
process of mining and refining of copper, and its yearly production is around 220
tonnes per year mostly from Japan, the United States, China Canada, Sweden, Peru,
and Russia. Two foremost Te producers of the world are Sweden and China, inter-
preting around 15% ofworldwide production [12]. Based on itsmetal-like properties, Te
naturally exists in various oxidation states including elemental tellurium Te (0),
telluride Te (II), tellurate Te (VI), and tellurite Te (IV) [13].

Due to its exclusive properties as a metalloid, tellurium is used in larger quantities
in industries. To get somedesired electrical characteristics, Te being a semiconductor is
generally added to silver, gold, tin, or copper. Small amounts of Te aremainly added to
stainless steel and copper alloys to make them easier to mill and machine. It is also
added to lead to boost its toughness and resistance to sulphuric acid. Te is one of the
chief constituents in blasting caps and is also utilized in metal oxidizing solutions to
tarnish or blacken metals, as a pigment to color ceramics and glass, and in the
vulcanization of rubber. On the agricultural side, it is being widely used as a compo-
nent of insecticides [14]. It is also used as an alloy with antimony (Sb) and germanium
(Ge), in DVD recordable disks (DVD-RW), and digital versatile disk-random access
memory (DVD-RAM) [15]. Throughout the last 20 years, Te has been linked with the
production of new materials including fluorescent Te-based quantum dots used as
photovoltaic products, novel probes, telluride nanoparticles, nanotubes and clusters
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used in electronics andmedicine [16], and some other compounds used in nanoscience
such as solar panels [17, 18]. In the early 1930s, it was usedmedicinally in the treatment
of leprosy and syphilis [19] and recently as an adjuvant in the treatments of cancer [20].
People employed in themanufacture of the above-mentioned productsmay be exposed
to Te. Blackadder et al. [21] have reported the adverse effects experienced by workers
that were exposed to the fumes of melting alloy of tellurium and copper. Humans’
exposure acrosswater and soil will likely rise as Te-based productsmake their way into
landfills. Accumulation of Te in plants also occurs, mostly in themembers of the Alium
family such as garlic and onions, and thus consumption of accumulated Te demon-
strates a viable risk [22].

The increased demand for Te because of its wide usage in everyday life has
elevated alarms about environmental and human health problems as Te is considered
as toxic to humans by which various organs can be affected [11]. Some reports have
indicated that the bioavailability, toxicity, and the transport in environment mainly
depend on its oxidation state. For instance, as compared to tellurate Te (VI), tellurite Te
(IV) is 10 times more toxic [23]. Over the years, many Te compounds have been the
subject of interest. A study done by Meotti et al. [24] reports that diphenyl ditelluride
(DPDT) shows both hepatic and renal toxicity, and is the most toxic compound of the
organochalcogenides. In several studies, the toxicity of DPDT has been examined both
in vivo and in vitro. Carlton and Kelly [25] observed the toxic effects of tellurium tet-
rachloride (TeCl4) on male Pekin ducks at concentrations of 500 and 100 ppm in the
diet. As a result, 70% of the ducks were found dead four weeks after feeding. It was
found that the inorganicmetabolite of tellurium (dimethyl tellurium) induce peripheral
neuropathy in rats. This compound is an inhibitor of squalene monooxygenase, a
significant enzyme in the synthesis of cholesterol. It has been observed that amend-
ment in this enzyme blocks the formation of the myelin sheath and results in the
buildup of squalene in Schwann cells causing paralysis and segmental demyelination
[26]. Thus, there is a desire need to handle Te and its compounds carefully as medical
indices of tellurium toxicity are detected at incredibly low concentrations [27]. Besides,
the release of inorganic Te compounds in the environment might also lead to severe
problems due to its chronic and acute toxicity [28].

As a consequence of the less exposure of animals andmanwith this element and its
compounds, Te toxicity has attained significantly less consideration than that of Se-
lenium (Se). Generally, it seems that Te is less toxic as compared to Se but there are few
exemptions to this rule. The interest in the toxicity of Te and its compounds have been
largely increased due to the recent productions of semiconducting Te compounds for
their application in thermoelectric.

6.1.1 Exposure of Tellurium

Elemental Te and soluble tellurites (mainly potassium or sodium) are absorbed
through the gastrointestinal tract of mammals to 10–15%. As Te and its dioxide are
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instantly absorbed through the lungs, thus the absorption of Te generally occurs
through the repiratory tract in the course of electrolytic refining of heavy metals [29].
Whereas the liquid volatile Te esters are immediately absorbed via intact skin [21]. In
contradiction of the above-discussed forms, tellurium hexafluorides and hydrogen
tellurides are demonstrated to be extremely toxic triggering cardiac and respiratory
complications. Te is reduced to tellurides and becomes methylated after its absorption
by the organisms. It is excretedmainly in the feces and to a lesser extent in the urine. A
typical garlic-like odor is caused by the exhalation of dimethyl telluride, which is a
volatile compound [29].

6.1.1.1 Humans

Exposure to hydrogen telluride and tellurium vapors may lead to respiratory tract
irritation, causing pneumonia and bronchitis [30]. Whereas, exposure to tellurium
hexafluoride may cause blue-black skin staining and dermatitis. Incorporation of
soluble tellurium may produce scarce breath smell. It has been reported that the
formation of dimethyl telluride might be the reason for the garlic-like smell, likely by
hindering the squalene epoxidase enzyme [27].

6.1.1.2 Animals

Lobar pneumonia and desquamatory bronchitis were observed in rats due to the
inhalation of tellurium dioxide and elemental tellurium [31]. Whereas, inhalation of
increased levels of tellurium hexafluoride caused pulmonary edema in guinea pigs,
rabbits, mice, and rats [32]. Black deposits in tissues of lungs and loss of body weight
were detected inmale HarlanWistar albino rats, sixmonths after a single endotracheal
instillation of tellurium and its dioxide [33]. Demyelination and quick reparative
remyelination in thewhitematter, optic nerve, and cerebral cortexwere detected due to
tellurium poisoning in adult rats. The results reveal ultrastructural fluctuations to few
axons and impairment to glial cells and myelin sheath [34].

6.1.1.3 Plants

Depending upon some factors such as the surrounding environment and the occur-
rence of the element in the soil, plants demonstrate a high variation in the amounts of
the metalloid that they can hold. It has been demonstrated that in the plant’s surface,
there is tremendously less abundance of the metal, approximately around 0.27 ppm
[17]. Extensive research was carried out in a study reported by Cowgill et al. [35].
Thousands of samples were collected from various places in the USA, and it was
observed that plants that are identified to accumulate selenium were also able to
accumulate tellurium ranging to around 1 ppm concentration. The metabolism of Te in
plantswas demonstrated byAnan et al. [36]. Garlic thatwas cultivated in aquaticmedia
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and subjected to sodium tellurate, was selected as a plant model because of its iden-
tified accumulation of Se. High-performance liquid chromatography (HPLC) coupled
with inductively coupled plasma mass spectrometry (ICP-MS) was used to identify the
metabolites containing Te in the aqueous extracts of the garlic leaves. Twometabolites,
cysteine S-methyltellurosulfide and Te-methyltellurocysteine oxide, were discovered.
Thus, it was assumed that in spite of the unidentified function of Te in the biology and
biochemistry of these species, it might be detoxified by using the usual ways of Se,
aiming to eliminate it from the polluted areas, permitting an appropriate plant
development.

6.1.2 Metabolism of Tellurium and its compounds

On entering into cells, the compounds of Te can stimulate (i) variations in gluta-
thionemetabolism, (ii) replacement of metal in enzymes, (iii) variations in the integrity
of cellular membrane structures, and (iv) oxidative stress [37, 38]. Their chemical
attraction to proteins and non-protein thiols and their capability to produce cellular
oxidative stress by the Fenton reaction is the common feature of thesemetalloids. Their
interfacewith the cell thiolome induces oxidative stress [39, 40], representing the entity
of the cellular thiol pool. Tellurium oxyanions (TeO3

2−) are involved in the thiol: redox
system of the cell and interfere with thiol: redox enzymes (thioredoxin reductase and
glutathione reductase) and their metabolites (glutaredoxin, thioredoxin, and gluta-
thione) [41]. Glutathione which takes part in TeO3

2− to Te (Te 0) reduction accompanied
by reactive oxygen species (ROS) formation is the main target of TeO3

2− cellular pro-
cessing [42, 43].

The metabolic pathway of Te is not fully understood yet but even then, the body of
a human being is known to metabolize and excrete Te. After the absorption of TeO3

2−

and TeO4
2−, both are reduced in the liver. TeO3

2− is methylated and results in dimethyl
tellurium ((CH3)2Te) and lastly trimethyl tellurium ((CH3)3Te)

+. Dimethyl telluriummay
bind to hemoglobin, and then accumulate in the blood cells [44]. Ba et al. [17] have
reported that these methylated species are found in the lungs, spleen, and kidney and
are considered as themost abundant formof Te in the humanbody. Tefinally leaves the
human body via breath and urine as volatile (CH3)2Te, which causes the garlic-like
odor.

6.1.2.1 Absorption

The absorption of tellurium and its compounds is indicated by rashes or burns on the
skin, trailed by a garlic-like smell in the breath. Blackadder et al. [21] described two
cases of unintentional exposure of tellurium hexafluoride gas when about 50 g was
escaped from a cylinder into the laboratory. Both of thempresented a significant garlic-
like breath odor. Whereas one of them complained of bluish-black coloration in the
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skin of the neck, face, and fingers which took a long time to vanish. The authors
assumed the skin absorption of volatile tellurium esters.

In humans, the intestinal absorption of tellurium is not much identified. An in-
testinal absorption of 25% ± 10% was detected for soluble salts of tellurium, during a
study conducted on healthymale volunteers [45]. Steinberg et al. [46] have reported an
increase in urinary telluriumof theworkerswhowere exposed to tellurium fumes and it
was interpreted that absorption took place through the respiratory tract. In a study
conducted by Mead and Gies [47], it was found that tellurium dioxide was absorbed
through the gastrointestinal tract of dogs. DeMeio [48] has reported a three-week study
in which rats were given huge dosages of elemental tellurium and it was observed that
around 25% was absorbed through the gastrointestinal tract. Further experiments on
animals presented similar results and it was detected that 25% of orally taken tellurium
and its dioxide was absorbed in the gut [27, 49]. The gastrointestinal tellurium ab-
sorption is accomplished within 2 h after its ingestion. In rats, the chief absorption
occurs in the jejunum and duodenum, and the entire absorption was assessed to be in
the range of 10–25% [50]. In a study reported by Wright and Bell [51], sodium tellurite
was administered to swine (barrows) and sheep (wethers) and it was observed that 24%
of the Tellurium was absorbed from the colon in these species.

6.1.3 Distribution

In rat experimentation, it has been observed that around 90% of tellurium in the
blood goes into erythrocytes, possibly attached to hemoglobin [52]. Rest is attached to
plasma proteins. Te can pass both the blood-brain barriers and the placenta [53, 54].
The maximum tissue amounts have been observed in the kidney; amounts found in
the lung, spleen, and heart are around 10–30% of the kidney amounts; and amounts
in the liver are around 50% of those in the spleen, heart, and lungs. Estimated
amounts in cardiac muscles are found to be around 20 times greater than in the
skeletal muscles. Intracerebrally injected tellurium is accumulated into the gray
matter of the nervous system. Besides, Te has also accumulated overtimes in bones,
which bear greater than 90% of the entire body load [7].

6.1.3.1 Excretion

The pattern of excretion depends on themode of administration and chemical forms of
Te and its compounds. Orally consumed tellurium salts are mostly eliminated unab-
sorbed in the feces whereas parenterally administered tellurium is mainly eliminated
in the urine [55]. Tellurium is transported to the intestine by biliary excretion [49].
Slight amounts can also be expelled in sweat andmilk. In a study conducted byDeMeio
and Henriques [56] on dogs, rabbits, and rats, it was observed that the trace concen-
tration expelled by the respiratory tract in 24 h was less than 0.1% of the injected
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quantity. The maximum amount was detected in the kidney, with the liver holding
comparatively a small amount of the tellurium. The entire quantity expelled within 5–
6 dayswas only 20%of the injected quantity. Thismakes the accumulation of tellurium
in the body seem possible. Slight amounts, perhaps around 0.1% of the absorbed
elemental tellurium and tellurite are respired, apparently as dimethyl telluride, pro-
ducing a typical garlic-like smell of sweat and breath [48].

6.1.4 Toxicity of elemental tellurium

Tellurium is rarely present in the environment but is considered to be very toxic as it
exhibits properties parallel to those of heavy elements recognized as toxic to humans
[57]. Contrasting its chalcogenmembers selenium and sulfur, tellurium does not hold a
biological function. Unlike selenium, it is a non-essential element. It is not an essential
part of any enzyme or natural protein in eukaryotes or prokaryotes. Due to its presence
in the environment, it enters into the biological system [58]. Elemental tellurium is the
least toxic form of tellurium. When the salts of tellurium are infused into the animal
body, both dimethyl telluride and tellurium are produced and tellurium is expelled all
the way through the urine, lungs, and sweat. If the salts of tellurium are taken orally,
these are reduced to elemental tellurium in the intestinal tract by bacterial action [29].

Amdur [59] has reported the poisoning of three laboratory workers by incidental
contact to tellurium-containing fumes formed via the incorporation of elemental
tellurium into molten copper. Metallic taste, garlic odor, headache, and minor
epigastric distress were the main complaints of the workers. Not a single person
experienced vomiting or nausea. On examination, all were observed to have minor
epigastric tenderness. Whereas, one of the victims with the greatest contact had
numerous loose bowel movements.

Steinberg et al. [60] examined the impacts of tellurium exposure on iron foundry
workers. 98 workers were exposed to 0.01–0.1 mg Te/m3 for 22 months. 84 out of the 98
workers complained about the garlic odor of breath whereas garlic odor in the sweat of 30
exposed workers was observed. The exposed workers also showed tellurium excretion in
the urine with concentrations ranging from 0.01 to 0.06 mg/L. Hemoglobin, blood cell
counts, and routine investigations were all normal. Besides garlic odor of breath and
sweat, workers also complained about occasional nausea, dryness of mouth, loss of
appetite, somnolence, and the metallic taste of the mouth. Somnolence was not observed
at a concentrationof less than0.01mgofTe/Lofurine.Also, themetallic taste of themouth
was not observed with consistency until the concentration of Te in urine was at least
0.01 mg/L. The maximum concentration of Te in the air at which no garlic breath odor
appears is givenas0.01–0.02mgTe/L3 of air, and themaximumpermissible concentration
is given as 0.01–0.1 mg/cm3 of air (maximum limit value).

DeMeio [48] reported the effect of orally given elemental tellurium on the growth of
rats at a dose of 1500 ppm in the diet. No effect on the rate of growth was observed at
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750 ppm and 375 ppm. Anatomically and pathologically, no irregularities were noticed
even at 1500 ppm. Garlic-like odor in the breath was observed in all the rats, but there
was no association with the tellurium concentration in the food. This shows that the
elemental tellurium is converted into a soluble compound in the body of animals. Out
of the entire amount of tellurium consumed, 63–84% was expelled in the feces. No
change was detectable in the respiratory quotient of the kidney and liver tissue of rats
getting tellurium.

Rats given a food comprising 1.25% elemental tellurium preliminary on postnatal
day 20 produced garlic smell in 48 h and generally developed hindlimb paresis in 72 h.
The rats demonstrated gradual rises in blood-nerve barrier penetrability 24–72 h after
exposure. However, the blood-brain barrier remained unaffected. Other effects con-
tained enhanced numbers of cytoplasmic excrescences, intracytoplasmic membrane-
delimited clear vacuoles, intracytoplasmic lipid droplets in myelinating Schwann cells
after 24 h; endoneurial edema after 72 h; and axon demyelination after 48 h. The
formation of cholesterol was abruptly restricted after exposure to Te for 12 h [61]. A diet
containing elemental Te given to weanling rats might develop peripheral neuropathy
characterized by minimal axonal degeneration and segmental demyelination [62].

Laden and Porter [63] found brief, peripheral demyelination generated by the
distraction of cholesterol formation in Schwann cells secondary to the hindrance of
squalene monooxygenase in weanling rats given a food comprising 1% elemental Te.
Other experiments on weanling rats have also presented the same results [64].

A group of growing rats given a food comprising 1.1% Te develop primary demy-
elination of the peripheral nerves, followedby rapid remyelination. This demyelination
causes repression of the messenger RNA (mRNA) expression for myelin-specific pro-
teins. Tellurium exposure was trailed by a rise in total RNA in the sciatic nerve, which
could not be described by cellular proliferation. The enhanced concentration of ribo-
somal RNA (rRNA) may characterize a Schwann cell response to poisonous insult and
may relate to the enhanced levels of protein formation need throughout remyelination.
Whereas the steady-state concentrations ofmRNA, analyzed byNorthern blot analysis,
for myelin basic protein and P0 were noticeably reduced. Throughout the consequent
duration of remyelination, transcript levels increased and approached around normal
levels 30 days after the beginning of exposure of Te [65].

In weanling rats, paralysis of the hindlimbs can be caused by ingestion of Te
because of the segmented demyelination of the sciatic nerves bilaterally. Swollen
Schwann cells, dislocated myelin sheaths, broadened endoneurial spaces, and a few
cases of axonal degeneration have been reported [66].

6.1.5 Toxicity of tellurium compounds

Themechanism of Te toxicity and its effects on human health has been poorly explored
till to date. The compounds of Temay enter into the body by ingestion or inhalation but
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none of the pathways is reported. Nausea, the characteristic garlic-like smell of the
breath, caustic gastrointestinal tract injury, black staining of the oral mucosa and skin,
metallic taste, and vomiting are the proven indications of the absorption of metal-
oxidizing solutions containing considerable amounts of Te [67]. As compared to
inorganic Te compounds, organotellurium compounds are generally less toxic. They
overcome various metabolic conversions in the human body and their pharmacoki-
netic and pharmacological profiles are different from each other. Direct ingestion of Te
compounds has been demonstrated to cause chronic or acute intoxication. Whereas
breathing in of Tellurium dust may invade the human body via the lungs. On entering
into the body, the compounds of Te may produce noxiousness in various ways, chiefly
by intense interface with enzymes and proteins that hold cysteine [68]. Shie and Deeds
[69] presented the first industrial report on the indications of absorption of Te in men
working in a lead refinery. Thirteenworkerswere exposed to Te, probably in the formof
tellurium dioxide and hydrogen telluride. Seven out of thirteen workers presented
indications of tellurium intoxication with signs including metallic taste and dryness of
the mouth, and garlic-like smell of sweat, breath, and urine. Five of them displayed
decreased production of sweat, and three of them had nausea, somnolence, depres-
sion, anorexia, and dry itchy skin.

Two instances of tellurium intoxication caused by professional exposure to
tellurium vapors have been stated. Symptoms included black-green staining of the
mucosa of the nasopharynx and tongue, amnesia, garlic breath odor, pallor of the skin,
shivering, coughing, and general weakness. Both pulse rate and temperature were
raised and modest leukocytosis, neutrophilia, and leukopenia were detected [30].

Blackadder and Manderson [21] reported a case where two postgraduate chemists
accidentally inhaled tellurium hexafluoride gas escaped from a cylinder in the labo-
ratory. Both of them displayed typical signs of intoxication, particularly the stink of
garlic was observed from excreta and in the breath. One of the victims presented scarce
bluish-black staining on the skin of the neck, face, and fingers. None of them showed
any symptoms of permanent damage and were spontaneously recovered without any
treatment.

A study was reported by Berriault and Lightfoot [70] on workers of a silver refinery
in Canada. Logistic regression models using age at sampling, urinary tellurium con-
centration, and employment duration as predictor variables displayed a link between
the reporting of garlic smell and concentration of Te in the urine. The possibility of
garlic reporting was raised as workers reached urinary tellurium concentration sur-
passing 1 μmol/mol creatinine.

Tellurium poisoning is rare and is almost limited to professionaly exposed
workers. Just a few instances of non-occupational intoxications have been stated up to
now. Keall et al. [71] have reported three cases of accidental intoxication of tellurium.
Instead of sodium iodide, a solution of sodium tellurite was mistakenly given to the
patients during retrograde pyelography. For two of them, the estimated dose was
almost 2 g (30 mg/kg). Both of them displayed signs of vomiting, renal pain, stupor,
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cyanosis, irregular breathing, and died almost 6 h after injection. A sharp garlic-like
smell was produced from all tissues during the autopsy and deposition of black Te was
detected in the mucosa of the ureter and the bladder. Clogging was found in the liver,
kidney, spleen, and lungs. The third patientwhodid not receive a larger dose recovered
without showing other symptoms except characteristic garlic-like breath odor.

The major signs during tellurium intoxication include a metallic taste in the
mouth, dryness of the mouth, suppression of sweating, loss of appetite, and a strong
garlic-like odor of the sweat, urine, and breath. These signs were noticed in a woman
aged 37 years who were non occupationally exposed to Te intoxication [72].

Vij and Hardej [73] have reported the toxicity of tellurium in transformed and non-
transformed human colon cells. The results of the study showed that both tellurium
tetrachloride and diphenyl ditelluride are cytotoxic to colon cell lines. Diphenyl
ditelluride caused apoptosis through the inherent pathway in all tested cells, whereas
tellurium tetrachloride resulted in necrosis.

Yarema et al. [67] reported the two cases of children who accidentally ingested
metal oxidizing solutions holding considerable amounts of Te. Clinical features
comprised garlic odor breath, vomiting, and black staining of the oral mucosa. One of
them developed a corrosive injury to the esophagus. Both patients were recovered
without serious consequences, which is characteristic of Te toxicity.

Critical and subcritical studies of systematic intoxication of Te compounds in rats
display various symptoms including gastrointestinal disturbances, hind leg paralysis,
listlessness, weight loss, anorexia, somnolence, reduced locomotor activity, occa-
sionally epilation, and changes in the fur [31, 48, 74].

Studies on rabbits, rats, and Pekin ducks exposed to diverse Te compounds such as
sodium tellurite, tellurium tetrachloride, and tellurium dioxide, presented changes in
the liver extending from simple cellular swelling to hydropic and fatty degeneration
and cell necrosis. Additional variations were also observed including impairment to
glycogen function, protein metabolism, and detoxifying functions, as represented by a
dose-related decrease of galactose tolerance, reduced albumin-globulin ration in
serum, inhibition of cholinesterase, hippuric acid excretion, and urinary bilirubin
excretion [25, 75].

The molecular basis of Te toxicity has been thoroughly investigated in prokaryotic
cells. Such as, various genetic determinants of Te resistance have been recognized in
diverse bacterial strains [76, 77]. Furthermore, a study has been reported in which
numerous factors involved in the bacterial resistance against Te and the metabolic
pathways of Te toxicity have been identified [78].

The pathway of Te uptake in Escherichia coli cells was successfully demonstrated
by Elias et al. [79] and it was indicated that a vital route of the entrance of Te into E. coli
is facilitated by the PitA phosphate transporter which is a class of cell membrane
transporters. Tellurium behaves as a general oxidizing agent in prokaryotic cells, thus
its toxicity seems to be facilitated across the generation of reactive oxygen species and
specifically the superoxide anion [76, 80, 81].
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A description of the toxicity of Te compounds may be related to the chemistry of
tellurium and sulfur. Nevertheless, tellurium’s high affinity to Selenium is associ-
ated with its biochemical actions within the body. Thus, one more reason for the
toxicity of Te can be linked with the binding between Te compounds and Se that can
be found in some selenium enzymes and proteins, leading to substantial toxicity for
human cells. As a result, it has been assumed that Te compounds are more likely to
bind with Se than sulfur since it shows some specificity for cellular selenium pro-
teins [28]. Furthermore, unwanted connections between Te compounds and Se- and
S-containing biomolecules might have severe consequences. The compounds of Te
can deteriorate the antioxidant defense of the cell at the same time that actively
produces reactive oxygen species (ROS). Such ROS are linked to various molecules
such as ozone, hydrogen peroxide, or super-oxides [82]. Tellurium also persuades
the overproduction of these species that cause mitochondrial dysfunction, and as a
result, the death of cells takes place because of a process of apoptosis (self-pro-
grammed death) [83, 84].

The toxicity of Se and Te is linked with the production of analogical secondary
metabolites such as dimethyl selenide ((CH3)2Se) and dimethyl telluride ((CH3)2Te)
both of which have a significant garlic smell. Their toxicity is exerted through a strong
interface with cysteine-containing enzymes and proteins [17].

Short-lived radioactive isotope, 132Te, is one of themost toxic forms of Te. It is a part
of nuclear disaster contamination and was the third most released radionuclide suc-
ceeding the Fukushima Daiichi incident, with the overall released activity of 180
petabecquerels (PBq) only less than that from 133Xe and 131I [85]. It is believed that
exposure to 132Te contributes to the high occurrence of thyroid cancers in people that
are directly exposed to radiation after the Fukushima Daiichi nuclear incident [86].

Though less toxic than their bioavailable and soluble oxyanion counterparts,
nanoparticles of Te and Se are themselves toxic to several microorganisms. Numerous
Te-resistant microorganisms actively produce Te nanoparticles from Te oxyanions as a
detoxifying mechanism. The toxicity mechanism for non-resistant microorganisms
(i) may contribute to functional damage of cell membranes by altering their compo-
sition [87], and (ii) is believed to be due to the reaction of nanoparticles with intra-
cellular thiols, generating reactive oxygen species (ROS) resulting in oxidative stress,
similarly like the oxyanions of Te and Se [88].

Another type of toxic Te-containing nanoparticle emerges in the form of Cd-Te
quantum dots, which are now considered cytotoxic [89, 90]. The main factor in their
toxicity is the generation of ROSwhen Cd-Te nanoparticles directly interact with the
mitochondria, plasmamembrane, and nucleus of cells [90]. Other factors of toxicity
include the release of soluble Cd2+ ions and the whole intracellular distribution of
the quantum dots [89]. Thus, for safe usage, Cd-Te quantum dots must be firmly
encapsulated in the protective coatings (e.g. glutathione) [91] and should have
sometimes been replaced by quantum dots produced from other materials [92, 93].
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6.1.6 Treatment of tellurium poisoning

Themedical diagnosis ofworkers exposed to tellurium should include vigilant CNS and
skin examination, whichmay be followed by urine analysis, pulmonary function tests,
and chest radiography. In case of exposure to telluriumhexafluoride, pulse oximetry or
arterial blood gases should bemonitored and hematological parameters should also be
checked. For the treatment of Te intoxication in case of oral exposure, activated
charcoal as a slurry should be administered. The normal dosage is 25–100 g in adults,
25–50 g in children, and 1 g/kg in infants. Treatment is not required in case of inha-
lational exposure, but the patient should immediately be taken to fresh air. In case of
exposure to eyes, they should be washed with plenty of water for at least 15 min. The
affected should be moved to a health care facility if pain, irritation, photophobia, or
lacrimation occurs. Whereas in case of skin exposure, the infected clothing should be
taken off, and the subjected area should be carefully cleaned with soap and water [30].

6.2 Conclusions

Tellurium is one of the rarest elements on the Earth and is regarded as toxic to humans.
Its toxicity depends upon its chemical form and oxidation state. The increased demand
for Te due to its wide use in everyday life has developed distress about environmental
and human health problems. To date, the toxicity of tellurium and its compounds has
only been investigated superficially and very little is known about its intoxication. As
tellurium is extensively used in daily life activities, humans are becoming more
exposed to this element. Therefore, thorough studies are required to investigate its
toxicity and the associated pathologic and metabolic processes in the near future.
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7 Accessing the environmental impact of
tellurium metal

Abstract: Tellurium is gaining technical significance because of being a vital con-
stituent for the growth of green-energy products and technologies. Owing to its unique
property of interchangeable oxidation states it has a tricky though interesting chem-
istry with basically unidentified environmental effects. The understanding of envi-
ronmental actions of tellurium has significant gaps for instance, its existence and
effects in various environmental sections related tomining, handling and removal and
disposal methods. To bridge this gap it is required to assess its distinctive concentra-
tions in the environment together with proper knowledge of its environmental chem-
istry. This in turn significantly requires developing systematic diagnostic schemes
which are sensitive enough to present statistics in the concentrations which are
environmentally relevant. The broad assessment of available statistics illustrates that
tellurium is being found in a very scarce concentrations in various environmental
sections. Very less information is available for the presence and effects of tellurium in
air and natural water resources. Various soil and lake sediment analysis statistics
indicate towards the presence of tellurium in soil owing to release of dust, ash and slag
during mining and manufacturing practices. Computing the release and behavior of
tellurium in environment needs a thorough assessment of its anthropogenic life cycle
which in turnwill facilitate information about its existing andprospective release in the
environment, and will aid to handle the metal more sensibly.

Keywords: anthropogenic life cycle; diagnostic schemes; green-energy products;
scarce concentrations.

7.1 Introduction

The demand for tellurium has inflated to a great extent due to its usage in star-
photovoltaics globally. Computing the effect of element onto the surroundings requires
a life-cycle wide examination of the element-cycle (parallel to the natural element-
cycles). Tellurium is one of the rare elements (eight times scarce than gold) on Earth.
Majority of the rocks contain grains of the metal in the form of a silver-white colored
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brittle material amounting around three parts per billion amount of the total tellurium
[1, 2]. Grains of native tellurium seem in rocks as a brittle, silvery-white substance, but it
usually occurs in telluride minerals of platinum, silver and gold. Tellurium is a
metalloid exhibiting the characteristics of metals and non-metals both. The distinct
isolation of element was made possible only after 15 years of its discovery (in the year
1780, from the gold ores) and was named tellurium, after the Latin phrase “tellus,”
meaning as “the fruit of the Earth” [3–6]. Traditionally, tellurium is been exploited as
an additive in the alloys of iron, lead and copper. Owing to its low-abundance, not
much is knownabout its toxicity or its impact onhumanbeings and various ecosystems
(Tables 7.1 and 7.2).

7.2 Where does tellurium come from? sources of
tellurium

Tellurium (Te) is a metalloid from sixth group of periodic table, which is been used for
alloying, for manufacturing solar-panels, glass optical-fibers, magnetic-discs and
nanomaterials, as a pigment and as catalyst for ceramic industry [7, 8]. Though
tellurium rarely exists as elemental state, it predominantly exists in Earth crust as
alloys of silver, copper and gold. The concentration of this rare-earth element ranges
from 3–205 ppb in Earth crust and 0.06–1 ppm in hydro-thermal samples. TeO3

2− and
TeO4

2− are the most commonly occurring, soluble and most toxic tellurite oxy-anions
having tellurium in +4 and +6 oxidation states [9–11].

Contrary to the belief of considering tellurium as a foreign-element in the bodies
of living-beings, tellurium has been found in substantial amounts in the human
bone tissues, urine and blood. Additionally, tellurium was also established to form

Table .: Common sources of tellurium.

Anode slimes at copper refineries
Seafloor volcanogenic massive sulfide (VMS) deposits
Discreet telluride minerals
Recycling solar cells
Structures of sulfide minerals in most gold deposits
Undersea mineral recovery (ferromanganese nodules on the ocean floor)

Table .: Commonly occurring chemical forms of tellurium.

Commonly occurring forms of
tellurium

Te(CH), HTe, Te(CH), HTeO, HTeO, HOTe.Na, TeBr, TeCl,
TeO, TeBr, TeCl, TeF, TeI, TeO
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structural part of some amino-acids, such as tellurocysteine and telluromethionine in
some bacterial proteins, yeast and fungi, suggesting some possible biological role for
the metalloid [12, 13].

7.3 How do we use tellurium?

Tellurium is primarily been used for the production of photovoltaic-films to be used in
solar-cells. The alloying of tellurium with cadmium produces a compound with
enhanced the electrical-conductivity (Table 7.3) [14–16].

7.4 Assessment studies on effects of tellurium

Metals are vital for maintaining the materials-base of current technology and are ex-
pected to be of growing-importance in the transition towards the sustainable-
technologies. With the growing technological advances, the demand for tellurium, the
rare-element, is also increasing [17, 18]. Tellurium metal is useful for making solar-
panels for green-energy technologies, for the production of rubber, plays an important
role in electronic equipment, but the toxic nature of some of its forms is making
researchers anxious about the likely environmental contaminations. Owing to their
prevalent uses, it is verymuch important andneeded to understand the environmental-
implications of tellurium and its derivatives, all-through their life-cycle in order to
build conversant choices of raw-materials, methods, designs and stay away from
shifting of environmental-burdens [19].

Life cycle assessment (LCA) can be utilized as a significant tool to compute the
system-wide environmental-load of services, and technologies involving the usage of
tellurium based products. A significant research on the life-cycle impacts of metals
is obtainable from a range of articles and scientific reports being published based on

Table .: Uses of tellurium

As an alloying component with cadmium Enhances electrical conductivity
As an additive to steel, copper, and lead
alloys

Improves tensile-strength, ductility and helps in preven-
tion of sulfuric acid corrosion in thermoelectric
equipments

As a vulcanizing agent in the chemical
industry

Durable products, improves heat-resistance of rubber

As a coloring agent in copying machines Improves coloring of ceramics and glass
As an additive to gasoline Prevents engine-knocks in automobiles
As an additive to integrated-circuits, laser-
diodes, and medical-instruments

Improveddurability, electrical conductivity and enhanced
performance
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life cycle inventory (LCI) data-bases [20–22]. However, many LCI data are reported is
either the pre-allocated one or is reported at system process level itself. The available
LCI data are also do not always represent the global metals production-route of
telluriumand its various forms andmay sometimes be correspond to the inventory data
of obsolete technologies.

Though tellurium occurs in slight concentrations in the oceans and in Earth crust,
it is often released in the environment as a by-product of metal-production andmining
of coal and burning of oil. The environmental deposition data of telluriumwasmajorly
sourced from the studies of the lake-sediments around the coal burning and metal
production sites. The existing information about the existence and behavior of tellu-
rium and its compounds in the environmental domain is quite inadequate, and it
straight away necessitates the upgrading of analytical methods. Still following studies
by researchers have been performed to assess the environmental impacts of tellurium
[23–25].
1. Nuss (2019) presented an appropriate assessment of life-cycle of the anthropogenic-

cycle of tellurium linking its environmental inputs during the whole process of
production and uses. The author highlighted the need of implementing appropriate
end-of-life management-approaches for the photovoltaic units after the end of their
operational-life.

2. Filella and May [26] identified gaps and proposed the ‘best’ constant-values by
performing the critical evaluation of thermodynamics and equilibrium-data for
tellurium.

3. [27] reviewed the interaction of telluriumwith prokaryotic organisms andhighlighted
the lagging behind of the biological studies of tellurium. Tellurium-interaction
with the prokaryotes is the most studied area, covering an array of aspects, together
with the recent attention towards bio-nanotechnology. Tellurium is found in sub-
stantial amounts as a fission-product in nuclear-facilities.

4. Gil-Díaz [28] pointed towards the existence, impacts and importance of tellurium
radio-nuclides after evaluating the environmental releases from the nuclear power-
plants at Chernobyl and Fukushima-Daiichi.

5. [29] performed the physiochemical categorization of tellurium found in tellurium-
enriched mine tailings and the results obtained pointed towards minimal bio-
accessibility of the element.

6. A non-negligible bio-accumulation of telluriumwas observed in the wild oysters by
Gil-Díaz et al. [30].

Not much information is available about the impending environmental and human
health-impacts of the tellurium release and exposure. For an all-inclusive assessment
a sustainable metal-management system has to be implemented to cover various
aspects of its life cycle with a goal of assuring sustainability of social, economic and
environmental spheres. Broad study of quite a few impact-categories of immediate
consideration (toxicity, a-biotic resource exhaustion, excess land consumption),
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should be performed in future studies when site-specific inventory-data for sophis-
ticated LCA modeling studies on tellurium and its derivatives will become available
and accessible [31–34].

7.5 Effects of tellurium

Te has its reach up to the liver, kidneys, testes, and to the bones in human body.
Moreover, the chlorides of tellurium may cause cytotoxicity by getting accumulated
in human brain-cells, called astrocytes [35]. It is been observed that the plants which
have the characteristic behavior of accumulating the selenium metal, can also
accumulate the telluriummetal. Consequently, there is a threat of Te poisoning, after
consuming plant products grown in contaminated area [36]. Te has been found to be
present in vegetables like onion, garlic, citrus-fruits, cereals, potatoes, leguminous
plants and also is been found in few baby-food samples [37–39].

7.5.1 Potential environment impacts

The assessment of impending environmental effects of technologically significant
element like tellurium requires substantial concentration of the element (and its com-
pounds) in environmental samples to analyze the chemical-processes governing its
environmental behavior [40, 41]. The comprehensive assessment of the available data
illustrates that the values for tellurium-concentrations in various environmental samples
(from different environmental components) are very scarce, predominantly in natural-
water samples, where a consistent evaluation of tellurium concentration is can’t even be
produced. Figures available for air are less abundant than for the natural-water. Notable
and presentable concentration-figures do exist for soil-samples indicating towards the
geological sources of tellurium. Certain studies of soil-examinations from urban areas
and lake-sediments close to tellurium sources point towards its distribution and spread
in the environment because of the human-activities; though the distant transport in
atmosphere is yet to be proved [42–44]. Tellurium element along with its compounds
(cadmium telluride being the most likely) should be characterized as strongly-toxic
substance to the aquatic-ecosystem. Though, in some literature it is suggested that this
opinion is exaggeratedly cautious. Recent toxicity-testing in aquatic ecosystems did not
show any fatal or sub-fatal effect of cadmium telluride on zebra fish. The environmental
impacts tellurium compounds are not much investigated and explored and such studies
have recently gained momentum [26, 28, 30, 45].

7.5.2 Potential health impacts

Providentially, the compounds of tellurium are not commonly been encountered by
the humans and animals. The likelihood of tellurium acting as a health hazard in
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industries was first noticed in the fall of 1918 [46–49]. Tellurium is found to be present
in the dust and fumes coming out of the furnaces of industries probably as it is the oxide
and hydrogen telluride. They are mildly toxic in nature but intake in even very small
amount can causes awful-smelling breath and dreadful body-odor. Therefore it is very
much necessary to take certain precautions while handling and working with them.
Though tellurium is not carcinogenic in nature still the treatment of tellurium-
poisoning is a difficult process because the chelating-agents used for treatment result
into increase in the toxicity of tellurium. Tellurium compounds might sometimes
behave as an embryo-toxic substance. Inhalation of dusts containing tellurium,
released during metal-refining process is one of the likely sources of workplace-
exposure to tellurium compounds [45, 50, 51].

Routes of exposure: the substance can enter inside the body as aerosol through
following routes
1. Respiratory tract
2. Alimentary tract
3. Nasopharynx
4. Absorption through skin (tellurous acid)

Fate of tellurium inside the body – tellurium undergoes through following chemical
transformations inside the body [52, 53]
1. Firstly the tellurium salts are reduced tometallic-tellurium (this step plays themajor

role in toxic effects of tellurium).
2. Next to reduction, methyl telluride is formed (this synthesis of methyl telluride is an

uncommon example of synthesis of a methyl compound inside the animal body).

Excretion [54–56]
1. Most of the consumed substance is exterminated from the body in the metallic form

through feces
2. It is also eliminated as methyl telluride through urine, dermal-secretions, exhaled-

breath and feces.
3. Small amounts are also expelled in their soluble through bile and urine.

The health effects of tellurium are summed up in Table 7.4
Tellurites particularly are found to be harmful for prokaryotic species by-far more

lethal than silver, lead and mercury. Though the strong antibacterial-action of tellu-
rium is known for many years (since 1930s), the chemistry underlying tellurite toxicity
is still unspoken. In-spite of being highly toxic to bacteria, tellurite resistant bacteria
have also been isolated in the year 1980 [57, 58]. The tellurium found in bacterial cells
induces black intra-cellular deposits resulting into the black-coloration of bacterial
colonies [59]. Indeed, micro-organisms play an essential role in instituting the
environmental-fate of an element. They might alter the bio-availability and the
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mobility of the element in the environment and for this reason affect the intrinsic-
toxicity of that element [60, 61]. Tellurium, in its elemental state by itself is non-toxic,
but its pro-oxidant nature of its tellurite oxyanion is highly toxic to bacterial-cells [57].
Biological-effects of Te and its derivatives on the central nervous-systemare not limited
to the peripheral nerves only (Table 7.5).

As of now no cases of severe tellurium-poisoning have been reported but patients
suffering with tellurium poisoning may show signs of aggressive vomiting, intestinal-
hemorrhages, loss of sense and reflexes, acute depression, and paralysis of the central-
nervous-system, with un-consciousness, and at last death in spasm. Associated with
these symptoms patients may also show signs of obliteration of the red-blood-cells,
declining hemoglobin-content, severe nephritis and gastro-enteritis [36, 57, 62, 63].

Table .: Health impacts of tellurium

Inhalation of dispersed
airborne particles

Garlic-odor in breath (tellurium-breath), drowsiness, nausea, head-
ache, dryness of mouth, metallic taste in mouth, suppressed secretion
of saliva

Short-term exposure Irritation of the eyes, dryness and itching of skin, irritation in respi-
ratory tract, effects on liver and central nervous system

Ingestion Pain in stomach, mild gastroenteritis, weight loss, diarrhea, sup-
pression of sweat, cytotoxicity

Chemical effects Toxic-fumes (hydrogen telluride gas) on heating, risk of fire when
brought in contact of halogens, has combustible nature

Table .: Toxicity data of tellurium and compounds following prolonged exposure to substantial
amount.

Animal-species Te
derivative

Result of prolonged exposure to substantial amount

Rat Te, TeO Weight-loss, irritation in respiratory-tract, fur-loss, haemolysis,
deterioration of Schwann-cells, growth-retardation, paresis,
redness, short-term paralysis of hind-legs, anuria or oligouria,
necrosis of kidney and liver

Rat, mouse and
guinea-pig

Te(CH) Dermatitis, weight-loss, haemolytic-effects, effects on heart,
serum-proteins, liver-enzymes and central nervous system and
other organs

Pigs and weanling TeCl Necrosis of skeletal and cardiac muscles, decreased blood
GSH-activity

Rats and rabbits NaTeO Necrosis of intestine and liver effects on CNS; distorted brain-
morphology

Rats KTeO Enhanced-activity, impaired-growth, no consequences observed
on the learning-ability
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7.6 Concluding remarks

Though the toxicity level and effects of some of the compounds of tellurium are known,
still the very little concentrations in almost all the environment hinder in the process of
its assessment. The existence of tellurium in sediments, air-particulate matters, soil
and natural-water validates its bio-mobility. Overcoming the existing methodical re-
strictions is critical for progressing the environmental assessment. Further research is
required to have a comprehensive assessment of the effects of tellurium and its com-
pounds, their redox-transformations, volatility and assimilations in environment and
its components.
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bioactive organotellurium scaffolds

Abstract: This review deals with the latest developments on the synthesis of biologi-
cally promising organotellurim scaffolds reported during last two decades.
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taining heterocycles.

8.1 Introduction

Organotellurium compounds found to possess a wide range of pharmacological
activities. Figure 8.1 represents a glimpse of organotellurium scaffolds having a wide
range of biological activities. Ammonium trichloro (dioxoethylene-O,O′)tellurate
(AS101) (I) may be the most significant synthetic organotellurium compounds having
a wide range of biological activities [1–11]. Yosef et al. [12] demonstrated that octa-
O-bis-(R, R)-tartarate ditellurane (SAS) (II) can selectively inactivate cysteine pro-
teases. Compound III and IV are used as antioxidants [13]. The compoundV possesses
significant cysteine protease inhibitor activity [14]. Compound VI exhibited as kidney-
type glutaminase (KGA) inhibitors [15]. Very recently, in 2021, compound VII has
found to possess antitumor activity [16]. Compound VIII showed glutathione
peroxidase-like catalysis of the reduction of hydroperoxides [17]. Potent anticancer
activity was exhibited by compound XI [18]. By following Passerini and Ugi reaction
protocols, Shaaban et al. [19] synthesized a number of tellurium-containing scaffolds
(X–XV) having significant cytotoxic activity. The new organotellurium compoundXVI
showed significant antioxidant activity and was found more effective than solketal
((2,2-dimethyl-1,3-dioxolan-4-yl)methanol) to inhibit induced lipid peroxidation [20].
Degrandi et al. [21] evaluated cytotoxicity, mutagenicity and genotoxicity of diphenyl
ditelluride (XVII) in several biological models (Figure 8.2). On the other hand, orga-
notellurium compounds were found effective for various nonconventional trans-
formations which include dehalogenation of vicinal dibromides [22], metal insertion
[23], silyltelluride-mediated radical coupling reactions [24] and oxidative addition [25]
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reactions. Because of these beneficial activities, organotellurium compounds have
been received immense importance since long back. In 1987, Hu et al. [26] synthesized
novel organotellurium compounds through the aminotellurinylation of olefins. In 1992,
Yoshida et al. [27] prepared a series of tellurium substituted novel O-heterocycles via
the intramolecular ring closure reactions of unsaturated hydroxyl. Next year, a series
of ortho-amino substituted novel organotellurium compounds was synthesized by
Al-Rubaie et al. [28]. In 1996, Dabdoub et al. [29] synthesized ketene butyltelluro (phe-
nylseleno)acetals via the Al/Te exchange reactions. Very next year, the same group [30]
also synthesized structurally diverse organotelluriumcompounds through the formation
of zirconated vinyl telluride intermediates. In 1999, Ferraz et al. [31] synthesized another

Figure 8.1: Glimpse of organotellurium scaffolds having a wide range of biological activities.

Figure 8.2: Diaryl ditelluride as cytotoxicity and genotoxicity agent.
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series of biologically promising tellurium substituted novel O-heterocycles. In the same
year, Ogawa et al. [32] carried out photo-irradiated regioselective thiotelluration of
vinylcyclopropanes. Various research groups synthesized structurally diverse highly
functionalized vinyl tellurides in good yields [33–36]. In continuation of our strong
interestwithorganochalcogenides [37, 38] andbioactive scaffolds [39–45], in this review,
we have summarized the latest developments on the synthesis of structurally diverse
biologically promising organotellurium compounds reported during last two decades.

8.2 Synthesis of organotellurium scaffolds

8.2.1 Synthesis of diaryl tellurides

Andersson and co-researchers [46] studied lipid peroxidation of various diaryl tellu-
rides and found promising efficacy (Figure 8.3). Roy et al. [47] prepared a heteroge-
neous catalyst by anchoring cupric acetate onto polystyrene functionalized with
pyridine thiosemicarbazone ligand (Cu@PSTC). After well characterized the material
by using FT-IR, SEM, EDAX, TGA and EPR techniques, they employed this material as
an efficient catalysts for the synthesis of a wide variety of unsymmetrical diaryl tel-
lurides (3) via the phenyl tellurylation of aryl boronic acids (1) using diphenyl ditel-
luride (2) in polyethylene glycol (PEG-600) at 80 °C (Figure 8.4). The catalyst was
recovered and reused for six further runs with almost same catalytic efficiency.

The same synthesis was also carried out by Prof. Ranu and his research group [48]
usingmagnetically separable nano-CuFe2O4 as catalyst in PEG-400 and DMSOmixture
as solvent at 100 °C (Figure 8.5). Along with diaryl tellurides, several aryl-heteroaryl,
aryl-styrenyl, aryl-alkenyl, aryl-allyl, aryl-alkyl and aryl-alkynyl tellurides were also
synthesized in excellent yields under this developed protocol. The catalyst was recy-
cled for eight runs without any significant loss in its catalytic activities. Wang et al. [49]
reported another facile protocol for the efficient synthesis of unsymmetrical diaryl

Figure 8.3: Glimpse of diaryl tellurides showed prominent lipid peroxidation efficacy.
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Figure 8.4: Synthesis of unsymmetrical diaryl tellurides from aryl boronic acids in PEG-600.

Figure 8.5: Synthesis of unsymmetrical diaryl or aryl-alkyl tellurides from various boronic acids.

166 8 Latest developments on the synthesis

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



tellurides (3) in excellent yields using a catalytic amount of iron powder as catalyst in
DMSO at 130 °C (Figure 8.6).
Prof. Ranu and his research group [50] demonstrated microwave-assisted rapid and
facile protocol for the efficient synthesis of a series of unsymmetrical diaryl tellurides
(3) from the reactions of aryl diazonium fluoroborate (4) and diphenyl ditelluride (2)
using zinc dust as catalyst in dimethyl carbonate (Figure 8.7). Under microwave-
irradiated conditions, all the reactions were accomplished within just 35 min and
afforded excellent yields. The same reactions required much higher times under con-
ventional heating conditions at 80 °C. The same group [51] also developed a photo-
catalyzed novel strategy for the direct conversion of aryl or heteroarylamines (5) to the
corresponding diaryl tellurides (3). In the absence of any metal catalysts, the reaction
underwent in neutral medium via in situ diazotization of amines (5) by using tert-butyl
nitrite followedbyphenyl tellurylationwithdiphenyl ditelluride (2) (Figure 8.8). Yamago
et al. [52] prepared a series of structurally diverse aryl-alkyl tellurides (3) from the
reactions of silyl tellurides (6) and organic halides (7) in acetonitrile (Figure 8.9). Silyl
halides were generated as byproducts. All the reactions were preceded smoothly and
afforded the corresponding products in good to excellent yields. The reaction couldn’t
take place in non-polar solvents such as toluene, THF etc. Under this optimized condi-
tions, alkyl bromides were found most reactive than alkyl chlorides or iodides.

8.2.2 Synthesis of alkenyl vinyl tellurides

Okoronkwo et al. [53] synthesized a series of alkenyl vinyl tellurides (10) starting from
various vinyl tellurides (8) and several alkynyl iodides (9) via cuprous iodide catalyzed
carbon–tellurium cross-coupling reaction in dimethyl formamide at room temperature
(Figure 8.10). Under the same reaction conditions, unsymmetrical dialkenyl tellurides
(12) were also synthesized in moderate yields from the reactions of alkynyl tellurides
(11) and alkynyl iodides (9) (Figure 8.11). Synthesized compounds were screened for

Figure 8.6: Iron-catalyzed synthesis of unsymmetrical diaryl tellurides from various boronic acids.
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antidepressant activity and some of them showed prominent efficacy. Plausible
mechanism is shown in Figure 8.12.

8.2.3 Synthesis of tellurodibenzoic acids

Hou et al. [54] prepared tellurodibenzoic acid derivatives (15) starting from
2-aminobenzoic acid derivatives (13). Diazotization of 1 afforded the corresponding

Figure 8.7: Microwave-assisted synthesis of unsymmetrical diaryl tellurides from aryl diazonium
fluoroborate.
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Figure 8.8: Photo-catalyzed synthesis of unsymmetrical diaryl tellurides from aryl amines.

Figure 8.9: Catalyst-free synthesis of various tellurides from aryl silyl tellurides in acetonitrile.

Figure 8.10: Synthesis of alkenyl vinyl tellurides from the reactions of vinyl tellurides and alkynyl
iodides.
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intermediated 14, which on reactionwith sodium telluride produced the corresponding
tellurodibenzoic acid derivatives (15) in moderate yields (Figure 8.13). Reaction of 15a
with excessive SOCl2 generated the acyl chloride intermediate 16, which on treating
with alcohol (17) or amines (18) afforded the corresponding esters (19) or amides (20) in
moderate yields (Figure 8.14). All the compounds were evaluated for the kidney type
glutaminase (KGA) inhibitor activity.

Figure 8.11: Synthesis of dialkenyl tellurides from the reactions of alkenyl tellurides and alkynyl
iodides.

Figure 8.12: Plausible mechanism for the formation of dialkenyl tellurides.
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8.2.4 Synthesis of 5-(aryltellanyl)pyrimidine-2,4(1H,3H)-diones

From the reaction between 2,4-bis(benzyloxy)-5-bromopyrimidine (21) and diaryl ditellur-
ides (2) under basic medium, Engman et al. [55] synthesized 5-(aryltellanyl)pyrimidine-

Figure 8.13: Synthesis of tellurodibenzoic acids starting from 2-aminobenzoic acid derivatives.

Figure 8.14: Synthesis of tellurodibenzoates and tellurodibenzamides.

8.2 Synthesis of organotellurium scaffolds 171

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



2,4(1H,3H)-diones (23) through the formation of the compound 22by following the pathway
depicted in Figure 8.15. Among these synthesized compounds, compound 23c showed
significant antitumor activity by inhibiting the formation of thioredoxin reductase in the
presence of thioredoxin and insulin. They have also prepared various structurally diverse
novel organotellurium compounds which also showed the same antitumor activity with
lower IC50 values (Figures 8.16–8.18). 12-((4-(Dimethylamino)phenyl)tellanyl)dodecanoic
acid (27)was synthesized from the reaction of sodium4-(dimethylamino)benzenetellurolate
(24) and methyl 12-bromododecanoate (25) through the formation of compound 26
(Figure 8.16). Reactions ofN-(2-oxotetrahydrofuran-3-yl)acetamide (28) and lithiumbutane-
1-tellurolate (29) afforded the corresponding lithium 2-acetamido-4-(butyltellanyl)buta-
noate (30) under basic conditions at room temperature (Figure 8.17). Starting from 2-(3-((4-
(1,3-dioxoisoindolin-2-yl)butyl)amino)propyl)isoindoline-1,3-dione (31), N-(4-aminobutyl)-
N-(3-aminopropyl)-4-(phenyltellanyl)butanamide (33) was synthesized by following the
pathway depicted in Figure 8.18 through the formation of intermediate 32.

Figure 8.17: Synthesis of lithium 2-acetamido-4-(butyltellanyl)butanoate as antitumor agent.

Figure 8.15: Synthesis of 5-(aryltellanyl)pyrimidine-2,4(1H,3H)-diones starting from
2,4-bis(benzyloxy)-5-bromopyrimidine.

Figure 8.16: Synthesis of 12-((4-(dimethylamino)phenyl)tellanyl)dodecanoic acid as antitumor agent.
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8.2.5 Synthesis of Te,N-heterocycles

8.2.5.1 Synthesis of 1,3-benzotellurazoles

Smith et al. [56] synthesized 1,3-benzotellurazoles (36) from the reactions of bis
(2-aminophenyl)ditelluride (34) and various isothiocyanates (35) in the presence
of metallic mercury and rongalite in dimethyl formamide under refluxed condi-
tions (Figure 8.19). Under this developed conditions various 2-benzoylamino-
1,3-benzotellurazoles (36a–36f) as well as 2-arylamino-1,3-benzotellurazoles (36 g)
were synthesized with moderate yields. It was proposed that the synthesis of
1,3-benzotellurazoles (36) was achieved through the formations of intermediate 37
and 38. Plausible mechanism is depicted in Figure 8.20.

Figure 8.18: Synthesis of N-(4-aminobutyl)-N-(3-aminopropyl)-4-(phenyltellanyl)butanamide as
antitumor agent.

Figure 8.19: Synthesis of 1,3-benzotellurazoles starting from bis(2-aminophenyl) ditelluride.
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8.2.6 Synthesis Te,O-heterocycles

8.2.6.1 Synthesis of ammonium trichloro(dioxoethylene-O,O)tellurate

Trichloro (dioxoethylene-O,O)tellurate possess a wide range of biological efficacies
including cysteine protease inhibitor activity [57]. Under microwave-assisted condi-
tions, Vázquez-Tato et al. [58] synthesized ammonium trichloro (dioxoethylene-O,O)
tellurate (I) from the reactions of Te (IV) chloride (39), ethylene glycol (40) and
ammonium chloride (Figure 8.21). The synthesized compound showed prominent
immunomodulator and antitumor activities.

8.2.7 Synthesis of organotellurium substituted-heterocycles

8.2.7.1 Synthesis of 2,2-dimethyl-4-((aryltellanyl)methyl)-1,3-dioxolanes

Nobre et al. [59] synthesized 2,2-dimethyl-4-((aryltellanyl)methyl)-1,3-dioxolane (42)
from the reactions of (2,2-dimethyl-1,3-dioxolan-4-yl)methyl 4-methylbenzenesulfonate
(41) anddiaryl ditellane (2) in the presence of sodiumborohydride inpolyethylene glycol
at 50 °C (Figure 8.22). Antioxidant efficacy of the synthesized compounds was evaluated
against 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay.

Figure 8.20: Plausible mechanism for the synthesis of 1,3-benzotellurazoles.

Figure 8.21: Microwave-assisted synthesis of ammonium trichloro (dioxoethylene-O,O)tellurate.

174 8 Latest developments on the synthesis

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



8.2.7.2 Synthesis of β-organotellurobutenolides

Xu et al. [60] synthesized β-organotellurobutenolides (45) from the reactions of
substituted α-allenoic acids (43) and PhTeCl (44) as the tellurenylating agent
(Figure 8.23). PhTeCl was generated in situ by the reactions of diphenyl ditelluride (2)
and sulfuryl chloride in dry MeCN at room temperature under inert atmosphere.

8.2.7.3 Synthesis of organotellurium functionalized chrysin derivatives

Fonseca et al. [61] prepared organotellurium functionalized chrysin derivative (49)
(Figure 8.24). At first, by following a reported method [62], the key intermediate 7-
(2-bromoethoxy)-5-hydroxy-2-phenyl-4H-chromen-4-one (48) was synthesized by the
reactions of chrysin (46) and 1,2-dibromoethane (47). Later on, the targeted compound
was synthesized in good yields from the reaction of the compound 48 and diphenyl
ditelluride (2) under refluxed conditions. Antioxidant activity of the synthesized
compound was evaluated and it showed moderate efficacy.

Figure 8.22: Synthesis of 2,2-dimethyl-4-((aryltellanyl)methyl)-1,3-dioxolanes in polyethylene glycol
at 50 °C.

Figure 8.23: Synthesis of β-organotellurobutenolides by using in situ generated PhTeCl as the
tellurenylating agent.
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8.2.7.4 Synthesis of 3-(phenyltellanyl)octahydrobenzofuran

Starting from 7-oxabicyclo [4.1.0]heptanes (50), Ericsson and Engma [63] synthesized
3-(phenyltellanyl)octahydrobenzofuran (54) in good yield (Figure 8.25). At the first
step, the ring-opening of epoxide (50) was carried out by using diphenyl ditelluride (2)
to generate the corresponding compound 51. In the next step, O-allylation of the
compound 51 by using allyl bromide (52) provided the compound 53which undergoes
group-transfer cyclization under microwave-assisted conditions and afforded the
corresponding 3-(phenyltellanyl)octahydro-benzofuran (54) within just 3 min.

8.2.7.5 Synthesis of bis(chloro-bis(2-thienyl)tellurium)oxide

Starting from bis(thienyl)tellurium dichloride (55), Singh et al. [64] demonstrated the
synthesis of bis(chloro-bis(2-thienyl)tellurium)oxide (57) via the dimerization of the
compound 56 in the presence of silver cyanide (Figure 8.26).

Figure 8.24: Synthesis of 5-hydroxy-2-phenyl-7-(2-(aryltellanyl)ethoxy)-4H-chromen-4-ones using
diaryl ditellurides.

Figure 8.25: Synthesis of 3-(phenyltellanyl)octahydrobenzofuran starting from 7-oxabicyclo[4.1.0]
heptanes.
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8.3 Conclusions

Various organotelluride derivatives have been found to possess significant biological
efficacies. In this review, we have summarized latest developments on the synthesis of
structurally diverse biologically promising organotellurium compoundswhich include
unsymmetrical diaryl or aryl-alkyl tellurides, alkenyl vinyl tellurides, tellurodibenzoic
acids, tellurodibenzoates, tellurodibenzamides, 1,3-benzotellurazoles, β-organo-
tellurobutenolides and various tellurium substituted heterocycles.
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Anjaly Das, Aparna Das and Bimal Krishna Banik*

9 Tellurium-based chemical sensors

Abstract: The various tellurium-based chemical sensors are described. This article
focuses on four types of Tellurium sensors such as CdTe quantum dots-based sensor,
Te thin films-based sensor, Te nanostructures or nanoparticles-based sensor, and
TeO2-based sensor.

Keywords: luminescence; nanostructures; semiconductors; sensors; tellurium.

9.1 Introduction

Tellurium (Te) is a semiconductor having lowband gap. Te is practicable forwide range
of applications including transistors, optical recording, strain sensitive devices, gas
sensors, thermoelectric devices, and infrared detectors [1, 2]. Tellurium is tractable to
the making of one-dimensional nanostructures because of the anisotropic crystal
system, for example as nanotubes and nanowires.

Te-based materials have shown remarkable sensing properties and it is a good
option for gas sensor application, operating at room temperature. Te gas sensors got
considerable attention, as they are sensitive, compact, economical, and consume low
power. In this article, we disclose the fabrication and sensing properties of four
different Te-based sensors.

9.2 CdTe quantum dots-based sensor

The luminescent semiconductor nanocrystals quantum dots (QDs) have several
excellent characteristics compared to the conventional fluorescent materials. The
features include broad absorption, strong fluorescence, narrow and symmetric
emission bands, feasibility for surface modification, large surface area, outstanding
chemical stability, high photostability, high resistance to photo-bleaching, and
biocompatibility.
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9.2.1 Ascorbic acid detection

Ascorbic acid (Vitamin C, AA) plays a critical role in several pathological and phys-
iological procedures in the human [3, 4]. In the human body, it is a vitally necessary
biomolecule. Ascorbic acid can be utilized as an enzyme complement, cofactor, or a
combination of some biochemical actions to forbid human disorders [5], also ascorbic
acid has good antioxidant properties. In addition, to raise the iron absorption in the
human, it could cut down ferric ions into ferrous ions [6]. Thus, the deficiency of
ascorbic acid can regulate biological operations and make several disorders such as
cataracts, cancer, scurvy cardiovascular disease, aging and epidermal atrophy [7, 8].
Consequently, a quantitative ascorbic acid determination is very crucial for the rapid
and early sensing of these diseases. Currently available methods for the spotting of
ascorbic acid includes electrochemistry, chromatography [9], capillary electropho-
resis [10], fluorescence [11, 12], and electrochemiluminescence [13]. A solid-state
Electrochemiluminescence (ECL) sensor established on CdTe quantum dots and
nitrogen-doped graphene (NG) was reported [14]. The sensor displayed long-time
electrochemiluminescence stability along with high electrochemiluminescence
intensity. Together with the electrochemiluminescence mechanism, the factors
effecting on sensor’s electrochemiluminescence emission were investigated in detail.
The sensor was used for the detection of ascorbic acid and the detection was based on
the electrochemiluminescence quenching of ascorbic acid. The study showed that
due to the electrochemiluminescence quenching of the ascorbic acid, the electro-
chemiluminescence intensity of the sensor diminished in a gradual manner along
with the increment of ascorbic acid concentrations (Figure 9.1A). In the range from
0.04 to 200 µM, the sensor showed a linear response as shown in Figure 9.1B. The
detection limit was observed at 0.015 µM for ascorbic acid.

Ding et al. reported CdTe QDs capped with Mercaptopropionic acid (MPA-CdTe
QDs) as an “on-off-on” ultrasensitive fluorescence probe for the detection of ascorbic
acid through redox reaction [15]. The capped QDs were fabricated by hydrothermal
method in an aqueous medium. For metal ions, the capped QDs fluorescence probe
also could be applied as a successive sensor with an “on-off-on” process. The fluo-
rescence of QDs was quenched by the addition of Fe3+. After that, the fluorescence can
be turned on in a sensitive manner by ascorbic acid to give an “on-off-on” fluorescence
response in accordance with the oxidation-reduction among Fe3+ and ascorbic acid
(Figure 9.2). Since Fe3+ sensitively reacted with CdTe QDs, there was a linear rela-
tionship between the Fe3+ concentration in the range from 2 to 10 μM and fluorescence
intensity quenching value. For ascorbic acid, the linear detection scale was 0.1–1 μM
and the detection limit was observed at 6.6 nM. This procedure was applied to detect
the ascorbic acid in the human plasma sample in a successful manner.
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Figure 9.1: (A) Electrochemiluminescence intensity changes versus ascorbic acid concentrations: (a)
0; (b) 0.04 µM; (c) 0.2 µM; (d) 2 µM; (e) 6 µM; (f) 20 µM; (g) 60 µM; (h) 100 µM; (i) 200 µM; (B) calibration
curve for the detection of ascorbic acid. Adapted with permission from [14].

Figure 9.2: (a) Fluorescence spectra of Fe3+@MPA-CdTe QDs. (b) The linearity relationship among
various concentrations of Fe3+ and a fluorescence intensity value of (F0–F). (c) Fluorescence spectra
with various concentrations of ascorbic acid. (d) The linearity relationship among different
concentrations of ascorbic acid and fluorescence intensity value of (F–F0)/F0. Adapted with
permission from [15].

9.2 CdTe quantum dots-based sensor 185

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



9.2.2 Drugs detection

To forbid a diverse of diseases, Sulfadimidine (SM2) is used in a great degree in live-
stock feeds and stock farming [16]. It is one of the important sulfonamide antibacterials.
Through drinking water and animal food containing the residue of sulfadimidine, the
sulfadimidine can get into the human body in a gradual manner. Studies have shown
that the excess amount of sulfadimidine can make allergies in the human and destruct
the microflora’s normal ecological balance [17]. Several methods are available for the
detection of SM2, including the solid-phase extraction method, supercritical fluid
extraction and high-performance liquid chromatography. However, these methods
have several limitations including low efficiency, high cost and complexity of process,
[18, 19].

For the detection of sulfadimidine, Zhou et al. investigated the fabrication of
surface molecular imprinting polymer (MIP) on CdTe QDs coated with SiO2 as a sensor
[20]. In this fluorescent sensor, for the fluorescent signal readout CdTe quantum dots
were employed, as the functional monomer 3-aminopropyltriethoxysilane (APTES)
was used, and as cross-linking agent tetraethyloxysilane (TEOS)was used. In the range
of 10–60 μmol/L, the relative fluorescent intensity was decreased with the raising of
sulfadimidine concentration (Figure 9.3). The recoveries were at the range of 90–99%
and the relative standard diversion was in the scale of 1.9–3.1%. The Stern-Volmer plot
analysis with diverse types of sulfonamides is shown in Figure 9.4.

Tetracycline is a member of broad-spectrum antibiotics and it has advantageous
actions toward pathogenic microorganisms. Tetracycline is widely used in food,

Figure 9.3: Fluorescence emission spectra of QDs@SiO2-MIPs with different concentrations of
sulfonamides (10, 20, 30, 40, 50, 60 μmol/L) in ethanol solution and water. Adapted with permission
from [20].
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pharmaceuticals, and the environment because of its worths, such as hypotoxicity,
proper oral absorption, and low cost [21, 22]. However, the residues in drinking water
and animal food induced by the overuse of Tetracycline and other antibiotics guide to
cell resistance and several chronic disorders in human. Thus, it is important tomake an
easy-to-use, fast, on-site or real-time visualization process to detect the Tetracycline
and other related antibiotics. For colorimetric and visual detection of tetracycline, a
dual-response ratiometric fluorescent sensor was reported recently by using europium-
doped CdTe QDs [23].

With the addition of tetracycline, the fluorescence of the probe can be observed
from green to yellow and finally to red, by the naked eye. It exhibits a broad-chromatic
and dosage-sensitive sensing scheme for tetracycline. The fluorescence intensity ratio
of the sensor showed a proper linear relation to concentrations of tetracycline in the
range of 0–80 μM and the detection limit was 2.2 nM. The changes in the fluorescence
spectra with concentrations of tetracycline are shown in Figure 9.5. The fluorescence of
europium ions (616 nm) is raised with the increase of tetracycline, while the CdTe
quantum dot’s fluorescence (512 nm) is diminished gradually.

Amoxicillin (AMX) is another widely employed antibiotic for the treatment of
several infections [24–26]. Wong et al. described an electrochemical platform using
CdTe quantum dots and other inexpensive nanomaterials to detect the AMX in various
matrices [27]. The device is based on an integration of Printex 6L Carbon and CdTe QDs
within a poly(3,4-ethylenedioxythiophene) polystyrene sulfonate film. The sensor
depicted excellent selectivity and sensitivity for AMX detection, with a linear scale of
0.9–69 μmol L−1. It showed a low limit of detection of about 50 nmol L−1 (Figure 9.6).

Figure 9.4: Stern-Volmer plots from QDs@SiO2-MIPs with different types of SM2. Adapted with
permission from [20].
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From possible biological interferences such as paracetamol, uric acid, caffeine
and ascorbic acid, no substantial interference was detected (Figure 9.7). The study
also showed that applying an uncomplicated measurement device and without any
sample pre-treatment, the device can constitute an alternative way not only for the
analysis of clinical samples and pharmaceutical products but also for analysis of food
products.

Gemcitabine hydrochloride (GEM) is a chemotherapeutic agent used to treat
several tumors [28, 29]. Together with its excellent effects, it has lots of side effects. To
improve drug efficacy and reduce toxicity effects monitoring the GEM concentration in
biological samples is important [30]. Normally it is determined by gas chromatography
[31], liquid chromatography [32], the electroanalytical and spectroscopic analysis on
the actions with DNA [33, 34]. At the same time, these methods require expensive
instrumentation, are time-consuming, and suffered from low sensitivity [35].

Najafi et al. demonstrated, a procedure for the sensitive and selective quantitative
finding of GEM in biological material by evaluating the fluorescence quenching of

Figure 9.5: (a) Fluorescence spectral changes of Eu/CdTe quantum dots. With Tetracycline
concentrations of 0–80 μM. (b) The ratiometric calibration plot of Eu/CdTe quantum dots. Adapted
with permission from [23].

Figure 9.6: Square wave voltammetry (SWV)
voltammograms for sensor, with the optimized
parameters. The amoxicillin concentrations
in μmol L−1 were in a range of 0.9–69 μmol L−1.
Linear dependence of the peaks current with
amoxicillin concentrations is shown in inset.
Adapted with permission from [27].
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functionalized Au doped CdTe quantum dots [36]. The thioglycolic acid-capped Au
doped CdTe QDs synthesized via hydrothermal methods showed good photostability
and excellent photoluminescence intensity. The application of gemcitabine anticancer
drugs quenches the fluorescence of the QDs via photoinduced charge transfer. For
Gemcitabine in aqueous media, the limits of sensing were 0.1 μM. The sensor was also
can be used to detect the drug in human urine and plasma with high sensitivity, broad
linear range, excellent selectivity and small detection limit.

DES (Diethylstilbestrol) is an exogenous estrogen. It is widely applied in
aquaculture and animal husbandry. DES is also used as a growth promoter. Studies
showed that Diethylstilbestrol can enter to the human food chain via milk, meat,
and water. Also it can stay in the human body for a longer duration [37]. It can
create several health issues [38]. For the detection of DES, several traditional
methods such as chemiluminescence assay [39], gas chromatography together with
mass spectrometry [40], liquid chromatography together with mass spectrometry
[41], electrochemistry [42], and immunoassay [43, 44] are available. However,
these methods have several drawbacks. Zhao et al. demonstrated an electro-
chemiluminescence solid-state imprinted sensor using graphene/CdTe@ZnS QDs as
luminescent probes [45]. The ultrasensing detection of diethylstilbestrol was possible
with the sensor.

Glyphosate (N-Phosphomethylglycine or GP) is one of the most widely used her-
bicides worldwide [46, 47]. It has outstanding weed control capability. Even though it
makes low noxiousness to the living organism, its residue cumulates both in water and
soil because of its high degree solubility in water and leakage. Because of the irre-
versible inhibition mechanism on acetylcholinesterase, such residue can cause
unplayful damaging effects on the central nervous system. Thus, developing effective
methods for the detection of glyphosate is extremely worthy.

For the detection of glyphosate, several methods have been accounted in the
literature which includes ion-exchange chromatography [48], mass spectrometry [49],
colorimetric [50], capillary electrophoresis [51], ion chromatography [52], gas

Figure 9.7: Determination by square wave
voltammetry of amoxicillin in presence of
caffeine ascorbic and acid. Amoxicillin at
various concentrations (in a range of
0.9–24 μmol L−1), 20 μmol L−1 paracetamol,
20 μmol L−1 ascorbic acid, and 10 μmol L−1

caffeine in 0.1 mol L−1 phosphate buffer
solution. Adapted with permission from [27].
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chromatography [53], and enzyme-linked immune sorbent assay [54]. However,most of
these processes are costly and demand advanced instrumentation.

Bera et al. reported the ultrasensitive sensing of GP via efficient photoelectron
transfer among chitosan-derived carbon quantum dot (CQD) and CdTe [55]. Because of
the effective photoelectron transfer from CdTe to chitosan-derived carbon quantum
dot, the photoluminescence spectrum showed weakened fluorescence at 619 nm.
Addition of GP into CdTe-CQD pair at pH 8 disintegrated the pair and it suppresses the
photoelectron transfer process. Because of that the emission intensity of the probe was
regained at 619 nm. To get the operational pH range of the sensor, the outcome of
variations in pH on the intensity enhancement of the emission band was assessed with
a constant glyphosate concentration (Figure 9.8). For glyphosate, the fluorescence
assay handles a linear concentration scale of 0–1000 nM. The limit of detection was
observed at 2 pM. The selectivity of the probe for glyphosate was analyzed in presence
of various interfering ions and pesticides (Figure 9.9).

Figure 9.8: (a) Effect of pH on sensing, (b) time on sensing. Adapted with permission from [55].

Figure 9.9: Comparison of selectivity toward
glyphosate and other intervening species.
Adapted with permission from [55].
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9.2.3 Mercury (II) ions detection

Mercury (II) ions (Hg2+) is one of the most notorious contaminants that are widely
circulated with both anthropologic and natural sources. Mercury exposure can make
dangerous side effects on the digestive system, immune system, central nervous sys-
tem, kidney, and brain, even with a very low concentration [56–58]. Thus, the fabri-
cation of efficient analytical ways for the specific and accurate detection of Hg2+ is a
pressing goal.

Hallaj et al. covered the fabrication and characterization of Hg2+ fluorescence
sensor based on bithiazolidine derivatives-capped CdTe/CdS QDs [59]. The study
demonstrated that under optimal conditions, Hg2+ can be observedwith a sensing limit
of 0.08 nM in a linear scale from 0.3 to 21 nM. The study demonstrated that with the
concentration of Mercury ions, the intensity of the fluorescence diminished gradually
in the scale of 0.3–21 nM (Figure 9.10). Even in the presence of the several interposing
metal ions, the sensor showed high selectivity for Hg2+. This approach had appealing
rewards including high selectivity and sensitivity, wide linear range, accuracy, and
simple operation.

Figure 9.10: (a) Fluorescence responses of the fabricated sensor in various concentrations ofMercury
ions in 0.1 M pH 6, (b) calibration curve for Mercury ion detection. Adapted with permission from [59].
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9.2.4 Nitrogen dioxide (NO2) gas detection

For room-temperature gas sensing applications, molybdenum disulfide (MoS2) can
show promising results. However, it has numerous limitations. Incomplete recovery,
the limitation of fabricationmethods, and selectivity at room temperature are themain
disadvantages of this technique. Jaiswal et al. reported the synthesis of molybdenum
disulfide nanoworms (NWs) thin film and CdTe QDs decorated molybdenum disulfide
nanoworms hybrid heterostructure thin film [60]. The thin films were fabricated using
the sputtering technique on the p-Silicon substrate and examined for room tempera-
ture nitrogen dioxide sensing applications. Figure 9.11 shows the FESEM images of the
thin films.

The hybrid heterostructure thin-film sensor showed a sensor response of about
40%, complete recovery (114 s) and a fast response time (16 s). The results are sum-
marized in Figure 9.12. Also, the sensor was highly selective toward 10 ppm nitrogen
dioxide at room temperature compared to pristine molybdenum disulfide nanoworms
thin-film sensorwhich showed a response of about 26%, recovery/response time nearly
23 s, and the recovery was incomplete.

Figure 9.11: (a) FESEM surface micrographs at low magnification and (b) at high magnification of the
molybdenum disulfide nanoworms thin film. (c), (d) FESEM images of CdTe quantum dots decorated
molybdenum disulfide nanoworms hybrid heterostructure thin film at various ranges. Adapted with
permission from [60].
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9.3 Te thin films-based sensor

For the room temperature sensing of unfavorable gases, Te-based films can be used [61,
62]. It is reported that Tellurium thin films display excellent sensitivity to NO2 [63],
ammonia [2], hydrogen sulfide [64], carbon oxide and propylamine [65], oxygen,
nitrogen, and water vapors [66].

9.3.1 Nitrogen dioxide (NO2) gas detection

The sensitivity of the Te thin film depends on many factors such as substrate micro-
structure and deposition temperature of film [67, 68], operating temperature and
post-deposition heating [67, 69]. The sensor sensitivity and conductivity also depend
on the thickness of the film. For example, the step-down of a Te film thickness to 40 nm
from 120 nm resulted in enhancing sensitivity toward nitrogen dioxide by 10 times

Figure 9.12: (a) The transient relative response of the CdTe/molybdenum disulfide hybrid
heterostructure thin-film sensor with various nitrogen dioxide concentrations at room temperature in
dry air. (b) Cyclic test of sensor toward 10 ppm of nitrogen dioxide at room temperature. (c) Selectivity
histogram of sensor at room temperature. (d) The gas response curve of sensor toward 10 ppm
nitrogen dioxide in various relative humidity conditions (0–80%) at room temperature. Adapted with
permission from [60].
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more [69]. The sensitivity of the sensor as a function of the thickness of thefilm is shown
in Figure 9.13.

Tsiulyanu et al. reported the fabrication, characteristics, and NO2 sensing prop-
erties of ultrathin compact tellurium films [70]. The weakening of sensitivity caused by
high gas concentration in Te films was reported. The sensitivity of Te film (30 nm thick)
was decreased linearly with concentration increment in the range of 0.15–0.5 ppm of
NO2. Figure 9.14 shows the tellurium ultrathin sensor sensitivity versus the NO2 con-
centration at room temperature diluted in ambient air.

Figure 9.15 demonstrates the transient characteristics of current induced by the gas
in a tellurium ultrathin film by exposure to diverse NO2 concentrations.

Te sputtered thin filmswere demonstrated as a nitrogen dioxide gas sensor [68]. By
using RF sputtering system, the thin films were deposited onto alumina and glass
substrates. The gas-sensing characteristics were calculated by analyzing the resistance
changes of the films as a function of gas concentration and operating temperature. It
was observed that the sensitivity was mostly regulated by the Te film’s surface

Figure 9.13: Outcome of thickness on
sensitivity at room temperature toward 1.5 ppm
of nitrogen dioxide. SEM micrograph of an as-
grown film is shown in inset. Adapted with
permission from [69].

Figure 9.14: The ultrathin Te sensor sensitivity
versus concentration of NO2 gas. Adapted with
permission from [70].
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morphology. At room temperature, the films deposited on a glass substrate depicted
the greatest response to nitrogen dioxide.

Figure 9.16 demonstrate the responses of the sensor versus the operating tem-
perature in the range from 18 to 140 °C for four Te thin films deposited on alumina and
glass substrates and disclosed to nitrogen dioxide (40 ppm) in dry air. The room
temperature sensor response of a Tellurium sample as a function of nitrogen dioxide
concentration is shown in Figure 9.17.

Figure 9.15: Transient characteristics of current induced by the gas by exposure of tellurium films to
different NO2 concentrations according to the profile shown in dotted lines of the bottom. The film
thickness: (a) 110 nm and (b) 30 nm. Adapted with permission from [70].
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9.3.2 Hydrogen sulfide (H2S) gas detection

The influence of the Te thin film thickness and film temperature on observing hydrogen
sulfide (H2S) gas was studied by Manouchehrian et al. [71]. Also, the Ultra Violet
radiation influence during evaluating the gas was analyzed. By using thermal evapo-
ration, the Te thin filmwas deposited on Al2O3 substrates. The study depicted that with
the thickness, the sensor sensitivity drop-offs (Figure 9.18). Also, the recovery and
response times were increased with thickness. The recovery and response times were
observed to be strongly decreased with UV radiation.

The Tellurium sensor’s sensitivity with diverse gases, such as H2S, NH3, NO2, and
CH3OH at room temperature is shown in Figure 9.19(a). The response kinetics of a

Figure 9.16: Sensor response versus the operating temperature for tellurium films with thicknesses
of 100 and 300 nm deposited on (a) glass and (b) alumina substrates exposed to nitrogen dioxide
(40 ppm) in dry air. Adapted with permission from [68].

Figure 9.17: Room temperature sensor
response of a tellurium sample as a function of
nitrogen dioxide concentration. Adapted with
permission from [68].
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Tellurium film (100 nm thick) at diverse concentrations of H2S gas is shown in
Figure 9.19(b).

9.3.3 Ammonia (NH3) gas detection

Room temperature functioning ammonia (NH3) gas sensor using Te thin films was
reported by Sen et al. [2]. On exposure to ammonia, the Te films depicted a reversible

Figure 9.18: The variations on sensitivity of H2S with thickness, at room temperature. Adapted with
permission from [71].

Figure 9.19: (a) Tellurium sensor sensitivity with diverse gases at the concentration of 8 ppm.
(b) room temperature response curve of 100 nm tellurium film after exposure to H2S. Adapted with
permission from [71].
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increase in resistance. Also, the response was linear in the range from 0 to 100 ppm.
Figure 9.20(a) depicts the film sensitivity as a function of NH3 concentration. The study
showed that NH3 cuts down tellurium oxide on the grain boundary region and surface
of the film to Te. Thus, in the film themajority carrier density decreases, and because of
that the film’s conductivity decreases. To find the optimum working temperature, the
film’s sensitivity was also evaluated as the function of temperature at a constant
ammonia concentration (Figure 9.20(b)).

9.4 Tenanostructuresor nanoparticles-basedsensors

The usage of Tellurium nanostructures as gas sensors also has been explored. The
following section discusses Te nanostructures or Te nanoparticles-based sensors.

9.4.1 Chlorine (Cl2) gas detection

When emitted into the environment chlorine is very unfavorable and it is used in a great
degree in several industrial procedures. Thus, it is important to use sophisticated
techniques for the detection of chlorine.

Chlorine gas sensors based on one-dimensional Te nanostructures were
demonstrated by Sen et al. [72]. Under an inert environment under vacuum conditions

Figure 9.20: (a) Room temperature sensitivity (S) of Te films as a function of NH3 concentration.
(b) Sensitivity of tellurium films calculated after exposure to 100 ppm of ammonia as a function of
temperature. Adapted with permission from [2].
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as well as at atmospheric pressure, the Tellurium nanotubes have been grown by
physical vapor deposition. Figure 9.21 presents the SEM images of the Te nanotubes.
Films synthesized using both kinds of Te nanotubes were tested for sensitivity to
reducing and oxidizing gases. The study demonstrated that the comparative
response of the samples to gases relies on the microstructure. The samples made at
atmospheric pressure (of argon) depicted better selectivity and high sensitivity to Cl2
gas. The spectroscopic analysis pointed that the response to Cl2 is mostly brought by
grain boundaries, hence heightened for nanotubes synthesized under argon
atmosphere.

Figure 9.22(a) shows the response of the sensor to Cl2 at a concentration of 2 ppm.
The recovery time was 2 h and the response time was 30 s. Figure 9.22(b) shows the
response of the sensor to chlorine at diverse concentrations. Response of the sensor
with different reducing and oxidizing gases is presented in Figure 9.22(c). It was
mentioned that the samples were completely selective toward Cl2.

Figure 9.21: SEM images of typical (a) tellurium nanotubes grown in the furnace, the inset shows the
TEM of the nanotube (b) tellurium micro-rods, and (c) tellurium nanotubes on silicon. (d) TEM and
HRTEM images of tellurium nanotubes on silicon. The inset of (a) shows the TEM of a type-I nanotube.
Adapted with permission from [72].

9.4 Te nanostructures or nanoparticles-based sensors 199

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



9.4.2 Ammonia (NH3) and propylamine detection

The room temperature sensing properties of Tellurium nanoparticles grown on silicon
nanowires (SiNWs) substrate was analyzed using propylamine and ammonia as probe
molecules [73]. Through a solution method, Te nanoparticles were synthesized on
SiNWs, the particles were having an average diameter of 5 nm. The sensitivity of
the sensor was evaluated at a constant concentration of ammonia (100 ppm) or pro-
pylamine (10 ppm), in the temperature range from 35 to 80 °C to find the optimum
working temperature (Figure 9.23). The detection ranges of propylamine and ammonia

Figure 9.22: (a) Response of a type-I sensor to 2 ppm Cl2. (b) Response and recovery characteristics
for various concentrations of chlorine gas for another type-I sample. (c) Response of the sensor to Cl2,
H2S, NO, acetone, CH4, CO, and NH3 gases at 4 ppm concentration and H2 at 2% concentration.
Adapted with permission from [72].
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were 5–25 ppm and 10–400 ppm, and the detection limits were 174 and 196 ppb,
respectively. The times of response during to the exposure to propylamine and
ammonia were 15 and 5 s and the times of the recovery were 6 and 8 s, respectively. At
the optimal working temperature, when the samples were exposed to 25 ppm propyl-
amine or 400 ppm ammonia, the response of the sensor was 164% or 208%. The fast
response and outstanding sensitivity might be attributed to the small size of Te
nanoparticles.

The response curves of the sensorwhen cycled by raising ammonia or propylamine
concentrations at the optimal working temperature of 35 °C are shown in Figure 9.24.
Figure 9.25 displays the room temperature response sensitivities of the sensors during
exposure to ammonia and propylamine with enhancing concentration.

Figure 9.23: The responses of the sensor device at various temperatures upon exposure to (a) 100
ppm ammonia, and (b) 10 ppm propylamine. Adapted with permission from [73].

Figure 9.24: The room temperature response curves of resistance with time during the exposure to
the gases of (a) ammonia and (b) propylamine from air to diverse concentrations. Adapted with
permission from [73].
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9.4.3 Nitrogen dioxide (NO2) gas detection

A chemiresistive sensor using tellurium nanotube for the room-temperature
ultrasensitive sensing of nitrogen dioxide was demonstrated by Guan et al. [74]. The
Tellurium nanotubes were fabricated by employing the microwave reflux method.
The constructed chemiresistive sensor exhibited impressive selectivity and sensitivity
to detect the amount of nitrogen dioxide at room temperature (Figure 9.26). The limit of
detection was at 500 ppt. The study showed that the gas sensor response is completely
reversible with the aid of ultra violet radiation.

To analyses the operation of the Tellurium sensor in a real environment, the sensor
was also screened in an air environment (Figure 9.27). For the analysis, rather thanwith
pure nitrogen gas, various quantities of nitrogen dioxide were mixed with dry air. The
high crystallinity and large surface-to-volume ratio of the Tellurium nanotubes
contributed to the better functioning of the tellurium-based gas sensor.

9.4.4 Hydrogen peroxide detection

Manikandan et al. demonstrated a superior non-enzymatic and supercapacitor
hydrogen peroxide sensor using Te nanoparticles [75]. Tellurium nanoparticles were
fabricated by the wet chemical process. To make the electrodes for biosensor appli-
cations and supercapacitors, the Te nanoparticles were coated on Glassy carbon
electrodes and graphite foil. The SEM and TEM images of the NPs are shown in
Figure 9.28.

The supercapacitor performance of Te NPs was evaluated in the electrolyte by both
galvanostatic charge-discharge and Cyclic Voltammetry method. The impedance plot
and frequency-dependent specific capacitance of Tellurium nanoparticles are shown

Figure 9.25: Sensor response as a function of (a) ammonia, and (b) propylamine concentration.
Adapted with permission from [73].
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in Figure 9.29. Using CV and Chronoamperometry in phosphate buffer solution, the
hydrogen peroxide sensor operation of Tellurium nanoparticles altered glassy carbon
electrode was analyzed (Figure 9.30). In the linear range of nearly 0.6–8 μM of
hydrogen peroxide, tellurium nanoparticles showed a good sensitivity of
0.83 mAmM−1 cm−2, and the correlation coefficient was 0.99. The detection limit was
0.3 μM and the time of response was less than 5 s.

A low-cost, non-enzymatic sensor using TeNPs for the analytical detection of
hydrogen peroxide was reported [76]. For the fabrication of the sensor, thin films of
Tellurium nanoparticles were deposited on fluorine-doped tin oxide substrate. The
sensor showed well stability and selectivity with an impressive amperometric time of
response (5 s). The analysis also evidenced that this Te nanoparticle-based sample is
a promising sensing material for the finding of hydrogen peroxide. Figure 9.31 shows
the FE-SEM images of pristine fluorine-doped tin oxide and electrochemically
deposited Tellurium nanoparticles on fluorine-doped tin oxide at a diverse employed
potential.

The sensitivity of TeNPs/FTO sensors is illustrated in Figure 9.32(a) and
Figure 9.32(b) shows the selectivity of the sensor toward hydrogen peroxide.

Figure 9.26: (a) Real-time sensor response to nitrogen dioxide gas, (b) the changes in the responseof
gas sensor on the nitrogen dioxide concentration, (c) recovery actions under different configurations,
and (d) the required illumination time versus the analyte concentration. Adapted with permission
from [74].
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9.5 Tellurium dioxide (TeO2)-based sensor

Tellurium dioxide is a versatile wide bandgap oxide semiconductor. Because of its
unique chemical and physical characteristics, TeO2 is a promising and important
functional material. TeO2 is widely used for several electrical and electronic devices
including laser devices [77], modulators [78], deflectors [79], solar cells [80], optical
storage devices [81], tunable filters [82], and sensors [83–90].

Figure 9.27: (a) Real-time response of the sensor to nitrogen dioxide in air and pure nitrogen gas
environment, and (b) IR spectra of the tellurium nanotubes before and after exposure to nitrogen
dioxide. Adapted with permission from [74].
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Figure 9.29: (a) Impedance plot of tellurium nanoparticles, (b) frequency-dependent specific
capacitance of tellurium nanoparticles. Adapted with permission from [75].

Figure 9.28: (a) FESEM (b) TEM (c) lattice-resolved TEM (d) SAED pattern of TEM image for tellurium
nanoparticles. Adapted with permission from [75].
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9.5.1 Nitrogen dioxide (NO2) gas detection

Room temperature nitrogen dioxide sensing properties of reactively sputtered tellu-
rium dioxide thin films was reported [89]. By using sputtering method, the Tellurium
dioxide thin films were deposited on quartz substrates. Even though the as-deposited
films were amorphous, it became crystalline after thermal annealing. The analysis of
functioning of the Tellurium dioxide thin films for room temperature nitrogen dioxide
gas sensing showed that the as-deposited films have low sensitivity to nitrogen dioxide
gas. At the same time, films prepared by thermal annealing demonstrated a promising
response and sensitivity. Figure 9.33 shows the plot for absorption coefficient (αhν)2

against the photon energy (hν).
Figure 9.34(a) presents the dynamic electrical conductance of a tellurium dioxide

thinfilm for various nitrogen dioxide concentrations at room temperature. The changes
in the conductancewith the concentration of nitrogen dioxide is shown inFigure 9.34(b).

Figure 9.30: (a) Chronoamperometric analysis for diverse hydrogen peroxide concentrations,
(b) linear relation between current and hydrogen peroxide concentrations, (c) chronoamperometric
analysis with the exposure of hydrogen peroxide, AA and OA. Adapted with permission from [75].
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Kim et al. fabricated one-dimensional structures of Telluriumdioxide by heating of
Te powders and investigated the NO2 sensing property [91]. The received Tellurium
dioxide products were crystalline with a tetragonal structure and displayed a high
transmission rate. The room-temperature optical transmittance and Raman spectrum

Figure 9.32: (a) Sensitivity of the sensor. (b) Selectivity of the sensor (i) hydrogen peroxide (ii)
D-glucose (iii) D-fructose (iv) sucrose (v) lactic acid (vi) ascorbic acid. Adapted with permission from
[76].

Figure 9.31: FE-SEM images of tellurium nanoparticles electrochemically deposited at diverse used
potential onto fluorine-doped tin oxide substrate at 90 °C. (a) Pristine fluorine-doped tin oxide
(b) −1.30 V (c) −1.40 V (d) −1.50 V. Adapted with permission from [76].
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of the TeO2 nanowire films are shown in Figure 9.35. The sensing study demonstrated a
linear relationship among the nitrogen dioxide gas concentration and sensitivity
(Figure 9.36).

Porous TeO2 microtubes were demonstrated as room-temperature NO2 gas sensors
[83]. The sensors were synthesized by the thermal annealing of Tellurium microtubes
for 2 h at 420 °C in an oxygen atmosphere. Figure 9.37 shows the schematic diagram of
the proposed sensor created with Tellurium dioxide microtubes.

The study showed that the sensitivity of the sensor enhanced with NO2 concen-
tration in the range from 5 to 200 ppm and saturated at higher levels. Changes in the
electrical conductance during exposure to diverse gas concentrations are shown in
Figure 9.38(a). The time of response decreased and the time of recovery increased with
NO2 concentration. At the same time, at higher concentrations the recovery and
response times were stable (Figure 9.38(b)).

Figure 9.34: (a) Room temperature gas-sensing responseof the telluriumdioxide thin films to diverse
nitrogen dioxide gas concentration. (b) Log-log plot ofGg/Ga versus NO2 concentration. Adapted with
permission from [89].

Figure 9.33: Plot of absorption coefficient
versus photon energy for (a) as-deposited
tellurium dioxide thin films and (b) heat-treated
tellurium dioxide thin films. Adapted with
permission from [89].
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Wu et al. reported the sensing properties of p-porous silicon (substrate)/
p-Tellurium dioxide (nanowires) sensor for nitrogen dioxide sensing [92]. The
composite structure was fabricated using porous silicon as a growth substrate and

Figure 9.36: (a) Dynamic response of a tellurium dioxide nanowire sensor to nitrogen dioxide
gas. (b) Changes in the sensitivity with varying nitrogen dioxide concentration. Adapted with
permission from [91].

Figure 9.37: Schematic diagram of the
proposed gas sensor. Adapted with permission
from [83].

Figure 9.35: (a) Room-temperature Raman spectrum of tellurium dioxide nanowires. (b) Optical
transmittance spectrum. Adapted with permission from [91].
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Tellurium powder as source materials by the employing thermal evaporation method.
Gas sensing characteristics of both composite structure sensor and pristine porous
silicon sensor were analysed with nitrogen dioxide concentration in the range of
0.05–3 ppm at different working temperatures. The response of both the sensors by
sensing 1 ppm nitrogen dioxide in the temperature range from 26 to 150 °C is presented
in Figure 9.39.

Figure 9.40(a) and (b) displays the dynamic responses curves. Figure 9.40(c) de-
picts the received profiles of gas sensor responses as a function of nitrogen dioxide
concentrations. Figure 9.41 compares the responses of the sensors for various gases at
room temperature. The data disclosed that the composite structure sensor displayed
excellent repeatability, good selectivity and high response to nitrogen dioxide at room
temperature.

Figure 9.38: (a) Variations in the electrical conductance upon exposure to diverse gas
concentrations. (b) Response (τa) and recovery (τd) times of tellurium dioxide sensor as a function of
nitrogen dioxide concentration. Adapted with permission from [83].

Figure 9.39: The sensors response to 1 ppm
nitrogen dioxide at various temperatures.
Adapted with permission from [92].
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Figure 9.40: Room temperature responses curves of (a) PS and (b) PS/TeO2 nanowire gas sensor
(c) the responses of PS/TeO2 and PS nanowire gas sensor as a function of nitrogen dioxide
concentrations. Adapted with permission from [92].

Figure 9.41: Room temperature selectivity
histogram of PS/TeO2 nanowire sensor to
diverse gases. Adapted with permission from
[92].
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9.5.2 Ethanol detection

Shen et al. reported the ethanol detection characteristics of Telluriumdioxide thin films
synthesized by the non-hydrolytic sol-gel process [93]. Microstructural characteriza-
tions depicted that the thin films were described as tetragonal in the Tellurium dioxide
structure. The films having porous cotton-shaped nanostructures were gathered by
several tellurium dioxide nanostrips. Gas sensing measurements evidenced that at a
working temperature of 200 °C the sensors showed the greatest response to ethanol gas
(Figure 9.42(a)). The sensors presented quick and reversible responses to ethanol gas at
diverse concentrations of ethanol (Figure 9.42(b)) and operating temperatures. The
continuous crystalline network and high porosity of TeO2 thin films were the main
factors for their impressive functioning in the sensing of ethanol gas. The sensing
mechanism of the sensor is illustrated in Figure 9.43.

A very selective and sensitive room temperature alcohol gas sensor using tellurium
dioxide nanowires was demonstrated by Shen et al. [94]. The nanowires were fabri-
cated using Tellurium powders by thermal evaporation at ambient pressure in the air.
The synthesized TeO2 nanowires were about 70–200 nm in diameter and approxi-
mately hundreds ofmicrometers to 2mm in length. Gas sensing analysis showed that at
room temperature the telluriumdioxide nanowireswith n-type conduction evidenced a
reversible and quick response to ethanol gas (Figure 9.44(a)). They also demonstrated
that the sensor response enhanced in the order of methanol>ethanol>propanol under
the same conditions and with raising concentration of alcohol, as shown in
Figure 9.44(b). Figure 9.45 illustrates the sensing mechanism of tellurium dioxide
nanowires to ethanol gas.

Figure 9.42: (a) Dependence of the response of tellurium dioxide thin films to 500 ppm ethanol gas.
(b) Relationship among the response of tellurium dioxide thin films and ethanol gas concentration at
a temperature of 200 °C. Adapted with permission from [93].
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Figure 9.44: (a) Relationship between the room temperature response of tellurium dioxide nanowire
gas sensor and ethanol gas concentration. (b) Room temperature responses of tellurium dioxide
nanowire gas sensor during exposure to 1000 ppmmethanol, propanol, and ethanol gases. Adapted
with permission from [94].

Figure 9.43: Sensing mechanism of sensor during the exposure to ethanol gas. Adapted with
permission from [93].

Figure 9.45: Sensing mechanism of tellurium
dioxide nanowires upon exposure to ethanol
gas. Adapted with permission from [94].
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9.6 Other Te-based sensors

Same as CdTe nanostructures NiTe nanostructures also can be used for sensing
applications. An electrochemical sensor based on carbon paste electrode modified
with nickel telluride (CPE/Ni3–xTe2) was demonstrated for the sensing of the neuro-
transmitters dopamine and adrenaline simultaneously in phosphate buffer solution
(pH 7.0) [95]. Dopamine (DA) and adrenalin (AD) are the neurotransmitters that
stimulate the lungs breathing, the heart beating, and the stomach digestion. In health
care medicine, they are clinically important molecules. DA and AD are used for
bronchial asthma, hypertension, myocardial infection and cardiac surgery. Several
neurological disorders, drug addiction problems and immune-suppressing diseases
are associated to low levels of these biomolecules [96, 97].

The CPE/Ni3–xTe2 electrode evidenced electrocatalytic characteristics toward
dopamine and adrenalin with two distinguished peaks. The 4–31 μmol/Lwas the linear
response range for the finding of both dopamine and adrenalin and the limits of
detection were 0.15 μmol/L and 0.35 μmol/L for dopamine and adrenalin, respectively.
The important results are depicted in Figure 9.46.

Room temperature ac operating gas sensors using quaternary chalcogenides
(As–Ge–S–Te) was reported [98]. Impedance spectra of quaternary chalcogenides-
based alloys were analyzed in both dry synthetic air andmixture with NO2 to check the
sensing property at room temperature. To analyze the action of Te, the quaternary
compositions As2Te130Ge8S3 and As2Te13Ge8S3, with enhancing concentration of
Tellurium was viewed along with pure Te films. At room temperature, the frequency-
dependent sensitivity of the films toward nitrogen dioxide is shown in Figure 9.47(a).
Figure 9.47(b) displays the effect of humidity on the As2Te13Ge8S3-based film to ni-
trogen dioxide sensing, using impedance measurements.

L-cysteine (L-Cys) is one of the sulfur-containing α-amino acids [99, 100]. As
L-cysteine has significant role in biological systems, it is required for phospholipid
metabolism in the liver and for cell reduction process [101, 102]. L-cysteine can shield
hepatocytes from harm and boost the retrieval of liver function. It is primarily utilized
for radiopharmaceutical poisoning, tincture poisoning, and heavy metal poisoning. It
can also be employed for serum disease, hepatitis, and toxic hepatitis. Other than
these, L-cysteine deficiency can cause many clinical conditions, including early
atherosclerosis, diabetes, liver disease, Alzheimer’s disease, and Parkinson’s disease
[103–106]. Different methods are available for the sensing of L-cysteine, such as
capillary zone electrophoresis [107], colorimetric assay, spectrophotometry [108],
electrochemical techniques [109], and high-performance liquid chromatography [110,
111]. However,most of these processes have drawbacks and are normally less sensitive,
complicated, and particular for the sensing of target analytes [112, 113].

Yang et al. demonstrated inner filter effect sensors using Ag nanoparticles
(NPs) and CdTeS quantum dots for the sensing of L-cysteine [114]. For the sensor, the
ternary alloyed CdTeS quantum dots were fabricated in two steps, employing
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3-mercaptopropionic acid as a stabilizer. The polyvinylpyrrolidone stabilized Ag
nanoparticles were made by the crystal-seed method. The CdTeS QDs/Ag NPs (QNs)
emitting at 580 nm were employed as sensors for L-cysteine. Figure 9.48 shows the
schematic diagram of the CdTeS QDs/Ag NPs for the sensing of L-cysteine. The QNs
fluorescence was enhanced with the addition of L-cysteine. The intensity of

Figure 9.46: (a) Square wave voltammograms of 23 μmol/L dopamine and adrenalin in PBS buffer
(A) blank; (B) CPE; (C) CPE/Ni3–xTe2. (b) A fixed concentration of 23 μmol/L adrenalin with successive
additions of dopamine. (c) A fixed concentration of 23 μmol/L dopamine with successive additions of
adrenalin. (d) Square wave voltammograms for the simultaneous determination of dopamine and
adrenalin using the CPE/Ni3–xTe2 in PBS buffer. (e) Calibration curves for the simultaneous dopamine
and adrenalin reduction process. Adapted with permission from [95].
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fluorescencewas linearly proportional to the L-cysteine concentrations (20–400 µM) as
shown in Figure 9.49. The coefficient of correlation was 0.9942 and the limit of
detection was observed at 0.025 µM.

Even though many gas sensors based on chalcogenide materials were fabricated
for monitoring pollutants in ambient air. Most attractive in this respect were sensors
based on pure tellurium or its alloys. For example, Te-based sensors showed
remarkable sensing properties to NO2 even at room temperature, with high sensitivity
and low response time [69]. Considering sensors based on semiconductor oxides, for
example In2O3 and WO3, most of the sensors have been used for the detection of gases
(for example chlorine gas) but most of these sensors require elevated temperatures for
operation. Te-based sensor can overcome these issues [72]. Thus, Te is an auspicious
candidate for sensor application.

Figure 9.47: (a) Sensitivity spectra of quaternary chalcogenide thin films to 1.5 ppm nitrogen dioxide
in dry air at room temperature. (b) Effect of humidity on the frequency-dependent impedance of
As2Te13Ge8S3-based film to nitrogen dioxide sensing. Adapted with permission from [98].

Figure 9.48: The schematic diagram of the CdTeS QDs/Ag NPs for the sensing of L-cysteine. Adapted
with permission from [114].
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9.7 Conclusions

Because of its unique physical and chemical properties, Tellurium is a promising and
important functional material. This article has discussed the synthesis and sensing
properties of Te-based sensors. Te-based sensors have shown promising results. The
unique properties and morphologies of these sensors may also contribute to the great
improvement in the gas sensing field.
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Priya Rose Thankamani* and Sheenu Thomas

10 Tellurium based materials for nonlinear
optical applications

Abstract: Materials having broadband nonlinear optical responses find applications
in photonics and optoelectronics devices. Novel materials with improved nonlinear
optical properties are necessary for realizing effective all-optical switches, modulators
etc. Tellurium (Te) and novel low-dimensional derivatives of Te offer intriguing
nonlinear optical responses, making them promising candidates for design of various
photonic devices.

Keywords: 2-D material; nonlinear optics; tellurium.

10.1 Introduction

Tellurium is a well-known p-type semiconductor belonging to the chalcogenide group
elements (group-VI) with a bandgap of 0.35 eV. It has been extensively investigated
due to the interesting properties such as piezoelectricity [1], thermoelectricity [2] and
photoconductivity [3]. These fascinating properties possessed by monoelement Te
makes it a wonderful material to be used for sensors and optoelectronic applications.

Recently nanomaterials based on Te such as nanoclusters and nanotubes were
synthesized and investigated for their applications in ultrafast switching and nonlinear
optical responses. Another important development is the successful synthesis of 2D
Tellurium (Tellurene) by several groups using methods such as liquid phase exfolia-
tion. After the successful fabrication of graphene and identification of its interesting
properties such as high conductivity and broadband optical transitivity, there has been
a growing interest in developing various 2-dimensional materials. Black phosphorous
and transitionmetal dichalcogenides (TMDCs) havegained attention due to their ability
to possess 2-dimensional phase with properties which are otherwise difficult to obtain.
But these materials also suffer from certain challenges due to their inherent properties.
Graphene is a zero-bandgap material [4, 5] whereas black phosphorous is quite un-
stable under ambient conditions [6]. TMDCs suffer from low current mobility [7].
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Recent studies based on first principle density function theory reveals that 2D Te
can form a stable state with very high carrier mobility [8]. 2D form of tellurium, tel-
lurene was successfully synthesized recently using liquid-phase exfoliation [9]. Apart
from their intriguing optoelectronic properties, 2D tellurium also shows excellent
nonlinear optical response.

10.2 Nonlinear optics

The advent of lasers paved the way to extensive investigations of interaction of matter
with intense light. When the field strength of the optical field is comparable to that of
the atomic and interatomic fields, we start to see the intensity dependent optical
properties exhibited by materials. At such large intensities, the relationship between
the material polarization and the electric field will no longer be linear. This leads to
some interesting effects, which can be harnessed for awide variety of applications such
as optical switches, modulators etc. [10]. This is especially important for achieving all-
optical photonic devices.

When placed in an electric field, a dielectric medium will be polarized with all
constituent molecules acting like dipoles. The dipole moment vector per unit volume
can be written as

P = ∑
i
Pi (10.1)

where the summation is over all the dipoles in the unit volume.
The above polarization depends both on the strength of the electric field and the

properties of the medium. So it can be written as

P = ϵ0χE (10.2)

where χ is the polarizability or dielectric susceptibility of the medium.
The above relation is valid for light coming from conventional sources. When we

use high-intensity sources such as lasers, with associated electric fields between 107 to
1010 V/cm, the relationship between polarization and field become a more general
one with nonlinear terms as follows because of the perturbed atomic and interatomic
fields:

P = ϵ0(χ(1)E + χ(2)E2 + χ(3)E3 +…), (10.3)

where χ( 1) is the linear optical susceptibility, χ( 2) is the second-order nonlinear optical
susceptibility, χ( 3) is the third-order nonlinear optical susceptibility etc.

If we consider an optical field whose electric field is given by E = E0 cos ωt, then
equation (10.3) becomes:
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P = ϵ0E0(χ(1) cos ωt + χ(2)E0cos 2 ωt + χ(3)E2
0cos

3 ωt +…). (10.4)

Equation (10.4) can be re-written using trigonometric relations as:

P = 1
2
ϵ0χ(2)E2

0 + ϵ0(χ(1) + 3
4
χ(3)E2

0)E0 cos ωt + 1
2
ϵ0χ(2)E2

0 cos 2 ωt

+ 1
4
ϵ0χ(3)E3

0 cos 3 ωt +…. (10.5)

This indicates the appearance new frequencies such as 2ω, 3ω etc. as a result of
nonlinear polarization.

If we look at each term in equation (10.5), the first term is just a DC field contri-
butionwhereas the second term has an oscillatory part with frequencyω. The third and
fourth terms will give oscillatory contributions at frequencies 2ω and 3ω. This means
that, when the contribution of nonlinear part is significant, we can obtain higher-order
frequencies in the output- referred and harmonic generation. Apart from harmonic
generation, other useful and interesting phenomena also take place under nonlinear
regime. Nonlinear optical effects occur in the medium where the interaction can be
described by a coupledwave equationwith the nonlinear susceptibility as the coupling
coefficient.

10.3 Second-order nonlinear optical effects

Optical second harmonic generation first demonstrated by Franken et al. [11] in quartz
crystal irradiatedwith ruby laserwas a starting point for thefield of nonlinear optics. As
the second-order susceptibility is zero for media with inversion symmetry under

electric dipole approximation, not all crystals will have a non-zero value of χ( 2)[12].
In order to describe the second-order NLO processes, we consider the second-order

polarization from equation (10.3) omitting all higher-order terms for the time being.
That is,

PNL = P(2) = ϵ0χ(2)E2. (10.6)

This term leads to sum frequency generation (SFG), difference frequency generation
(DFG) and second harmonic generation (SHG) if we consider amore general case of two
electric fields corresponding to two different frequencies coherently interacting. For
such a case, the ith component of complex polarization can be expressed as:

P(2)(ω3) = ϵ0∑
jk
χ(2)(ijk)E(ω1)E(ω2), (10.7)

where χ(2)(ijk) is the second-order susceptibility in tensor notations. Here we can think of
three waves having frequencies ω1, ω2 and ω3 being coupled through χ(2)(ijk).
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10.3.1 Sum frequency generation (SFG) and different frequency
generation (DFG)

For SFG, ω3 = ω1 + ω2, the second-order polarization can be expressed as

P(2)(ω3 = ω1 + ω2) = ϵ0∑
jk
χ(2)(ijk)(ω3 = ω1 + ω2)E(ω1)E(ω2). (10.8)

Similarly for DFG, ω2 = ω3 − ω1

P(2)(ω2 = ω3 − ω1) = ϵ0∑
jk
χ(2)(ijk)(ω2 = ω3 − ω1)E(ω3)E(ω1). (10.9)

The above equations represent fields oscillating at frequencieswhich are combinations
of input frequencies.

10.3.2 Second harmonic generation (SHG)

This can be considered as a special case of sum frequency generation where both the
interacting fields have the same frequency, i.e., ω1 = ω2.

In this case the polarization can be expressed as

P(2)(2ω) = ϵ0∑
jk
χ(2)(ijk)(2ω)E(ω)E(ω), (10.10)

which represents a field oscillating at frequency 2ω.

10.3.3 Second-order nonlinear optical processes in tellurium-
based materials

Investigations for efficient NLO materials capable of showing second-order nonlinear op-
tical properties is important for realization of frequency doublers, optical parametric am-
plifiers etc. Crystals having non-centrosymmetry such as LiNbO3 and BBO have been used
for this purpose. Recently,materials of lowerdimensions suchasnanoparticles, nanotubes
etc. have also been getting attention as efficient second-order nonlinear materials.

Trigonal Tellurium has been proved to exhibit second harmonic generation at
28.0 µm [13]. In this study a bulk Te crystal was used for generating the second
harmonic output with phase matching condition. Recent investigations have made
use of lower dimensional structures based on Te. Londoño-Calderon et al. [14]
recently investigated chiral nature of tellurium nanowires (Te-NW). The chiral na-
ture of Te lattice leads to linear and nonlinear optical dichroism (DC). The nonlinear
optical dichroism is highly sensitive to structural asymmetry for lower dimensional
structures. The DC properties were investigated by second harmonic generation
which strongly depends on the handedness of optical excitation.
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Microwave-assisted solution-based synthesis method was used to obtain the Te
NWs which are 5.7 ± 1.1 nm in diameter. Structural characterization of the nanowires
was done using TEMand four-dimensional scanning transmission electronmicroscopy
(4D-STEM). Detailed analysis using these techniques revealed the intrinsic helical twist
of about 25° in a length of 84 nm in the Te NWs. Nonlinear circular dichroism mea-
surement was used to confirm the chirality in NWs. It was observed that the intensity of
the second harmonic output was dependent on the handedness of the excitation beam.
Left circularly polarized (LCP) and right circularly (RCP) input generated second har-
monic output of different intensities.

The second harmonic generation-circular dichroism (SHG-CD) is given by:

SHG − CD = ILCP − IRCP
(ILCP + IRCP)/2 . (10.11)

This quantity was measured to be up to 0.23 for certain angles of incidence, which is
two orders of magnitude larger than linear CD. On the contrary, 2D-Te nanoplates did
not show any significant SHG-CD which may be due to the minimal contribution to
chirality from morphology unlike the Te-NWs.

A systematic analysis of second harmonic generation from one-dimensional
tellurium and selenium based on first-principle calculations was carried out by Cheng
et al. using DFT [15]. According to their calculations, 1D tellurium chains exhibited
superior SHG properties compared to semiconductor materials with similar bandgaps.
1D tellurium is shown to have second-order nonlinear susceptibility almost five times
more than that of GaN. These analyses prove the potential of tellurium nanostructures
as effective NLO materials. They have also investigated the bulk photovoltaic prop-
erties of one-dimensional tellurium. Enhanced NLO response of 1D tellurium can be
attributed to its high degree of anisotropy and one-dimensional structure.

Another promising report on second-order properties demonstrated by 2D Te
(tellurene) was recently published by Deckoff-Jones et al. [16]. They measured the
second harmonic generation from solution derived tellurene flakes using multiphoton
spectroscopy. They also investigated the change in the refractive index of tellurene
when the angle between applied electric field and (0001) direction of tellurene
changes. They also demonstrated the use of tellurene for mid-IR detector as well as
modulator applications by integrating it with a chalcogenide glass platform.

10.4 Higher-order nonlinear optical effects

10.4.1 Nonlinear index of refraction

Most of the fascinating applications of nonlinear optical materials are based on the
nonlinear index of refraction. There are several complex factors contributing to the
occurrence of nonlinear index of refraction. Generally, if the refractive index or its

10.4 Higher-order nonlinear optical effects 229

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



spatial distribution is changed by the application of an optical field, then themedium is
said to have a nonlinear index of refraction [17]. A medium might possess a nonlinear
refractive index due to optical Kerr effect in which the change in refractive index is
proportional to the square of the electric field of the light. Another effect contributing to
nonlinear index of refraction is the absorption of the light by themediumwhich in turn
causes an intensity dependent change of refractive index. There are also other effects
like heating of themedium due to light whichmight also cause the change in refractive
index with intensity and fluence of the incident light.

The nonlinear refractive index finds a wide variety of applications in optical
switching, realization of optical logic gates, passive mode-locking and modulators.

The general dependence of nonlinear refractive index on intensity is given by [17]:

n(r, t) = n0(r, t) + Δn[I(r, t)], (10.12)

where n0(r, t) is the lower-intensity value of the refractive index and Δn is the change in
refractive index which depends on the intensity I(r, t). The actual form of Δn will
depend upon the nature of the process contributing to the change.

10.4.2 Nonlinear optical absorption (NLA)

Nonlinear optical absorption happens when the optical absorption of a sample de-
pends on the incident light intensity. There are several processes which can induce
nonlinear optical absorption in materials such as multi-photon absorption, excited
state absorption etc.Materials having nonlinear optical absorption find applications as
optical limiters and in several areas of laser spectroscopy.

10.4.2.1 Two-photon absorption (TPA/2PA)

When a system is excited to a higher lying energy level from the ground state by the
simultaneous absorption of twophotons, it is referred to as two-photon absorption. The
selection rules for this process are different from those of single photon absorption. In
the case of single beam two photon absorption, where two photons from the same
optical field are absorbed simultaneously by the material,the following differential
equation describes the optical loss:

dI
dz

= −αI − βI2, (10.13)

where α is the linear absorption coefficient and β is the two-photon absorption (TPA)
coefficient.
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10.4.2.2 Multiphoton absorption

The discussions on TPA can be extended to understand the simultaneous absorption of
three or more numbers of photons by amaterial. For a process in which (n + 1) photons
are absorbed from a single beam, we can write:

dI
dz

= −(α + γ(n+1)In)I, (10.14)

where γ(n+1) is the (n + 1)-photon absorption coefficient.

10.4.2.3 Excited state absorption

When the incident light intensity is well above the saturation intensity, excited states
can also become populated.When this occurs inmaterials such as semiconductors and
large molecular systems in which the density of states near the state involved in the
transition is large, the excited electronmay fall into one of these states before it decays
back to the ground state. So the electrons in the excited state also contribute to the
absorption of light by the material which is referred to as excited state absorption.

If the absorption cross-section of the excited state is smaller compared to the
ground state, the material shows an increased transmittance with increased light in-
tensity. This is called saturable absorption (SA). On the other hand, if the excited state
possesses a large absorption cross-section compared to the ground state, the material
will exhibit a lower transmittance at higher intensities. This is called reverse saturable
absorption (RSA).

10.4.3 Higher-order nonlinear optical processes in tellurium-
based materials

In a recent report, Wu et al. demonstrated the self-phase modulation properties of 2D
tellurium [18]. They explored the possibility of realizing a nonlinear photonic diode
using 2D Te.

When the medium possesses intensity dependent refractive index, the incident
laser light will lead to refractive index gradient within the medium depending on the
transverse intensity profile of the beam. This change in refractive index will in turn
result in a phase change of the incident light beam. Basically, the phase of the beam is
modulated by its own intensity. This is known as self-phase modulation (SPM). The
light waves at different transverse positions will experience different phase changes
and thus result in spatial self-phase modulation (SSPM). SSPM can be used effectively
to study the nonlinear optical response of materials. There are several studies where
the nonlinear refractive index ofmaterials such as graphene [19] and black phosphorus
[20] were estimated using SSPM.
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In the above study, the 2D Te samples fabricated by liquid phase exfoliation were
characterized using TEM and AFM. Te nanosheets of 130–210 nm were observed. They
also confirmed the crystal features of 2D Te using electron diffraction pattern. The
number of layers of 2D Te were estimated using AFM.

In order to investigate the nonlinear optical response of 2D Te, three CW laser
sources havingwavelengths of 457 nm (blue light), 532 nm (green light) and 671 nm (red
light) were employed. Tellurene dispersion was taken in a 10 mm cuvette and was
allowed to interact with the focused (with an objective lens of f = 200 mm) laser beam.
Diffraction pattern was observed on a screen placed behind the sample. The schematic
diagram of the SSPM experiment is shown in Figure 10.1(a). After a given time, on
interactingwith the dispersion, the light beamwill expand to form complete diffraction
rings. The time taken to get the complete pattern depends on the wavelength of the
laser used, shorter wavelengths taking shorter time to reach the complete pattern. As
time progresses, the diffraction pattern gets distorted due to the thermal convection
created by the laser heating.

As shown in Figure 10.2(c), the number of diffraction rings appearing depends upon
the incident laser intensity. Fitting this curve yields the value of dN/dI, which gives a

Figure 10.1: (a) Experimental setup of the 2D Te Ns-based SSPM. (b) Images of the diffraction rings
received by a screen of 2D Te Ns dispersions at λ= 457, 532, and 457 nm, respectively. (c) The number
of the diffraction rings changes with the increase of incident intensity at λ = 457, 532, and 671 nm,
respectively. Reproduced with permission from ref. [18].
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measure of the optical nonlinearity of the sample. The dN/dI values forwavelengths 457,
532 and 671 nm were 0.458, 0.331, and 0.260 cm2 W−1 respectively, implying the higher
nonlinear optical response invoked by 457 nm laser input. They also calculated the
nonlinear refractive indices of 2D Te at these wavelengths as 6.148 × 10−5 cm2 W−1 (at
671 nm), 6.202 × 10−5 cm2 W−1 (at 532 nm) and 7.37 × 10−5 cm2 W−1 (at 457 nm).

An all-optical diode was envisaged by combining the strong Kerr-nonlinearity of
the 2D Te sample with the reverse saturable absorption (RSA) behavior of SnS2 [21]
nanosheets. RSA property of SnS2 will lead to increased absorption of the incident
beam at higher intensities. On the other hand, 2D Te will excite more diffraction rings
when the light intensity is increased. Combining these twodifferent NLOpropertieswill
lead to a non-reciprocal propagation of light leading to the formation of an all-optical
diode. In order to demonstrate this, two matching cuvettes were filled with 2D Te
dispersion and SnS2 dispersion and kept closely together in the path of the laser beam
(Figure 10.2).When light passes through the hybrid structure of 2D Te/SnS2 from the side
of 2D Te, diffraction rings will be formed by the 2D Te dispersion which is subsequently
passed through SnS2. It was observed that the number of rings remain unchanged while
the intensity of the rings get reduced as a result of increased absorption in the SnS2 part.

Figure 10.2: (a andb) Experimental setupof the 2DTe/SnS2-basednonlinear photonic diode. (c) Images
of the diffraction rings obtained from the experiment under different incident intensity for the hybrid
structure of 2D Te and SnS2 at λ = 532 nm when the laser beam passes from the forward (2D Te/SnS2)
and reverse (SnS2/2D Te) directions of the hybrid structure. Reproduced with permission from ref. [18].

10.4 Higher-order nonlinear optical effects 233

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



On the other hand, when the beam is passed from the SnS2 side, the transmittance
reduces as the intensity increases due to the RSA nature of SnS2. As the beam passes
through 2D Te, no diffraction rings are formed because the intensity of the light is
reduced below the threshold required for the pattern formation. So, depending upon
from which side of the hybrid structure laser beam enters, a completely different
transmission characteristic is obtained. They also demonstrated a light-modulated sys-
tem utilizing the 2D Te exhibiting all optical switching properties. A strong pump beam
was used tomodulate a weaker probe beam to obtain ON (maximum light intensity) and
OFF (minimum light intensity) conditions using theprinciple of cross-phasemodulation.

Molecular beam epitaxy was successfully used by Huang et al. [22] to fabricate
monolayer 2D Te on graphene. They also reported that the band gap of Te depends on
its thickness (0.33 eV for bulk Te and 0.92 eV for monolayer Te). There has been a
growing interest in investigating ultrafast switching properties of two-dimensional
materials. Compared to other most commonly employed 2D materials like graphene or
black phosphorous, 2D Te offers some advantages when it comes to ultrafast optical
response. Intrinsic zero bandgap of graphene limits its applications in optical
switching, while black phosphorous has limitations due to its instability and ease of
getting oxidized in ambient conditions [23].

Guo et al. [23] fabricated 2D Te using facile liquid phase exfoliation and the
exfoliated 2D Te is mixed with polyvinylpyrrolidone (PVP) to obtain a uniform 2D
Te/PVPmembrane. This structure is then characterizedwith variousmethods like TEM,
HR-TEM, absorption spectroscopy andRaman spectroscopy as shown in Figure 10.3. Te
NSs were found to have a lattice spacing of 0.22 nm, corresponding to the (1–210) plane
of Te crystals.

The ultrafast responsewas estimated using the z-scanmethod. Then the 2D Te/PVP
membrane was also used to produce ultrashort laser pulses in fiber lasers at 1556 and
1060 nm. This method offers some advantages over the solvent-dispersed 2D Te. As
PVP is not having appreciable nonlinear optical response for the wavelengths used,
contribution of solvent to the NLO properties is avoided. PVP also protects 2D Te from
oxidation and optical bleaching.

The prepared 2D Te showed broadband absorption ranging between 200 and
2000 nm (solvent dependent). Even though there was degradation of Te over time, the
suspensions showed the absorption peaks corresponding to Te even after one week of
preparation. Incorporating 2D Te in the PVP matrix helped to alleviate the problem of
degradation.

Open aperture z-scan measurements were employed for estimating the nonlinear
optical properties of 2D Te/PVP membrane. The z-scan method [24, 25] can be used to
measure both nonlinear index of refraction and nonlinear absorption coefficient. In this
technique, the sample is translated across a focused laser beam. Focusing the laser beam
gives a beam whose intensity is varied along the axis (z-direction). This enables the
measurement of intensity dependent optical parameters. Placing an aperture before the
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detector (closed-aperture z-scan) will help to estimate the nonlinear refractive index. If no
aperture is used, we get the nonlinear absorption coefficient (open-aperture z-scan).

In order to study the nonlinear optical absorption of 2D Te/PVP, z-scan measure-
mentswere done at three differentwavelengths viz. 800, 1060, and 1550 nm. The z-scan
experiments showed that the 75 μm-thick 2D Te/PVPmembrane casted on a glass plate
showed the behavior of a saturable absorber for which the normalized transmittance
shows an increase when the incident intensity increases (Figure 10.4). Z-scan measure-
ments were also performed with PVP alone to verify that the nonlinear optical response

Figure 10.3: Characterization of 2D Te NSs and 2D Te/PVP membrane.
(a) Top and (b) side views of the atomic structure of monolayer Te. (c) TEM image of 2D Te NSs. (d)
HR-TEM image illustrating the atomic arrangement of a 2D Te NSs. (e) Selected-area electron
diffraction image. Typical absorption spectra of 2D Te NSs in (f) IPA, (g) NMP, and (h) water. (i)
Absorption and transmittance (inset) of neat PVP and 2D Te/PVP membrane. Reproduced with
permission from ref. [23].
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comes solely from 2DTe. PVPdidnot showanynonlinear optical response. The scan data
was fitted using a nonlinear absorptionmodel to obtain the nonlinear optical parameters
of the 2D Te.

T(z) = 1 − βI0Leff/23/2(1 + z2/z20), (10.15)

where T(z), β, I0, Leff, and z0 are the normalized transmittance, nonlinear absorption
coefficient, peak on-axis intensity at the focus (Z = 0), the effective length and the
Rayleigh range, respectively.

β values were obtained by fitting the experimental data, as −3.56 × 10−1, −1.13 × 10−1,
and −1.39 × 10−1 cm GW−1 at 800, 1060, and 1550 nm, respectively, which are comparable
to the ß values of other 2D materials like graphene and black phosphorous.

The saturable absorption in 2D Te happens due to the fact that when a very intense
laser beam interacts with 2D Te, the energy levels near the band-edge get filled up
easily if the energy of individual photons is slightly greater than the bandgap energy.
As a result, the light will no longer be absorbed by the sample and the light passes
through the sample without getting absorbed. This is reflected as an increase in the
transmittance at higher intensities.

The absorption saturation property of the 2D Te/PVP membrane was employed to
design a mode-locked erbium-doped fiber laser. The 2D Te/PVP was inserted in an
erbium-doped fiber (EDF) ring cavity for mode-locking operation to obtain a highly
stable mode-locked output. Autocorrelation measurement was used to estimate the
pulse width whichwas calculated as 879 fs assuming sech2 pulse. The calculated time-
bandwidth product was 0.344 which is close to the theoretical limit indicating that the
pulse obtained is almost transform limited (Figure 10.5).

Figure 10.4: Open-aperture Z-scan measurements and fittings of a 2D Te/PVP membrane at (a)
800 nm, (b) 1060 nm, and (c) 1550 nm. Relationships between normalized transmittance and input
peak intensity of the 2D Te/PVP membrane at (d) 800 nm, (e) 1060 nm, and (f) 1550 nm. Reproduced
with permission from ref. [23].
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Another investigation in the direction of realizing ultrafast laser action using 2D Te
was done by Yang et al. [26]. The 2D Te was prepared by using liquid-phase exfoliation
where Te powder with purity of 99.99% was dispersed in an alcohol suspension and

Figure 10.5: (a) Schematic of the 2D Te/PVP membrane-based mode-locking erbium-doped fiber
(EDF; OFS EDF80, 50 cm) laser. WDM: wavelength divisionmultiplexer. ISO: polarization independent
isolator. 2D Te/PVP SA: 2D Te/PVP membrane-based SA. PC: polarization controller. OC:output
coupler (30%). (b) Mode-locked optical spectrum centered at 1556.57 nm. (c) Pulse trains. Inset: 4 μs
pulse trains. (d) Autocorrelation trace with a sech2 fitting, τ = 829/0.648 fs. (e) Radio-frequency (RF)
spectrum. SNR: signal-to-noise ratio. Inset: broadband RF spectrum. Reproduced with permission
from [23].
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ultrasonicated for 3 h to fabricate thin nanosheets. This suspension was centrifuged to
remove aggregate powders and the obtained supernatant was transferred to a sapphire
substrate by spin coating and dried under an infrared lamp. AFMwas used to study the
morphology of the Te nanosheets and the sheet-like 2D structure was confirmed. Te
nanosheets of average thickness of 5 nm were observed corresponding to about 12
layers of Te nanosheets. XRD and Raman spectroscopywere used to analyze the crystal
phase of the Te samples and the crystallinity was confirmed.

Nonlinear optical absorption of 2D Te samples were studied using open-aperture
z-scan technique. Pulses from a femtosecond laser at 1030 nm with a pulse width of
350 fs and a repetition rate of 1 kHz were used for the measurements with pulse energy
of 100 nJ. The normalized transmittance gradually increased as the sample was moved
across the focused laser beam indicating saturable absorption behavior. The experi-
mental data was fitted with saturable absorption model with

T(I) = 1 − ΔR × exp(− I
Is
) − Tns, (10.16)

where T(I) is the transmittance rate, I is the input intensity, and ΔR, Is, and Tns are the
modulation depth, saturation intensity, and non-saturable loss, respectively.

Themodulation depth and saturation intensity of the 2D Te samplewere calculated
to be 1.9% and 5.7 GW/cm2, respectively.

The 2D Te saturable absorber was then employed to design a mode-locked solid
state laser with Nd:YVO4 crystal as gain medium. A 1.495 m long W-type optimum
resonator having a round trip time of 9.97 ns was designed based on the parameters of
both the crystal and 2D Te saturable absorber (2D Te SA). The pump light was 808 nm
and the oscillating light was 1064 nm. A stable continuous wave mode-locked (CWML)
operation was obtained when the absorbed pump power increased to 6.44 W with an
output power of 442 mW. The repetition rate of the laser was measured to be 00.3 MHz
which was in good agreement with the cavity round trip time. Autocorrelation trace
was used to estimate the pulse width of the laser using sech2

fitting as 5.8 ps. The pulse
also showed a spectral width (FWHM) of 0.30 nm with 1064 nm as the center wave-
length. The maximum obtained pulse energy was calculated to be 8.48 nJ with a peak
power of 1.46 kW. A time-bandwidth product of 0.455 was obtained, which was higher
than the Fourier transform limit of 0.315 indicating that the pulse was not transform-
limited. Optimization of the cavity along with dispersion compensation is required to
further compress the pulse.

Photonic properties of elemental tellurium particles obtained from a culture of a
tellurium-oxyanion respiring bacteriawere extensively investigated byWang et al. [27].
The bacterially synthesized nanocrystals were shown to exhibit photonic properties
comparable to those of chemically synthesized nanomaterials, paving a way to an
environment-friendly way of preparing these materials.
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Wang et al. used the anaerobic bacterium Bacillus selenitireducens with Te (IV) as
its electron acceptor to harvest elemental tellurium nanostructures. The nonlinear
optical properties of these biologically synthesized tellurium (Bio-Te) nanostructures
were investigated using open aperture z-scan technique at different pulse widths and
wavelengths. The method of preparing the nanocrystals is shown in Figure 10.6a.
Micro-pellets were obtained as a result of the aggregation of the bio-Te nanostructures.
As these aggregates are not suitable for the optical characterization studies used,
poly(m-phenylenevinylene)-co-2,5-dioctoxy-phenylenevinylene (PmPV) was used to
disperse Te(0) to form nanocomposites. Lattice spacings of 0.32 and 0.59 nm were
observed corresponding to the (101) and (001) crystal planes using HR-TEM
(Figure 10.6d) implying the trigonal crystal geometry of the Bio-Te. Raman spectros-
copywas also used to confirm the trigonal crystalline Te in both pristine Bio-Te and the
Bio-Te-PmPV composite (Figure 10.6e). The Raman spectrum showed the characteristic
peaks of Te (0) and PmPV. Some peaks corresponding to TeO2 were also observed
indicating the slight oxidation of Te (0) over time due to exposure to ambient air.

Figure 10.6: Synthesis and characterization of biological synthesized tellurium (Bio-Te).
(a) Synthesis scheme of tellurium nanocrystals by anaerobic bacteria, Bacillus selenitireducens. (b)
Image of Bio-Te crystalline nanoflake taken by scanning transmission electron microscope. (c)
Dispersion of Bio-Te in PmPV/toluene (upper) and in toluene only (bottom) with increasing stirring
times on the X-axis, showing the preparation of Bio-Te-PmPV composites. PmPV is abbreviation of
poly(m-phenylenevinylene)-co-2,5-dioctoxy-phenylenevinylene. (d) Transmission electron
microscopy image of a Bio-Te crystalline nanoflake wrapped by PmPV layers. Inset is the image after
fast Fourier transformation (FFT). (e) Raman spectra of Bio-Te, Bio-Te-PmPV, chemically synthesized
telluriumnanocrystals (Chem-Te), Chem-Te-PmPV, and PmPV. (f) Left: the absorption spectrumof Bio-
Te. This curve was obtained by subtracting the absorption of PmPV (0.5 g/L in toluene) from that of
Bio-Te-PmPV. Right: photoluminescence (PL) spectra of Bio-Te-PmPV and pure PmPV. Inset: optical
linear transmission and extinction coefficient as functions of Te concentrations at 532 nm g The PL
decay kinetics of PmPV and Bio-Te-PmPV at 528 nm excitation. The inset shows a blow up of the blue
shaded region, showing the quenching effect caused by tellurium. Reproduced from ref. [27] under
Creative Commons Attribution 4.0 (http://creativecommons.org/licenses/by/4.0/).
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The linear optical absorption of Bio-Te-PmPV composite (after subtracting the
effect of PmPV) shows a broad curve with peak around 1.9 eV (∼650 nm) as shown in
Figure 10.6f. Their experimental investigations also showed that the Bio-Te-PmPV
shows a photoluminescence (PL) spectrum similar to that of PmPV. This indicates the
lack of photoluminescence from Bio-Te. It was also observed that the PL of PmPV was
quenched in the presence of Bio-Te as the PL intensity showed a reduction of one order
of magnitude (Figure 10.6g).

In order to study the nonlinear optical effects in Bio-Te-PmPV, open aperture
z-scan measurements with femtosecond (340 fs) laser pulses of three different wave-
lengths (515, 800 and 1030 nm)were used. Bio-Te-PmPV composite exhibited saturable
absorption (SA) behavior under 800 nm excitation with pulse energy 200 nJ as can be
seen in Figure 10.7a. The z-scan measurement was carried out on a sample of PmPV
alone, which showed no SA response, indicating that the nonlinear optical response is
coming solely from Bio-Te nanocrystals. Here again, the mechanism of saturable ab-
sorption can be attributed to the band filling at higher intensities and Pauli blocking.
The excitation energy (1.55 eV) is much larger than the bandgap of Te (0.323 eV). When
the excitation pulse energy was increased to 400 nJ, the nonlinear optical response
changes to a combination of absorption saturation and nonlinear absorption
(nonlinear extinction-NLE) (Figure 10.7b). This could be due to the multiphoton

Figure 10.7: Open-aperture z-scan results of the biological synthesized tellurium samples.
(a) Experimental results with fs pulses, 800 nm. Bio-Te-PmPV (solid circles); PmPV (hollow squares).
Solid lines: fitted z-scan curves using equation (10.1); Dashed lines are for visual guide. (b and
c) Experimental results with 340 fs laser at 515 nm (b) and 1030 nm (c). (d) Saturated intensity Isat of
Bio-Te-PmPV and graphene dispersion as functions of the laser intensity at 1030 and 515 nm. (e and f)
Mid-infrared open z-scans of Bio-Te and graphene polymethyl methacrylate (PMMA) films at 2.5
and 2.8 μm wavelengths, showing better saturable absorptive responses of Bio-Te than
those of graphene. Reproduced from ref. [27] under Creative Commons Attribution 4.0
(http://creativecommons.org/licenses/by/4.0/).
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absorptions taking place in PmPV at higher intensities. The nonlinear optical co-
efficients of Bio-Te nanocrystals were calculated based on theoretical fitting of the
experimental data. The following model was used for the fitting:

dI
dz

= α0I
1 + I

Isat

− βI2, (10.17)

where α0 is the linear absorption coefficient, I is the photon intensity, z is the distance
traveled by light in the NLO medium, Isat is the saturated intensity contributed by Bio-
Te, and β is the NLE coefficient contributed by PmPV.

At lower input pulse energies, the saturable absorption caused by Bio-Te domi-
nates while at higher energies, themulti-photon absorption caused by PmPV is evident
from the z-scan plots (Figure). They also studied the changes in Isat as a function of on-
focus beam intensity for these different wavelengths. The Isat value of Bio-Te at
1030 nm was almost one third of black phosphorous [28] implying stronger saturation
of absorption by Bio-Te at IR region.

Further investigations of absorption saturation by Bio-Te samples were carried out
in mid-infrared (MIR) region with 35 fs pulses. In order to avoid the effects of two
photon absorption of PmPV at this region, polymethyl methacrylate (PMMA) was used
as a host material. The host material showed negligible nonlinear optical effects in the
z-scanmeasurements done at 2.5 and 2.8 µm. Saturation of absorption was observed at
these wavelengths as well for the Bio-Te/PMMA composite. This shows that Bio-Te can
be used as a saturable absorber to obtain passive mode-locking in a large range of
wavelengths.

This study also compared the saturable absorption behavior of Bio-Te with gra-
phene, which is also a broad band saturable absorber [29–31]. It was shown that Bio-
Te/PmPV shows better nonlinear optical response at 515 nm, comparable values at
800 nm and inferior response at 1030 nm. At the MIR region, Bio-Te exhibited much
better SA compared to graphene at both 2.5 and 2.8 µm.

The z-scanmeasurements were also carried out with nanosecond (ns) pulses at 532
and 1064 nm (6 ns at 10 Hz Q-switched Nd:YAG laser). At this pulsewidth, z-scan plots
were obtained for pulse energies from 52 to 199 μJ. Strong nonlinear scattering was
exhibited by Bio-Te under these experimental conditions, which is attributed to theMie
scattering caused by the formation ofmicrobubbles due to the absorption of laser by Te
nanostructures. The z-scan traces obtained indicate strong nonlinear optical extinction
(NLE), suppressing the saturation of absorption. The theoretical fit was obtained by
incorporating the effects of scattering as well in the fitting equation as:

dI
dz

= −(α0 + βNLEI)I, (10.18)

where βNLE is the effective NLE coefficient. The broadband NLE nature can be utilized
for realizing laser-protective equipment. This equation is an adaptation of equation
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(10.13). Here βNLE incorporates the extinction due to nonlinear scattering as well. The
z-scan plots are presented in Figure 10.8.

This work also demonstrated the use of the ultrafast SA response of the tellurium
nanostructures for realizing passive modelocking and Q-switching at 1.55 μm. Bio-Te
film was integrated with PMMA and was coated on the face of a fiber connector and
inserted into the cavity of an erbium-doped fiber (EDF) laser. The SA nature of Bio-Te
lead to the self-starting mode-locking at a pump power of 360 mW. The laser output
was obtained with a central wavelength of 1.55 μm, whose autocorrelation trace gave a
pulse width of 1.81 ps. They also demonstrated the Q-Switching properties of Bio-Te.
Studies were done with pump powers from 0 to 110 mW. The observed the pulse width
varied from 7 to 12 μs. Compared to the q-switching showed by black phosphorous [32]
Bio-Te required lesser pump power to obtain a shorter pulse width.

An earlier work by the same group had compared the nanosecond nonlinear op-
tical response of Bio-Tewith C60 and otherwell-knownnonlinear opticalmaterials and
showed that Bio-Te possessed superior optical limiting properties under the similar
illumination conditions [33]. They also compared the NLO properties of Bio-Te with
chemically derived Te(0)/PmPV composite and both were shown to have comparable
nonlinear optical response with a dominance of nonlinear scattering as the major
mechanism of optical limiting.

Figure 10.8: Nonlinear optical responses to ns pulses.
(a and b) Circles: normalized transmission of Bio-Te-PmPV as a function of z at 532 and 1064 nm;
squares: light intensity scattered by the sample at 35° to the laser’s direction; lines: Z-scan fitting
results. (c and d) Effective nonlinear extinction (NLE) coefficient βNLE and corresponding Imχ(3) as a
function of on-focus intensity for ns pulses at 532/1064 nm. (e) Effective nonlinear extinction
coefficient βNLE as a function of linear absorption coefficient α0 with error bars indicating s.e.m. (f)
Comparison of optical limiting performance of Bio-Te-PmPV, PcZn (t-Bu4PcZn), C60, and single-
walled carbon nanotube (SWNT) dispersions at 532 nm, 6 ns irradiation. Reproduced from ref. [27]
under Creative Commons Attribution 4.0 (http://creativecommons.org/licenses/by/4.0/).
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A very detailed analysis comparing the ultrafast nonlinear optical response of
different Te-based low-dimensional structures were carried out by Xiao et al. [34] They
investigated one-dimensional (1D) Te nanowires (NWs), quasi-1D Te nanorods (NRs),
zero-dimensional (0D) Te nanodots (NDs) and two-dimensional (2D) Te nanosheets
(NSs) prepared by electrochemical exfoliation and liquid phase exfoliation methods.
Femtosecond z-scan measurements were used to compare the dimension dependent
nonlinear optical response of these materials. They have carefully designed the
nanomaterials to compare the effect of quantum confinement in each of these struc-
tures. They chose 1D and 0D Te nanomaterials in such a way that they both have the
same diameter so that the effect of length of 1D structure can be studied. The thickness
of the nanosheets were controlled to be less than the diameter of nanodots and
nanowires.

Cathodic electrochemical exfoliation method was used to prepare nanomaterials
with well-controlled dimensions. This method resulted in uniform NWs, NRs and NDs.
In order to fabricate Te nanosheets, they used a modified liquid phase exfoliation
method. High angled annular dark field (HAADF) STEM and bright field TEM revealed
the ultralong morphology of the one-dimensional nanowires (Figure 10.9a) with an
average diameter 9.4 ± 2.1 nm. The elemental mapping showed uniform distribution of
Te with a negligible presence of O in the Te NWs, indicating the single crystal nature of

Figure 10.9: (a) High-angle annular dark-field (HAADF)-STEM image of Te NWs. (b and c) Elemental
mapping of Te and O elements, respectively. (d) TEM image of Te NRs. (e) TEM image and (f) high-
resolution TEM (HRTEM) image of Te NDs. Scale bar, 2 nm. Inset: the corresponding crystal structure.
Reproduced with permission from ref. [34].
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Te NWs. TEM images of quasi-1D Te nanorods (Te NRs) (Figure 10.9d) showed di-
ameters of 12.1 ± 2.8 nmand length of around 200 nm. For these nanostructures aswell,
the elemental mapping indicated a negligible amount of oxygenwith themajority of Te
element. The 0D Te nanodots (NDs) were shown to have a uniform diameter of
12.0 ± 3.0 nm (Figure 10.9e). The HR-TEM images (Figure 10.9f) indicated an atomic
matrix with three fold symmetry with a lattice spacing measured to be 2.23 Å corre-
sponding to (110) plane of the trigonal Te.

The Te nanosheets (NSs) synthesized by the LPE method were also subjected to
TEM analysis to reveal its 2D morphology (Figure 10.10a). The NSs were highly trans-
parent to the electron beam indicating their ultrathinnature. TheHR-TEM images showed
a rectangle-like atomic matrix which is different from the Te NDs (Figure 10.10b). The
measured lattice spacing was 1.98 Å. This corresponds to the (003) plane of the trigonal
Te. A simulated crystal structure showed the atoms lying in the plane (Figure 10.10b).

Figure 10.10: (a) TEM image and (b) HRTEM image of Te NSs. Inset: the simulated crystal structure. (c)
The corresponding selected area electron diffraction (SAED) pattern. (d) Top: atomic forcemicroscopy
(AFM) image. Bottom: corresponding height profile of Te NSs. Scale bars, 2 nm (b); 10 nm−1 (c).
Reproduced with permission from ref. [34].
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Selected area electron diffraction (SAED) pattern also confirms the (003) plane observed
HR-TEM (Figure 10.10c). The lateral size of theTeNSswas estimatedusingSEManalysis to
be around 500 nm. AFM was employed to calculate the thickness of the nanosheets,
which was found to be around 1.4–3.2 nm corresponding to 3–7 layers of Te monolayers
(Figure 10.10d).

UV–Vis absorption spectroscopy of these nanostructures dispersed in NMP
showed broad absorption ranging from 400 to 1000 nm. The absorption bands of these
structureswere at 695 nm for TeNWs, 622 nm for TeNRs and 573 nm for TeNDs showing
a blue shift as the dimensionality of the structures change indicating a change in the
bandgap energies. The corresponding bandgap energieswere calculated to be 1.12, 1.28
and 1.3 eV respectively for Te NWs, Te NRs and Te NDs. The bandgap of 2D Te NSs were
calculated to be 2 eV. Raman spectroscopy and XRD were used for further character-
ization of the nanostructures. High resolution X-ray photoelectron spectroscopy (XPS)
was used to evaluate the percentage content of Te and oxygen in these nanostructures
and analysis showed Te NSs having the highest percentage of oxygen content. The
increased amount of oxidized states in the 2D Te NSs is attributed to the fact that in 2D
layered structure, the ratio of surface atoms is increased.

Femtosecond open aperture z-scan was used to investigate the nonlinear optical
properties of the Te nanostructures. The nanostructures were dispersed in NMP. NMP
alone does not show any nonlinear optical effects. As discussed earlier, the z-scan
traces give the normalized transmittance as a function of sample position along the
z-direction in which the focused laser beam is providing a continuous variation in
intensity.

Here the z-scan curves were fitted using the transmission equation (10.13). The
samples were taken in a 2 mm quartz cuvette and were excited by a femtosecond laser
beam having 600 nmwavelength which is close to the absorption band of the samples.
Measurements were repeated for three different pulse energies viz. 280, 1050 and
1480 nJ.

Te nanowire sample showed a clear saturation of absorption in the z-scan mea-
surement using 280 nJ laser pulse. For increased pulse energies the sample showed
onset of reverse saturable absorption near z = 0. Repeatability of measurements using
the same sample also confirmed that the Te NWs are not damaged by the exposure to
high intensity laser beams. As discussed earlier, saturation of absorption is attributed
to narrow bandgap and Pauli blocking. The reverse saturable absorption usually oc-
curs due to multiphoton absorption processes (like two-photon absorption) or excited
state absorption. In this case, the photon energy is larger than the bandgap energy of
the samples. So the possibility of two-photon absorption can be omitted. Another
investigation showed that depending upon the linear transmittance of the sample
used, there were changes in the nonlinear optical properties. For this laser pulse and
energy was fixed at 280 nJ and then three different samples of Te-NWs were made such
that their linear transmittances were 0.70, 0.48 and 0.30 respectively. The absorption
saturation behavior steadily improved when the transmittance was reduced. Solvent
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heating and evaporation effects also play a role in the nonlinear optical responses of
the samples with higher transmittances as the amount of solvent is larger.

Z-scan investigations of other Te nanostructures also proved that the NLObehavior
depends on the dimensionality of the material. For the same laser pulse energy and
sample transmittance, different nanostructures showed different NLO properties. The
NWs exhibited stronger SAbehavior than theNRs andNDs showed a combination of SA
andRSAbehavior. In these studies, Te NSs showedRSA behavior. Similar behaviorwas
also shown when the laser pulses of 532 nm wavelength (<110 fs) were used for z-scan
measurements. They also investigated the NLO properties of these nanostructures
embedded in a PMMA matrix to avoid the effect of solvent heating. In this case also
dimension dependent changes in the NLO response were observed. They employed
transient absorptionmeasurements at femtosecond timescale to understand the carrier
dynamics in these nanostructures. These observations as illustrated in Figure 10.11 also
explain the saturation of absorption and reverse saturable absorption exhibited by
these samples. This study also demonstrated the ultrafast RSA behavior of 2D Te unlike
the earlier examples.

10.5 Conclusions

Novel materials based on elemental tellurium are gaining attention in optoelectronic
and photonics research due to their interesting properties. Tellurium nanomaterials
including nanoclusters, nanodots and nanorods show excellent nonlinear optical
response. 2D Te is another promising material which shows ultrafast switching prop-
erties and can be used to design mode-locking in ultrafast lasers. Depending upon the
morphology of thematerials, incident laser wavelength, pulse width and pulse energy,

Figure 10.11: SchematicNLOmechanismof TeNWs,NRs, NDsandNSs, respectively. Reproducedwith
permission from ref. [34].
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Te-based materials can achieve different nonlinear optical characteristics. These can
be effectively used for photonic device fabrication.
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Sara Ali A Aldawood, Aparna Das and Bimal Krishna Banik*

11 Tellurium-induced cyclization of olefinic
compounds

Abstract: In this article, we discuss about the importance of Tellurium (Te) in organic
synthesis. Tellurium-induced cyclization of alkenyl compounds, as well as alkynyl
compounds, are considered for the study. The developments in this area are incor-
porated in great detail. The mechanism of the reactions does not follow any straight-
forward process. This study opens up the possibility of stereocontrolled synthesis of
complex natural products.

Keywords: alkenyl compounds; alkynyl compounds; cyclization; olefinic compounds;
tellurium.

11.1 Introduction

Tellurium (Te) is a metalloid and is a low bandgap semiconductor. Te is useful for
various applications. For example, it is used for photovoltaic and thermoelectric ap-
plications. Te is used as a coloring agent in glass and ceramics and also in copying
machines. Te is also utilized as a vulcanizing agent to make durable products in
chemical industry. Te is also used in the semiconductor industry such as in integrated
circuits, laser diodes, and sensors, in medical instrumentation, and automobile
industry.

Tellurium compounds are also used in organic synthesis. For instance, it uses for
carbohydrate synthesis. In organic synthesis, in addition to utilize as reagents for
oxidation, tellurium compounds are also described as versatile electrophiles practi-
cable in diverse organic transformations. Tellurium-induced cyclization of alkenyl
compounds, as well as alkynyl compounds, are considered for the study. In the
following sections, some remarkable and recent, breakthrough in this field is
highlighted.
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11.2 Tellurium-induced cyclization of alkenyl
compounds

Developing new methods for tetrahydrofuran derivatives remains an important
research area as these compounds are advantageous intermediates in the production of
various natural products [1]. One of these examples is the tetrahydrofuran moiety in
which an exocyclic double bond is present. This has beenused in numerous analyses to
assist in synthesizing nonactic acid [2–5].

Jackson et al. showed that the β-dicarbonyl compounds that are substituted with
alkenyl can be cyclized with electrophiles of selenium [6]. This study showed the
possibility that based on the reaction conditions the product of a C-cyclization (ther-
modynamic control) or that of an O-cyclization (kinetic control) can be obtained. Later
on, other researchers [7–9] covered a comparable iodo-O-cyclization of a series of
β-keto esters and ketones substituted with alkenyl. In all of these compounds, the
alkenyl chain was at the α-position. The correspondent cyclization of β-enamino esters
and ketones promoted by iodine resulted in worthful precursors synthesis for pyrrole
nucleous, was reported by Ferraz et al. [10]. Later the same research group examined
the behavior of a group of α- and γ-alkenyl-β-keto esters for aryltellurium trichloride
[11].

The usage of iodine and aryltellurium tichloride as reagents for cyclization toward
β-keto esters substituted with alkenyl were discussed in great detail [11]. The occur-
rence of this reaction happens through the dicarbonyl compounds that have enolic
form. The corresponding five-membered cyclic ethers were obtained in good yields.
The results are summarized in Figure 11.1.

Aryltellurium trihalides were employed as electrophilic reagents for the produc-
tion of organotellurium compounds with greater bioactivity [12–19]. Several studies
reported the interactions of aryltellurium trihalides with carbonyl compounds,
γ,δ-alkenyl alcohols, acids, and several derivatives of these compounds. For example,
the interaction γ,δ-unsaturated alcohols, and ethers 10 with p-alkoxy(alkyl)-phenyl-
tellurium trichlorides 9 in CHCl3 produced derivatives of tetrahydrofuran 11 with an
exocyclic aryltelluriium fragment (Figure 11.2). The product yield was very low when
the p-methoxyphenyltellurium tribromide was used in the production of tellurium-
functionalized furan compounds [20].

Cyclization of aryltellurium trichlorides with sterically hindered alkenols resulted
in 2,3,5-substituted tetrahydrofurans and the yield of the product was excellent [21].
The bicyclic furans formation and the furan ring annulation were the consequence of
the reaction of γ,δ-alkenols having double carbon-carbon bonds with aryltellurium
trihalides [20]. The interaction of o-allylphenols or 2-allylcyclohexanol 13 with
p-methoxyphenyltellurium trichloride (12) in CHCl3 produced the benzotetrahy-
drofurans 14 in high yields (Figure 11.3).
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Figure 11.2: Synthesis of tetrahydrofuran derivatives.

X= ArTeCl2 or I

Figure 11.1: Iodine and tellurium-promoted cyclofunctionalization of β-keto esters substituted with
alkenyl.
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The γ-lactones substituted with aryldichlorotelluromethyl 16 in high yields was
producedwhen a reaction of γ,δ-unsaturated carboxylic acids 15with trichloride 12was
performed, as shown in Figure 11.4 [22].

The cyclization of diketone that has enol form and the furan 18 formation was
observed as a result of the interaction of trichloride 12 with 2-allyldimedone 17. Under
the same conditions, the α-alkenyl derivatives of acetoacetic ester or acetylacetone 19
were transformed into the representing 2,3,5-substituted derivatives of furan 20
(Figure 11.5) [23].

R = R = H; R + R1 = (CH2)2-3; R2 = R3 = H, Ph, Me

Figure 11.4: Synthesis of aryldichlorotelluromethyl-substituted γ-lactones.

 
X=Cl, Br; A=Cy, Ph, MeC6H4 

Figure 11.3: Synthesis of benzotetrahydrofurans.
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A cyclohexene and ethyl acetoacetate (compound 21) on appropriate reaction
produced condensed furan 22. The product was with an aryltellurium part [11, 24].
Maintaining the same conditions, the interaction of p-methoxyphenyltellurium tri-
chloride (12) with α,β-Diallyl-β-oxoesters 23 in CHCl3 formed dihydrofurans 24
(Figure 11.6). Under the conditions, the γ-alkenyl-substituted β-oxoesters 25 were
transformed into tetrahydrofurans 26. An exocyclic double bond was present in the
product (Figure 11.6) [23–25].

Using 5-hexenol (27) in the reaction combined with p-methoxyphenyltellurium
trichloride (12) yielded 2-aryltelluromethyl-substituted pyran 28 with a high yield.
2-Butenyldimedone (29) on reacting with trichloride 12 in CHCl3 yielded derivative of
pyran 30 in high yield [20, 23]. The schematics of the synthesis are shown in Figure 11.7.

The production of the derivatives of pyran 32 (yield: 84%) and 34 (yield: 65%) was
the result of the cyclization of α- and γ-butenyl derivatives 31 and 33,when these were
heated in CHCl3 (Figure 11.8) [24].

Invariantly, aryltellurium trihalides reacting with alkenyloxy compounds gave a
cation (telluronium), and consequently, an intramolecular nucleophilic action of hy-
droxyl oxygen was followed (Figure 11.9).

The oxygen atom reinstated as an additional nucleophilic core with a sulfur or
nitrogen atom allowed the formation of sulfur and nitrogen-containing heterocycles.
Therefore, N-alkenylthioureas 36 reacting with p-alkoxyphenyltellurium trichlorides

R=Me, OEt

Figure 11.5: Synthesis of 2,3,5-substituted derivatives of furan.
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35 made it possible for the formation of thiazolinium chlorides 37. In the product, an
exocyclic tetracoordinated Te was present (Figure 11.10) [26].

The cyclization reaction of S- or N-alkenyl derivatives of thiouracil 40, 38 with
p-methoxyphenyltellurium trichloride (12) in glacial AcOH produced isomeric thia-
zolopyrimidines41, 39. The yields of productswere in range 60–65% (Figure 11.11). The
cyclization reaction produced telluro-functionalized selenazolopyrimidinone 41
through introducing 2-(allylselenyl)- 6-methylpyrimidin-4(3H)-one. Te-promoted
cyclization reaction of S(Se)-alkenyl derivatives of thio(seleno)-uracil produced thia-
zolo(selenazolo)-pyrimidinone complex with p-methoxyphenyltellurium trichloride

Figure 11.6: Synthesis of 2,5-substituted tetrahydrofurans.
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Figure 11.7: Synthesis of pyran derivatives.

Figure 11.8: Synthesis of pyran derivatives.
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(12). NMR spectroscopy and mass spectrometry results were supportive to this obser-
vation [27].

N- or S-alkenyl derivatives of condensed pyrimidines 42, 44 were cyclized to
polycyclic thiazolopyrimidines 43, 45 as a result of interaction with p-alkox-
yphenyltellurium trihalides 9 a–d under similar conditions (Figure 11.12).

The discovery of tellurocyclofunctionalization happened at the same time as the
selenocyclofunctionalization [28, 29]. The selenocyclofunctionalization became a
crucial synthetic tool [30]. But the tellurium counterpart was neglected.

The information regarding the understanding of the effect of the olefin structure
and the Te electrophile for the tellurolactonization of γ,δ,-unsaturated carboxylic acids
expanding to benzyl esters of the compound was reported [31]. The diastereomeric
lactones mixtures were the results of the reaction, the stereoselectivity of the reaction
was also discussed.

The reaction of carboxylic acid 46 with aryltellurium trichloride led to the tellur-
olactone 47 and the yield of the product was good. At the same time, the analogous
benzyl ester failed to produce lactones 47. The carbon-carbon double bond adducts
were produced (48) and the compound was having aryltellurium trichlorides
(Figure 11.13). The outcome was explained in terms of carboxylic oxygen’s lesser
nucleophilicity. Perhaps the initial stage consisted of π-complex formation between
the electrophile and the double bond. The chloride ion created from the aryltellurium
trichloride resulted in the adduct, with the lack of an efficient internal nucleophile.

Figure 11.9: Mechanism of the interaction of alkenyloxy compounds with aryltellurium trihalides.

R1=Me, Et 

Figure 11.10: Synthesis of thiazole derivatives.
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As expected, the lactone 50 together with the carbon-carbon double bond adduct
having hydrochloric acid (51) were the result of the reaction of CH3OPhTeCl3 and
PhOPhTeCl3 with acid 49 (Figure 11.14). During the lactone generation, the hydro-
chloric acid was released. An attack of the carbon-carbon double bond resulted in a
tertiary carbenium ion. The carbenium ion interacts with the chloride ion and produces
the compound 51.

The tellurolactones 50 in good yields were achieved when CH3OPhTeCl3 and
PhOPhTeCl3 reacted with the benzyl ester since the formation of benzyl chloride was
present as a by-product instead of hydrogen chloride. The interaction of aryltellur-
iumtrichlorides with γ,δ,-unsaturated carboxylic acids and benzylesters are summa-
rized in Table 11.1.

It had been noted that PhTeOSO2C6H4NO2-4 (54) can be achieved in situ from
4-nitrobenzenesulfonyl peroxide and Ph2Te2. This was also capable of being an elec-
trophilic reagent for the cyclization of unsaturated alcohols, and also for lactonization
of unsaturated carboxylic acids (Figure 11.15) [32].

Besides the application of both the aryltellurinic anhydrides and the mixed an-
hydrides as oxidation reagents in the synthesis of organic compounds, it was employed

R = H, Me; 

X = S, Se

Figure 11.11: Thiazolopyrimidines synthesis.
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a: Ar = p-MeOC6H4, X= Cl; b: Ar = p-MeOC6H4, X = Br 

c: Ar = p-EtOC6H4, X = Cl; d: Ar = p-EtOC6H4, X = Br 

R1=H, Me 

Figure 11.12: Synthesis of thiazolopyrimidines.

Ar = CH3OPh, PhOPh 

Figure 11.13: Synthesis of tellurolactone.
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as versatile electrophiles in several organic transformations. For example, hydrox-
yalkenes cyclofunctionalization and alkenes acetoxytellurinylation were per-
formed [33, 34]. In order to make PhCH2CH(OAc)CH2Te(OAc)2 (C6H4OMe-4) (58), the
combined anhydride 4-MeOC6H4Te(O)OAc as an intermediate, the reaction of
[4-MeOC6H4Te(O)]2O together with PhCH2CH=CH2 the allylbenzene must be held in
acetic acid which is at boiling temperature, instead of vic-diacetate. As shown in
Figure 11.16, when utilizing organic substrates with a suitable nucleophilic group in an
appropriate location of the olefinic molecule like in hydroxyalkenes, [ArTe(O)]2O [Ar
= Ph, 2-naphthyl, 4-MeOC6H4] it made cyclofunctionalization to 5-, 6-, and 7-membered
cyclic ethers [33]. The of hydroxyalkenes cyclofunctionalization by dealing with the
combined anhydride PhTe(O)OAc was quicker at room temperature in CHCl3 and BF3·
OEt2 was used as Lewis acid catalyst. The generation of 5-membered ring was the
preferred option over the 3- or 4-membered rings and the addition interactions were
extremely regio- and trans-stereoselective [34].

Alkenic carbamates cyclofunctionalization, aminotellurinylation of alkenes, and
oxazolidinones synthesis from alkenes were also possible using both the aryltellurinic
anhydrides and the mixed anhydrides [35, 36]. Interaction with mixed anhydrides
PhTe(O)X [X= OTf, O(O)CCF3, OAc], in CHCl3 or CH2Cl2, a range of olefins went through
regio- and stereoselective aminotellurinylation, with excessive amounts of ethyl
carbamate, H2NCO2Et, as a nucleophile being present. After reduction with hydrazine
hydrate (Figure 11.17a), the tellurinylated products of the reaction were secluded as the
equivalent phenyltellurenylated derivatives. The aminotellurinylation was further
continued to olefinic carbamates cyclofunctionalization and the nitrogen heterocycles
were formed (Figure 11.17b) [36]. Furthermore, while the aminotellurinylation reaction
of olefins was executed at an elevated temperature, the 2-oxazolidinone derivatives
were achieved right away in a prominent yield. Thus, the reaction provided a basic one-
pot synthesis process for compounds of this category from cycloalkenes or alkenes
directly (Figure 11.17c) [35, 36].

2-oxazolines synthesis from alkenes and oxazoles synthesis from alkynes and
amidotellurinylation of alkenes and alkynes were also possible using both the aryl-
tellurinic anhydrides and themixed anhydrides [37–40]. Themixed anhydride PhTe(O)
O(O)CCF3 at room temperature in the presence of BF3·OEt2, produced the alkenes

Ar = CH3OPh, PhOPh 

Figure 11.14: Synthesis of tellurolactone.
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amidotellurinylation in MeCN by functioning as a nucleophile and a solvent as shown
in Figure 11.18(a). As nucleophiles in such reactions were the propionitrile and benzo-
nitrile to result in amidotellurinylation products that could be transformed at elevated
temperatures into 2-oxazolines following an in situ intramolecular substitutions with
excellent yields. The reactions were extremely stereo- and regio-selective reactions [37,
38]. Similarly, in MeCN when Brønsted acid (for example, H2SO4) was present PhTe(O)
OTf goes through (E)-stereoselective amidotellurinylation of alkynes. In the case of
terminal alkynes being utilized, the ensuing added products (71) were isomerized
thermally to the equivalent [(Z)-β-acetamidovinyl] phenyltellurium (IV) oxides (72)
and was separated as the equivalent tellurides. Comparably, the spontaneous

Figure 11.15: Cyclization of unsaturated carboxylic alcohols or acids using PhTeOSO2C6H4NO2-4 (54).

Figure 11.16: Cyclofunctionalization of hydroxyalkenes and acetoxytellurinylation of alkenes and
employing aryltellurinic anhydrides, [ArTe(O)]2O (57).
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intramolecular cyclization at a greater temperature partially turned the internal al-
kynes’ products into oxazoles (Figure 11.18b) [39, 40].

During the selective epoxidation of olefins with hydrogen peroxide the catalytic
action of a divinylbenzene-styrene copolymer-supported tellurinic acid (76) was re-
ported (Figure 11.19) [41]. When preparing a tellurium containing catalyst, its activity
potently relies on the level of cross-linking in the divinylbenzene-styrene copolymer
employed for its production. Higher conversions were observed with higher cross-
linked polystyrene. Withholding of the cis-trans geometry in the epoxide product, the
oxidation rate depended on olefin structure (for example, the rate was accelerated by
increased alkyl substitution) with an oxidation process that is stereospecific. It was
worthmentioning that the polymeric structure of the tellurium containing catalyst 76 is
obligatory. Also, no epoxidation was observed with free tellurinic acids, for example
with 4-MeOC6H4Te(O)OH and C6H5CH2CH2Te(O)OH [41].

It was confirmed that the active catalysts are the corresponding aryltellurinic
acids, ArTe(O)OH, developed in situ byAr2Te2 reactingwithH2O2 (Figure 11.20) [42]. The
best catalyst was discovered to be the unsubstituted phenyltellurinic acid, PhTe(O)OH.
For example, the incorporation of Ph2Te2 in 0.20 mol% comparative to substrate
boosted a 240-fold enhance in the oxidation rate of NaBrwith H2O2, asmeasured by the
bromination of 4-pentenoic acid. And using it provided bromolactonization of a group
of alkenoic acids and monobromination of a range of activated aromatic substrates.
The rate of reactions was minimized as a result of both electron-withdrawing and
electron-donating group on the catalyst’s phenyl ring. The stereoelectronic effects

(a)

(b)

(c)

Figure 11.17: (a) Alkenes aminotellurinylation, (b) alkenic carbamates cyclofunctionalization and
(c) conversion of alkenes to 2-oxazolidinones.
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played a role in influencing the bromination rate by regulating (i) the oxidation rate of
Ar2Te2 to the tellurinic acid, ArTe(O)OH, (ii) the reaction rate of NaBr and H2O2 with the
tellurinic acid, and (iii) the oxidation rate of the conversion of tellurinic acid to the
telluronic acid, ArTe(O)2 (OH) (80), they were unable to activate the peroxide, so ever
since, the latter is working as a catalytic termination stage. Moreover, the balancing act
contained relative conversion ratios of the pertellurinic acid, ArTe(O)OOH (79) to the

Figure 11.19: Selective epoxidation of olefins with H2O2, the copolymer-supported tellurinic acid (76)
was used as the catalyst.

(a)

(b)

Figure 11.18: (a) Conversion of alkenes to 2-oxazolines and (b) conversion of alkynes to oxazole.
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telluronic acid 80 or for the reaction of the bromide with pertellurinic acid 79
(Figure 11.20) [42].

The oxidation of diaryltellurides to either Ar2TeO or Ar2TeO/Ar2TeO2 mixtures was
possible to get under photosensitized conditions with singlet oxygen, utilizing rose
bengal, hematoporphyrin, or tetraphenylporphyrin as photosensitizer [43–47].
Noticeably, the generation of diaryltellurones through a nucleophilic pertelluroxide
intermediate was observed, [Ar2Te

+OO−] [47]. Using various diaryltellurides, Ar2Te as
catalysts, the thiols aerobic oxidation was successfully realized under photosensitized
conditions and disulfides were formed [46]. The tellurides with bulkier aryl unit
defected in the reaction rate of oxidation and, moreover, it triggered the establishment
of certain unidentified by-products. Under identical conditions, employing
(4-MeOC6H4)2Te and rose Bengal or TPP as sensitizers, oxidation of aliphatic dithiols
and the formation of cyclic disulfides was attained in reasonable yields (Figure 11.21).

It is a well-known method to make carbo- and heterocyclic ring systems using
electrophilic cyclization [48–51]. Studies were reported regarding the application of
1,3-dicarbonyl compounds as furan ring precursors [8, 10, 52–54]. Stefani et al.

Figure 11.21: Oxidation of aliphatic dithiols and the formation of cyclic disulfides.

Figure 11.20: Proposedmechanism for the diarylditelluride/aryltellurinic acid-catalyzed oxidation of
halides salts with H2O2.
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disclosed the ring closure of α,γ-diaIlyl-β-ketoesters employing Te and Se reagents as
electrophiles in keeping with a long-term contribution to the cyclofunctionalization
reaction [25]. The interaction of p-methoxyphenyl tellurium trichloride and
phenylselenenyl bromide with α,γ-diaIlyl-β-ketoesters gave seleno- and telur-
ocyclofunctionalized furan derivatives in good yield.

When simply heating the reaction mixture in CHCl3 it was observed that such ring
closures, the yield was moderate to good with C6H5SeBr and the yield was high with
p-MeOC6H4TeC13. Dihydrohran derivatives 84 were the preferential products formed
through the central allyl group and the enolic OH participation, with disregard to
whether or not the ring closure reaction includes a π complex’ or a transient “oniurn”
ion (Figure 11.22). The obtained products are shown in Table 11.2.

The addition of ArTeCl3, to alkenes C=C bond bearing a nucleophilic moiety at a
appropriate location, is an example of an electrophilic tellurium reagent reaction. This
was accompanied by intramolecular entrapping of the telluronium intermediate and
this process finally furnished cyclic systems where the tellurium moiety is displayed
outer of the freshly formed ring. These interactions were referred to as tellur-
ocyclofunctionalization. It can be either lactonization [22, 29] or etherification [20]
(Figure 11.23).

A few other reagents were used for this purpose. PhTeOSO2C6H4NO2-4 [32] for
etherifications and lactonizations, and ArTe(O)OAc [36], TeO2/AcOH/LiCl [55] and
TeO2/HCl/MeOH [56] for etherifications, were alternative useful reagents for these cy-
clizations. Further reaction with Bu3SnH was used to accomplish from the cyclic
products the reductive elimination of the tellurium moiety [57].

Pd(II) also promoted detellurative carbonylations [58, 59] of vinyl, alkyl, phenyl,
and alkynyl tellurides with MeOH/CO/Et3N and produced methyl carboxylates. Only a
catalytical amount of Pd(II) was necessary, when carried out by the means of CuCl2 as
an oxidant. Substituted butenolides originating fromhydroxy vinyl tellurideswere also
prepared using the same method (Figure 11.24).

Figure 11.22: Synthesis of telluro 2,3,5-trisubstituted dihydrofurans.
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The interaction of allylic halideswith Li2Te furnished 1,5-dienes [60] as a result of a
coupling process between the appropriate allylic radicals. A radical chain mechanism
[61–63] occurred upon irradiation of a mixture comprising an electrophilic olefin, the
acetyl derivative of N-hydroxy-2-thiopyridone (94) and a alkyl anisyl telluride. This
was beneficial in intramolecular cyclizations yielding six-membered rings
(Figure 11.25). The similar mix was used in the Te-mediated addition of carbohydrates
to olefins.

Telluro methylene and methyl substituted tetrahydrofurans [64] were found from
epoxides by the association of radical cyclization and tellurolate-promoted oxirane
ring-opening reaction (Figure 11.26).

Figure 11.23: Tellurolactonization and telluroetherification.

Figure 11.24: Detellurative carbonylation.
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Y=CO2Me, CN 

Figure 11.25: Radical reaction.

Figure 11.26: Radical cyclizations and tellurolate-promoted oxirane ring-opening.

R=H, CH2C6H5; Ar=p-CH3OC6H4, p-C6H4OC6H4 

Figure 11.27: Cyclization of benzylethers and unsaturated alcohols with aryltellurium trichlorides.
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Table .: Cyclization of benzylethers and unsaturated alcohols with aryltellurium trichlorides.

Alchohol/Benzy Ether Tetrahydrofuran
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Table .: (continued)

Alchohol/Benzy Ether Tetrahydrofuran

X= p-CHOCHTeCl; Y= p-CHOCHTeCl.
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In the presence of an electrophile, the cyclofunctionalization of double bonds is a
very beneficial synthetic methodology. Researchers showed that lithium chloride/
tellurium oxide in acetic acid, aryltellurinic anhydrides, and aryltellurium trihlorides
are effective cyclization agents for carbarmates, olefinic carboxylic acids, and alcohols
[20, 22, 36, 51, 55]. The usage of acidic circumstances to execute the cyclization or the
generation of HCl acid during the process was amajor setback to these methodologies.
The olefinic benzyl ethers cyclization encouraged by aryltellurium trichlorides took
place under neutral circumstances in good yield and at reaction times comparable to
those found for the corresponding alcohols cyclization was reported (Figure 11.27) [21].
The products are shown in Table 11.3.

The study showed that the time for reaction for certain unsaturated alcohol and the
equivalent benzyl ether with p-methoxyphenyltellurium trichloride at 80 °C were
nearly the same (Figure 11.27, Table 11.3). The cyclic ether in excellent yield after 5 min
was an outcome of the interaction of the p-phenoxyphenyltellurium trichloride with
alcohol. The reaction was also performed at 0 °C, but a longer reaction time was
necessary. The same product was achieved at room temperature after 30 min of the
interaction of the corresponding benzyl ether.

It was reported that diphenylallylacetic acid (105) interacts with napthyl tellurenyl
iodide, arylselenenyl halides, aryltellurium trichloride or tellurium tetrachloride to
produce the corresponding lactones (106) (Figure 11.28) [29].

Y = ArSe, ArTeCl2, Naphty1-Te, TeCl3; X= Br, Cl, I, Cl

Figure 11.28: Synthesis of lactones.

Figure 11.29: Lactonization of γ-δ unsaturated carboxylic acids.
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The lactonization of γ-δ unsaturated carboxylic acids is shown in Figure 11.29,
aryltellurium trichlorides was used for this reaction. The reagents were chosen based
on their stability and easiness of formulation when equated to aryltelurenyl halides
and Te tetrahalides. The lactonization process proceeded smoothly and in well yields
solely by refluxing the unsaturated carboxylic acids (107) with an excessive quantity of
the Te reagent in chloroform.

Accordant with the mechanisms provided, cis-fused lactone was received
(Figure 11.30). The lactone ring closure plausibly followed the similar mechanism as
the halo and selenolactonization process [29, 65, 66].

An advantageous and extremely effective process for the preparation of
β-organotellurobutenolides following the aryltellurenyl halides-induced electro-
philic tellurolactonization of α-allenoic acids at modest circumstances was covered
[67]. The schematics of the reaction are shown in Figure 11.31. The obtained
β-organotellurobutenolides were used as precursors for a variety of butenolide de-
rivatives via a Pd/Cu(I)-catalyzed cross-coupling using terminal alkynes or a sub-
stitution process using organocuprate reagent.

Several di- and trisubstituted α-allenoic acids were employed as substrates
to provide corresponding ß-organotellurobutenolides in better yields within
30 min.

Figure 11.30: Mechanism of lactonization.

Figure 11.31: Synthesis of substituted β-organotellurobutenolides.
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A cyclization product in good yield was obtained by a massive tellurenylating
reagent carrying the napthyl group. The allyl group did not react for 2-allyl α-allenoic
acid. This indicated that the reactivity of allenyl moiety is better than the individual
carbon–carbon double bond. Nonetheless, there was no cyclization product that
is spotted with nonsubstituted 2,3-butadienoic acid. A reaction using 2-ally-
2,3-butadienoic acid that aremonosubstituted as the substrate was somewhat inactive,
supplying barely a minimal amount of the desired product.

The tellurolactonization in the case of α-allenoic acids most likely proceeded via
the aryltelluro cation’s electrophilic attack and this occurs on the central carbon atom
of the allenyl moiety. An onium cation 113b and/or an allyl cation 113a was formed
(Figure 11.32) [68]. The final product was resulted because of the additional cyclization
of the intermediate. As the stabilization of the cationic intermediate by substituents
was crucial for the formation of 113a or 113b, the absence of neighboring group
involvement may lead to inactive tellurolactonization of the α-allenoic acids.

The anticipated products 119 and 116 in good yields (Figure 11.33) were produced
using vinylic trichlorides 118 and cyclic compounds 115. These were produced by the
tellurocyclization of unsaturated alcohols and the mixing of alkynes to tellurium
tetrachloride.

Such lactonization of alkene carboxylic acids [29, 69–71] and unsaturated alco-
hols’s cyclization with electrophiles was reported [20, 72].

The compounding of diphenyl ditelluride/p-nitrobenzenesulfonyl peroxide
(NBSP) produced the novel reagent benzenetellurenyl p-nitro benzenesulfonate 120. It
is an exceptional eletrophile for tellurocyclization because as a counter ion it has the
feeble nucleophilic nitrobenzenesulfonate [32] (Figure 11.34).

α-Alkenylsubstituted β-dicarbonyl compounds 121, 123, and 125 underwent tel-
lurocyclofunctionalization through an exo-mode action of their enolic forms [23]
(Figure 11.35).

Figure 11.32: Mechanism of tellurolactonization of α-allenoic acids.
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γ-Alkenyl-substituted β-dicarbonyl 127, under the similar circumstances, gave
2,5-disubstituted tetrahydrofurans holding exocyclic double bonds (Figure 11.36). After
being treated with NaBH4, the products were shrunk to the appropriate size. By the
activity with tributyltin hydride, tellurides which were then transformed into Te free
methyl derivatives [11].

Ar=p-NO2C6H-4 ; n=1, 2 

Figure 11.34: Tellurocyclization using NBSP.

R= Ph; R1=Ph, Me 

n= 1,2; R= H, i-prop; R1=H, Me 

Figure 11.33: Synthesis of compounds 116 and 119.
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Figure 11.35: Tellurocyclofunctionalization of α-Alkenylsubstituted β-dicarbonyl compounds.

R=H, Me 

Figure 11.36: Tellurocyclofunctionalization of γ-Alkenyl-substituted β-dicarbonyl.
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For ethercyclization with aryltellurium trichlorides, olefinic benzyl ethers 85 and
86were proven to be appropriate substrates. The reaction times and yieldswere similar
to what has been noticed in the corresponding alcohols’s cyclization with low ster-
eoselectivity of the chemical process [21] (Figure 11.37).

The effects of the structure of the substrate in the tellurofunctionalization process
of γ,δ-dunsaturated carboxylic acids, and equivalent benzylesters were discussed [31].
Tellurolactone was achieved through the reaction of aryltellurium trichlorides with
γ,δ-unsaturated carboxylic acids 135 having monosubstituted carbon–carbon double
bond, while the benzyl esters 137 that corresponds provide the extra products of the
aryltellurium trichlorides. The 1,1-disubstituted double bond provided a variety of

Ar= p-MeOC6H4, p-C6H5OC6H4; R= i-pr; R1=R2=Me; R3 = H, Bz; R= n-Bu; R1 =H; 
R2 = pr; R3 = H, Bz; R = Ph; R1 = H; R2 = Me; R3 = H, Bz; R = CH2OH. CH2OBz;  
R1 =R2 =H; R3 =H, Bz; R= H, Bz 

Figure 11.37: Ethercyclization with aryltellurium trichlorides.

R=H, PhCH2; R1=H, Me; R2=Me, Ph; Ar=p-MeOC6H4, p-C6H5OC6H4 

Figure 11.38: Tellurofunctionalization of γ,δ-unsaturated carboxylic acids and equivalent benzylesters.
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tellurolactones with the HCl adducts to the double bond. At the same time, the
equivalent benzyl ester solely provided the tellurolactones (Figure 11.38).

After 5- and 4-days reflux in CHCl3, in the presence of pyridine, diaryl tellurium
diiodides (Ar=p-ClC6H4) promoted the iodocyclization of 4-pentenol 141 and
4-pentenoic acid 139 [73] (Figure 11.39).

With 3-butenol and 4-pentenol 145–146, just bits of bromo tetrahydrofurans were
provided and toward 4-pentenoic acid 143, the diaryl tellurium dibromides were
inactive [73] (Figure 11.40).

Under PTC conditions, mixing of o-diethynylbenzene to Na2Te with hydrazine hy-
drate produced 3-benzotellurepine 150. Because the compound is extremely volatile, it
was transformed into a more stable dihalide 152 by interaction with Br2 or SO2Cl2. By
reduction with Na2S, the dihalides regenerated the tellurepine [74, 75] (Figure 11.41).

Figure 11.39: Iodocyclization of 4-pentenoic acid and 4-pentenol.

Figure 11.40: Interactions with 4-pentenoic acid, 3-butenol and 4-pentenol.
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11.3 Tellurium-induced cyclization of alkynyl
compounds

To synthesize 1-benzotellurepine 156 and benzotellurochromenes 157 (Figure 11.42),
benzo- [b]tellurophene [76] 160 (Figure 11.43) and tellurochromones [77] 162 (Figure 11.44)

X = Cl, Br 

Figure 11.41: Synthesis of tellurepine.

R = Me, n-Bu, t-Bu, n-hex, c-hex, n-oct 

Figure 11.42: Synthesize 1-benzotellurepine and benzotellurochromenes.
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the intramolecular kind of the alkynes’s anti-hydrotelluration [74] was used. Coupling
reaction of the alkynes with the appropriate o-substitutes bromobenzenes 153, 158, and
161 produced the initial acetylene substrates, the reaction was catalyzed by Pd+. The
coupling reaction of 161 with trimethylsilylacetylene, which is shown as route a, was

R = Me, n-Bu, t-Bu, Ph, TMS 

Figure 11.43: Synthesis of benzo- [b]tellurophene.

R= Me, n-Bu, t-Bu, n-hex, n-oct, Ph

Figure 11.44: Synthesis of tellurochromones.
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discontinued. At the same time, the Stille reaction of 161 with a derivative of tin
provided the expected output 162. The formation of desilylated tellurochromone 163
(RZH) occurred as a result of the reductive elimination of the TMS group.

Figure 11.45 illustrates the synthesis of benzo[c]tellurophenes initiating from o-
bishalomethyl benzenes [78] 164 [79]. As for R=MeOandH, all transformation efforts to
turn diiodide 165 to the tellurophene 167 by straight removal of HI with a base, were
unsuccessful. The transition was obtained through the bistrifluoroacetate 166. The
nitro derivative 165 (R=NO2) underwent straightforward dehydroiodination upon re-
action with Et3N, as anticipated.

The derivatives 169 and 170 and the nitro-derivative 167 have higher stability than
benzotellurophene 167 (R=H) because it can only be stabilized at low temperature
when put in benzene solution.

Figure 11.45: Synthesis of benzo[c]tellurophenes.
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From the dibromomethyl thiophene derivative 171, the compound 172 and the
compound 173 (the anellated thiophene–tellurophene, the first tellurium containing
diheteropentalene) were prepared [80] (Figure 11.46). The interaction of the dimethy-
lacetylene dicarboxylate (DMAD) with dimeric 174 gave the adduct 178, it was resulted
from the summation to the tellurophene part of 173. The addition of DMAD to the
thiophene part gave 177 and was ineffective. The undertook Ac2O-catalyzed Pummerer
reaction of 172 provided only the compound 179 and the yield was very low.

Figure 11.46: Synthesis of compound 179.

282 11 Tellurium-induced cyclization of olefinic compounds

 EBSCOhost - printed on 2/13/2023 2:30 AM via . All use subject to https://www.ebsco.com/terms-of-use



11.3.1 Other compounds

Te-induced cyclization reaction was also applied for the preparation of other com-
pounds. For instance, through the interaction of trifluoroacetic anhydride with ace-
tophenone oxime acetates, Te-mediated preparation of 2-(trifluoromethyl)- oxazoles
was analyzed [81]. This latest tandem cyclization progressed from well to great yields
through a SET reduction accompanied by a 5-endo-trigmethod. Several of the prepared
compounds displayed insecticidal and fungicidal activities.

The range and restraints of the oxime acetates’s cyclization with trifluoroacetic
anhydride were analyzed at optimal reaction conditions (Figure 11.47). The de-
rivatives of acetophenone oxime acetate holding electron-donating substituents
such as tert-butyl, methyl, iso-butyl, methylmercapto and methoxy cyclization
were achieved with well to outstanding yields. Derivatives of acetophenone oxime
acetate holding electron-withdrawing groups such as nitro, ester, fluoro, bromo,
and chloro also experienced productive cyclization and produced 2-(tri-
fluoromethyl)oxazoles. The product yield was moderate and no breaking of aryl–
halide bond was found.

Figure 11.48 illustrates a reasonable reaction mechanism of the synthesized 2-
(trifluoromethyl)oxazoles formation. The electrophilic trifluoroacetylation of aceto-
phenone oxime acetates 180 with 181 gave intermediate 183, this went through β-H
removal to provide trifluoroacetylated enamide derivatives 184. An alkyl radical in-
termediate 185 was supplied through a SET reduction of 184 by the reducing Te and
accompanying AcO− elimination. It then generated the radical intermediate 187 after
isomerization of 185 to an alkoxyl radical 186, accompanied by a 5-endo cyclization.
Lastly, the oxidation of 187 with Te species or I2 afforded the carbocation intermediate
188. On deprotonation, the intended compound 182 was formed.

Figure 11.47: Synthesis of 2-(trifluoromethyl) oxazoles.
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11.4 Conclusions

Tellurium is a promising and important functional material due to its unique physical
and chemical properties. This article has discussed the importance of Te in organic
synthesis. Te-induced cyclization reactions have shown promising results. The unique
properties of Te-induced reactions may contribute to the great improvement in this
field. The mechanism of many processes as discussed here is complex. Radical as well
as ionic mechanisms have been suggested to describe the formation of the product.
Clearly, this topic may find application in the stereocontrolled preparation of natural
and non-natural products. Studies directed to this area are limited.

Figure 11.48: Proposed mechanism for the formation of 182.
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12 Tellurium-induced functional groupactivation

Abstract: Tellurium-chemistry comprises of vibrant and innovative prospects inmajor
area of research and development. The function of Tellurium in organic synthesis
remained underexplored till date. Moreover, the reactivity of Tellurium as Lewis acid or
electrophilic reagents to activate functional group conceptually remains as an ever-
demanding area to be investigated extensively. In this context, the present compilation
portrays a detailed study on the reactivity of organotellurium compounds as catalyst,
reagent, and sensors to explore the reactions occurring specifically through functional
group activation.

Keywords: catalysis; chalcogen; lewis acid; organic synthesis; Tellurium.

12.1 Introduction

Chalcogen bond induced reactions are the non-covalent interactions between Lewis
acidic or electrophilic chalcogen centers with the Lewis basic or nucleophilic atoms of
the substrates (Figure 12.1). In general, non-covalent organocatalysis are predomi-
nantly overtaken by hydrogen bonding (HB), involving (thio)urea as backbones which
has been used as efficient catalysts [1]. The non-covalent organocatalysis is under
epitomized till date.

Basically, the elements of group 16 such as sulfur, selenium and tellurium deriv-
atized organic molecules correspond to the electron donating character which prefers
to act as Lewis bases in electrophilic reactions through formation of covalent bonds [2].
However, the reverse approach of the chalcogens to act as intermolecular Lewis acid
electrophilic center might not be a common or well-known approach and was docu-
mented for the first time in 2017 [3].

The anisotropic distribution of electrons in chalcogen atom instigates an electro-
static attraction between chalcogen-based Lewis acids (ChLA) and Lewis bases (LB)
which generates a zone with positive electrostatic potential known as s-hole, [4] in the
elongation of the R-Ch axis. The electron donation occurs from the LB into the σ* orbital
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of ChLA which is assumed to be crucial for strong ChB complexes (Figure 12.1a) [5]. In
this regard, tellurides serves as efficient chalcogen bond donor via non-covalent in-
teractions (Figure 12.1b).

Certain factors attribute to the strength of chalcogen bond namely the Lewis ba-
sicity of the atom in substrate and the chalcogen type (Te > Se > S) and the favorable
LB-Ch-R bond angle of 180°. Despite of having considerable preferences in terms of a
linear interaction angles of 180° [5, 6] and manipulation of binding strength by vari-
ation of various parameters, majority of the results from chalcogen binding is limited to
their application in solid-state and supramolecular chemistry.

Furthermore, organotellurium compounds have been rarely employed as catalysts
for functional group activation through non-covalent bond interaction, although they
have been predicted to have stronger Lewis acidity according to chalcogen bonding
theory. The present chapter deals with exploration of the role of tellurium compounds
primarily in electrophilic reactions along with various other related transformations.

12.1.1 Lewis acidity in Organotellurium

Tellurium is having remarkably varied properties compared to its related group ele-
ments, as the heaviest element of group 16. With the increase in atomic weight of
chalcogen, the disproportionation of ChX2 (Ch = Chalcogen and X = Halogen) into
Ch2X2 and ChX4 increases. The first crystallography for organotellurium (II) and (IV)
complex possessing intramolecular coordination of nitrogen to tellurium was devel-
oped by McWhinnie and coworkers [7]. It was interesting to observe that several Te2+

cations can coordinate to s-bond donors such as 2,2′-bipyridyl for successful trapping
and isolation of intermediates [8]. Highly bulky groups or strong electron donors were
utilized for successful isolation of tellurenyl (HTe+) cations [9] (Figure 12.2).

Figure 12.2: Lewis acidic Te(II) and Te(IV) compounds.

a) b)

Figure 12.1: Non-covalent interactions in chalcogen.
(a) Interaction of lewis base with σ* orbital of chalcogen. (b) Telluride as chalcogen bond donor.
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Stabilized Lewis acid-base adducts of telluriummight be formedwith phosphines,
amines or oxygen. Apart from having high polarizability, Te possesses the property of
three-centre-four-electron bonding. Furthermore, the coordination properties of
neutral tellurium are well explored.

Telluranes (IV) (D) cannot act as donor ligands in transition metal complexes
whereas tellurides (II) (C) have the tendency to act as L-ligand donors [10]. Thus, this
contrasting behaviour suggests that a declination in electron donation capacity occurs
for tetravalent tellurium species possessing single lone pair. These electrostatic char-
acteristics further predominate in cationic tellurium which fails to coordinate with
metals by donation of lone pair to form the complex E. Thus, the cationic tellurium
functions as strong Lewis acid and further coordinates to form hypervalent adducts (F)
[11].

However, the advancement towards metallated hypervalent main group com-
pounds such as metalated tellurium complexes still remain underexplored. In this
regard, Gabbaï et al introduced a Te–Pt complex (1), where the hypervalent tetra-
coordinated Te is covalently bonded to octahedral Pt [12]. Thereafter, the same group
explained the successful introduction of tellurium centre in the coordination sphere of
Pd(II) complex as s-acceptors (2) (Figure 12.3). Te telluronium ionwas assumed to act as
Z-ligand s-acceptor accommodating a d-electron pair from the palladium atom,
although it is a group 16 element having a lone pair. The formation of a metal-
telluronium bond was assessed through the interaction of telluronium ligand with the
metal center supported by auxiliary donor groups.

Structural analysis of cationic tellurium complex (2) discloses the involvement of
nitrogen atoms in ligation of both quinolinyl motifs to the palladium. The tellurium

Figure 12.3: Metal coordinated lewis acidic tellurium complex.
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atom is situated at 2.7823(8) Å from the palladium center in this arrangement. This Pd–
Te distance exceeds the sum of the covalent radii (2.56–2.77 Å) [9] by only 0.4–8.7%.
The tellurium atom is also bonded to hydroxide ligand (Te–O 1.941(4) Å), that comes
from the basic conditions applied during its synthesis. As indicated by the Pd–Te–O
(169.3(2)°) and Ceq1–Te–Ceq2 (91.8(3)°) angles, a seesaw geometry was adopted by
tellurium atom in the complex where the orientation of palladium is trans with respect
to hydroxide ligand. Additionally, the palladium atom is having a defined coordination
sphere which can accomodate dual quinolinyl nitrogen atoms (N1 and N2) along with
two chloride ligands (Cl1 and Cl2), which is responsible for the square plane formation
while the bridging chloride (Pd–Cl2′ 3.221 Å, Cl2′-PdTe 174.50°) involves another
molecule of the complex.

Although the Pd–Cl2′ bond was found to be more than Pd–Cl1 (2.3228(14) Å) and
Pd–Cl2 (2.3100(15) Å), the existence of additional ligand clearly provided the clue that
the palladium coordination sphere is intermediate between square pyramidal
(t = 0.003) and octahedral which indicates a tetravalent state. Overall, it can be
concluded that a Pd-Te interaction exists in the complex 2 (Figure 12.3).

F. P. Gabbaı and coworkers reported a bidentate Lewis acidic complex consisting
of a boryl and a telluronium moiety that possess a strong fluoride binding affinity as
evident from anion complexation studies [13]. The exceptional attraction of bidentate
telluronium borane for fluoride may be demonstrated through the generation of
chelated complex B–F/ Te facilitating a strong lone-pair of F with σ* of Te–C donor–
acceptor interaction Scheme 12.1. The heavier chalcogenium centres was analyzed to
be better anion-binding sites and provides a new direction towards the synthesis of
polydentate Lewis acids with increased anion affinities. The electrostatic interactions
resulting k of the polarizability and relative electropositivity of Ch atom is the dictating
factor in addition to the ability to donate electron from the filled-orbital of the donor to
σ*-orbital of Ch–C bond. Naturally the donor–acceptor interactions incline in the order
S < Se < Te leading to the complexes of type F (Figure 12.4). The short anion–cation
contacts revealed from crystal structures of the salts of telluronium ions accounts for its
Lewis acidity. The synthesis of tellurium complex was carried out in three steps with
good yield (Scheme 12.1).

Scheme 12.1: Synthetic approach towards the chalcogenium borane salts.
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The existence of chalcogen bonding in the solid state can be proved by certain
evidence whereas there are less reports on the strength of these interactions in the
solution phase. In this context, M. S. Taylor and coworkers interpretated the associa-
tion constants for benzotelluradiazoles with various Lewis bases such as -Cl, -Br, -I,
-NO3 and quinuclidine anions [14]. The existence of chlcogen bond interactions be-
tween tellurium species and the Lewis bases was determined by IH and 19F NMR along
with UV–visible and nano-ESI mass spectroscopy.

The free energy changes with variations in solvent, acceptor and donor in chal-
cogen bonds are reflected from the analytical data. A linear free energy relationship
was obtained for the donor ability of chalcogen bond and electrostatic potential at the
tellurium center.

The tellurium containing analogue of 1,2,5-chalcogenadiazoles easily proceeds
with self-association via N⋯Te interactions particularly in the solid state (Figure 12.5)
[15]. The Lewis basic solvents [16] and anions [17] successfully led to cocrystallization
(Figure 12.3). The solution-phase association constants were documented for the Lewis
acidic dicyanotelluradiazole 1a with I− (Ka = 6.8 × 105 M−1 in DCM) and PhS−

(Ka = 7.4 × 104 M−1 in THF) [18]. The functionalization in fused phenyl ring provides
options to manipulate the donor ability of tellurium by varied effects of substituent.
The strength of chalcogen bond donor was fine-tuned through structure–activity re-
lationships analyzing the effects of substitution in the phenyl ring.

The Lewis base–benzotelluradiazole complexes formed were further confirmed
was by NMR spectroscopy and nanoelectrospray ionization mass spectrometry
(nanoESI-MS). The interaction of two was analyzed with quinuclidine in solvent to
assess the effect of solvent. The trend in chalcogen bond donor and acceptor capacity
were observed through quantum chemical calculations. It indicated single point
chalcogen bonding interactions of benzotelluradiazoles that can lead to higher asso-
ciation constants as 105 M−1 and the change in solvent, acceptor, and substitution
pattern produces remarkable difference in strength.

Figure 12.5: Various types of 1, 2, 5-benzotelluradiazoles.

Figure 12.4: Neutral and cationic Te(II) and Te(IV) species.
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Beckmann and Woollins developed a peri-substituted system involving
phosphorus-tellurium interaction through space [19]. The effect of substituents at the
phosphorus and tellurium centres along with the metal-coordination (Pt, Au) has been
successfully demonstrated using NMR, single-crystal X-ray diffraction, and advanced
density functional theory studies. Due to stability issues, phosphorus–tellurium
complexes are very limited in number [20].

A variety of phosphorus–tellurium peri-functionalized systems R′Te–Acenap–PR2

(R′ = Ph, p-An, Nap, Mes, Tips; R = iPr, Ph) can be readily synthesized from organo-
tellurium monohalides by reacting with lithiated R2p–Acenap. The phosphorus–
tellurium peri-substituted system exhibits high spin–spin coupling constants through
space which can act as the driving factor for three-center four-electron type in-
teractions. Due to the absence of lone pair in the oxidized phosphorus atoms con-
taining sulfur and selenium, strong p–Te coupling was no longer observed. The gold
complex however, furnished large p–Te couplings probably due to overlap of a
tellurium lone pair orbital with a p–Au bonding orbital (Figure 12.6). It was speculated
that there might be a specific role of donor–acceptor interaction in dictating the
coupling constants in overlapping lone pair orbitals whereas coupling through bond
might have minor contribution.

12.1.1.1 Organotelluride-induced activation

Organochalcogenides were introduced primarily as activators in halide abstraction
reactions, where strong Lewis basic anions were taken into account. Furthermore, the
coordination of chalcogen bond donor (actually ChLA) with neutral atom is much
weaker. In this regard, there are limited reports on the activation of carbonyl com-
pounds [20] and reduction of quinolines [21, 22].

Recently, Stefan M. Huber and coworkers investigated the first chalcogen bond-
assisted activation of nitro group in the Michael addition of 5-methoxyindole with
trans-β-nitrostyrene (Scheme 12.2) [23]. In this method, the dicationic and bidentate
organochalcogenide preferentially selenium and tellurium-based compounds were
utilized to obtain the highest Lewis acidity (Scheme 12.3). The better activity of cationic
chalcogen bonding catalysts with tellurium based chalcogen bond donors was

Figure 12.6: Donor acceptor orbital overlap in Tellurides.
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established over the neutral version. Cationic framework was accomplished with the
introduction of triazolium units because the neutral version of these frameworks are
stable compounds. Further synthesis of charged species was operationally straight
forward and could be attained by easy alkylation. The other substituents of chalcogens
were methodically chosen as phenyl to avoid probable dealkylation. The competiting
Lewis acidities of chalcogen bond donors (ChLA) were analyzed by titration.
Furthermore, the probable mechanism of activation with the bidendate catalyst was
verified with DFT calculations.

This report displays the first dicationic tellurium-based chalcogen bond donors for
functional group activation of the substrate. The exceptional strength of Lewis acidity
for dicationic Te compound coordinated to triflate as well as water was supported by
X-ray structure (Figure 12.7). Additionally, the counter anions and the cationic tellu-
rium counterpart commonly possess close contacts.

The same research group demonstrated the first oragonotellurium-induced acti-
vation of the carbonyl group for an α, β-unsaturated carbonyl compound in theMichael
addition reaction of 1-methylindole (1) with trans-Crotonophenone (Table 12.1) [24].

Scheme 12.2: Synthetic route to phosphorus tellurium peri substituted systems.

Scheme 12.3: Michael addition of 5-methoxyindole to β-nitrostyrenes.
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1-methylindole was employed to prevent unnecessary complications because of the
involvement of the acidic N-proton in reaction.

Figure 12.7: Crystal structure of organotelluride.

Table .: Organochalcogenide-catalyzed Michael addition.
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The initial experiments were done with bis(triazolium)benzene derivatives as the
structural motif as the catalysts which have proved to be active in their nitro-Michael
reaction previously (Figure 12.8). Additionally, the change in chalcogens as well as the
influence of the counter anion for the compounds of tellurium and selenium was
extremely important as these factors have been rarely addressed till date. To rule out
any other activation such as halogen bond activations, reference compounds were
tested for Lewis acidity. Among the dicationic and neutral analogues of bis(triazolium)
benzene derivatives with central chalcogen atoms, the charged version was found to
have prominent activity. Additionally, the tellurium analogues have enhanced activity
as compared to the selenium catalysts as was evident from yield of the products. The
experimental outcomes thus supported the previous reports with the increasing order
of chalcogen bond donor activity as S < Se < Te. The activity of counter anion for the
dicationic chalcogen bond donors was also analyzed in the carbonyl activation. The
coordinating power of the anions was supposed to decrease following the trend
NTf2

− > OTf− ≈ BF4
− > BArF

− so that the Lewis acidic character of chalcogens get a better
exposure to substrates. However, the OTf or the BF4 derivatives of selenium failed to
show significant activity. The substrate scope was assessed with both the Te and Se
analogues to compare the activity of both the catalysts in each case (Table 12.1). The
dicationic organotellurium was proved to be the most efficient catalyst for all the
substrates. The products were obtained in 64–99% yield with Te catalyst while 13–33%
yield was obtained with Se analogue.

Tellurium tetrachloride was introduced as an efficient Lewis acid catalyst by H.
Tani and coworkers for dithioacetalization under mild condition [25]. A series of al-
dehydes and aliphatic ketones underwent protection in presence of lesser amount of
tellurium tetrachloride as catalyst into the corresponding dithioacetals at room tem-
perature in good yields.

The synthetic approach for the formation of dithioacetals involves condensation of
carbonyl compounds with thiols in presence of acid-catalysts. Several acid catalysts
have been documented for this purpose including aluminum chloride, [26] boron tri-
fluoride etherate, [27] tungstophosphoric acid, [28] iodine, [29] bronsted acidic ionic
liquid, [30] ferric chloride, [31] p-dodecylbenzenesulfonic acid, [32] yttrium triflate, [33]
hafnium trifluoromethanesulfonate, [34] and vanadyl triflate [35]. Mixed reagent

Figure 12.8: Dicationic and neutral organochalcogenides and organohalides.
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systems such as silica gel-supported perchloric acid, [36] p-toluenesulfonic acid on
silica gel, [37] silica gel supported sulfamic acid, [38] immobilized scandium(III) triflate
in ionic liquids, [39] and anhydrous cobalt(II) bromide dispersed on silica gel [40] have
also been explored. Some of these reported procedures suffer limitations related to low
chemoselectivity or yield, vinyl sulfide formation from carbonyl compound, require-
ment of expensive reagent in stoichiometric amounts, harsh reaction conditions, and
tedious work-up.

The aldehydes were reacted with either alkanethiols or alkanedithiols in the
presence of tellurium tetrachloride in 1,2-dichloroethane (DCE) as solvent for 2–3 h at
room temperature to afford the corresponding dithioacetals in good yields through
thioacetalization of carbonyl compound (Scheme 12.4). Aliphatic ketones were
smoothly reacted to produce corresponding dithioacetals, however, aromatic ketones
failed to react and was found intact in the reaction mixture. The generalization of the
reactionwas donewith diversified substrates that afforded products in good yields. The
selectivity in functional groupprotectionwas demonstrated through various examples.

The ketoaldehyde (30) was protected with 1,3-propanedithiol (31) under optimized
conditionswhere the aldehyde groupwas selectively thioacetalized in presence of the keto
group to afford the product (32) in 76% yield. Furthermore, when 9-methyl-A5(te)-octalin-
1,6-dione (Wieland-Miescher ketone) 33 underwent reaction with 1,3-propaneditiol, the α,
β-unsaturated carbonyl groupwas selectively dithioacetalized over the saturated carbonyl
to give the product (34) in 68% yield (Scheme 12.5).

The vinyl sulfides formed through the α-proton were not obtained in this protocol.
The non-existence of vinyl sulfide can be logically explained through the reduced
ability of tellurium tetrachloride toward effective complexation with the in situ

Scheme 12.4: Tellurium-catalyzed dithioacetalization.

Scheme 12.5: Selective dithioacetalization of ketoaldehyde and diketone.
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generated hemithioacetal intermediates (28) which further facilitates the attack of
residual thiol instead of carbocation formation by cleavage of thiol functional group.
Tellurium tetrachloride efficiently differentiates aldehyde from keto carbonyl group
due to the steric difference as well as lower amount of tellurium catalyst in the reaction
medium (Scheme 12.4).

S. M. Huber and coworkers introduced chalcogen bond donors containing
bidentate cationic tellurium as catalysts for removal of chloride in 1-chloroisochroman
(Scheme 12.6). Tellurium-based catalysts displayed much improved activity over se-
lenium or sulfur analogues which showed lesser activity in the standard reaction
conditions. Tellurium-variants rate accelerated the rate of the reaction by [40] as
compared to non-chalogenated reference compounds.

The weak counter cation raised the activity of the catalysts. However, tetra-
fluoroborate had reduced activity as it got involved in the side reaction namely fluoride
transfer. Stability of the catalyst was confirmed through a fluoro-tagged variant. The
synthesis of catalysts was carried out following reported procedure where the starting
material 1,3-diethynyl-5-fluorobenzene (39) was synthesized using Sonogashira
coupling of 1,3-dibromo-3-fluorobenene (38) followed by deprotection of trimethylsilyl
group in acetylene (Scheme 12.7). Thereafter, the alkyne-azide click reaction afforded
the substituted triazole compounds (40) which further react with diaryl chalcogenide
to form neutral chalcogenated product (41). Subsequent methylation and anion ex-
change led to the desired dicationic chalcogenides (43).

N. Petragnani and coworkers revealed the solvent-mediated variation in product
formation for the telluroxide-catalyzed oxidation of thioamides [41]. It was observed
that the telluroxides supported on polymer can undergo reaction with thioamides in
acidic solvent at room temperature to afford 1,2,4-thiodiazoles. It also yielded
4.5-hydrothiazole when thiourea is used as substrates (Scheme 12.8). However, the
application of polar non-acidic solvents such as dichloromethane, chloroform and
methanol under similar reaction condition led to dehydrosulfurization followed by
nitrile formation.

The two different mechanistic pathways have been proposed for the nitriles and
thiadiazole which basically involves similar adduct. It was proposed that in non-acidic

Scheme 12.6: Organotelluride-catalyzed substitution reaction in 1-chloroisochroman.
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reaction medium, the intermediate adduct undergoes elimination to form nitrile
whereas in acidic medium a second molecule of thiamide reacts with the intermediate
leading to the generation of highly electrophilic iminiumadduct with further formation
of thiadiazoles.

M. Albeck and coworkers explored TeCl4-catalyzed oligomerization and poly-
merization where the lewis acidic tellurium facilitated the reaction of phenylethylenes
and benzyl chloride analogues [42]. The termination step in the polymerization of
vinylic derivatives followed Friedel craft reaction. Being a source of TeCl3

+, TeCl4
promotes cationic polymerization. Trans-stilbene has been marked as inert toward
polymerization, however, TeCl4 proved to have exceptional efficiency in this regard
over all other catalysts. The chain termination in this case proceeds through internal
Friedel craft reaction providing 5-membered fused ring system (50, Scheme 12.9a). The

Scheme 12.7: Synthesis of phenyl linked dicationic tellurides.

Scheme 12.8: Polymeric supported telluroxide-catalyzed oxidation of thioamide.
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polymerization of substituted benzyl chloride (51) proceeded with Friedel Crafts re-
action through the TeCl4 catalyzed functional group activation to form the anionic
TeCl5 and benzyl cation (52, Scheme 12.9b). The progression occurs with the poly-
merization of the benzylic cation followed by termination of polymeric cation with
chloride ion to form the polymer 56 (Scheme 12.9b). TeCl4, being a catalyst, gets
regenerated in the reaction medium by combination of H+ and TeCl5

−.
The same group established a facile conversion of a variety of cycloheptatrienes

(57) to benzylic halides (58) through TeCl4-catalyzed rearrangement (Scheme 12.10)
[43]. Two different mechanistic pathways have been proposed for the reaction where
two different carbenium intermediate formed by activation of double bond and elec-
trophilic attack of TeCl4 to cycloheptatriene.

a)

b)

Scheme 12.9: TeCl4 catalyzed oligo- and polymerization.

Scheme 12.10: TeCl4-catalyzed rearrangement of cycloheptatriene.
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12.2 Conclusions

Organotellurides have emerged as highly efficient compounds in various areas of
organic synthesis, organocatalysis, and anion recognition through non-covalent
chalcogen bonding interaction. These interactions take the Lewis acidic centre of
chalcogens into account for activation of specific atom or functional groups. Being a
heaviest and non-radioactive chalcogen, tellurium was found to be most efficient
catalyst than others for certain organic transformations due to its ability to act as
stronger Lewis acid. The advancement in the field of organotellurides through non-
covalent chalcogen bond interaction has led to the significant expansion of its utility in
various research areas.
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