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Preface

It gives us immense pleasure in introducing a book named Recent Progress in Organometallic
Chemistry based on the state of the art of organometallic and state-of-the-art catalysis with var-
ious inorganic catalyst as well as their numerous potential and significant applications. These
deal with aspects of the synthesis, characterization, and applications. The discussion of these
aspects develops through the fundamentals and applied experimental routes in catalysis ap-
proaches via the synthetic matrixes to include the interfacing of the organic-inorganic chemis-
try world. Usually, catalysis has certainly attained accomplishment of its classical essence and
has taken new directions of synthesis, growth, development, continuous changes, and various
catalytical applications in research and development sectors. The new route and emerging
frontiers are branching out from time to time around this innovative organometallic, biocata-
lytic, electro-catalysis technology based on various organic-inorganic matrixes. This work aims
to bridge the gap between graduate and researchers in applied catalysis (electro-, photo-, or
nanocatalyst) branches as well as medical and metallocenes, in order to initiate researchers
into catalysis study in as straightforward way as possible and as to introduce the scientist to
the opportunities offered by the applied industrial and technological fields. We worked con-
sistently to complete this work on Recent Progress in Organometallic Chemistry under the InTech
Open Access Publisher. This book offers a comprehensive but easy-to-follow theoretical con-
text with practical investigation in catalysis science. It frameworks the significant research
methods and contemplates technological implementations in research or industrial scales. A
straightforward acquaintance of the principles of chemical, physical, biological, and environ-
mental catalysis designed with inorganic chemistry is anticipated. It will also entreat to a
broad audience of undergraduate, graduate, and postgraduate students at colleges and uni-
versities of technology as well as scientists in industry who prerequisite a comprehensive con-
tingent study in the catalysis science and technology. We hope that the book on Recent Progress
in Organometallic Chemistry would further enhance the applied metallocenes or nanocatalyst or
catalysts in chemical, biological, and medical sciences, especially in bringing new entrants into
the applied catalytic science and technology fields, and help scientists to forward and develop
their own field of specialization.

Prof. Mohammed Muzibur Rahman, PhD and Prof. Abdullah Mohamed Asiri, PhD
Center of Excellence for Advanced Materials Research (CEAMR) and Chemistry Department,
Faculty of Science, King Abdulaziz University,

Jeddah, Saudi Arabia
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Chapter 1

Theoretical Insight into the Medicinal World of

Organometallics: Macro versus Nano

Ruby Srivastava

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67781

Abstract

Due to the unique physicochemical properties, organometallic complexes have been
widely used in the medicinal world. These complexes have specific properties such as
structural diversity, redox/catalytic activities, and possibility of ligand exchange. As the
cancer therapies provided by these complexes are not always effective and have desired
side effects, new treatment methods are needed for the successful therapies. Recent
advances suggest that nanotechnology has also profound impact on the disease preven-
tion, diagnosis, and treatment. The delivery system based on nanotechnology has faster
drug absorption, controlled dosage release, and minimal side-effects. This technology
is used for the treatment of cancer till now, but soon, it will find applications to other
diseases also. The use of nanotechnology in the field of drug delivery is to develop a
system that improves the solubility and bioavailability of hydrophobic drugs. It is used
to increase specificity, developing delivery system for slow release, and to design deliv-
ery vehicles that can improve the circulatory presence of drugs. As the photophysics
of organometallic complexes is still not clear, this topic is included to discuss the latest
developments in this field, which allows the photochemical reactions at the nanolevel.

Keywords: organometallic complexes, nanotechnology, photophysics, drug delivery,
upconversion luminescence

1. Introduction

Organometallic chemistry deals with three basic aspects as environmental concern, biological
aspect, and medicinal chemistry. Medicinal organometallic chemistry continues to be a major
application for these compounds in biology. Medicinal organic chemistry has therapeutics,
diagnostics, and theranostics effects. Medicinal organometallic complexes consist of platinum,
ruthenium, iron, titanium, and gold among other metals. Fundamental studies have been carried

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{cc) ExgIN
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out on the organometallic complexes in which the mechanism of action exert their medicinal
effect (e.g., induce cell death in cancer cells), the synthesis of new organometallic compounds and
the development of combination therapies containing organometallic components. Research
has shown significant progress in utilization of transition metal complexes as

1.1. Anticancer agents

The development of metal complexes with platinum as a central atom such as cisplatin or car-
boplatin had an enormous impact on current cancer chemotherapy. Cisplatin has become one of
the most widely used drugs and is highly effective in treating several cancers such as ovarian and
testicular cancers. The limitations of cisplatin have stimulated research in the field of platinum
antitumor chemistry by including the reduction in toxicity of cisplatin (nausea, ear damage, vom-
iting, loss of sensation in hands, and kidney toxicity), acquired drug resistance observed in cer-
tain tumors and inefficiency of the drug against some of the commonest tumors (e.g., colon and
breast). Due to its particular chemical structure, cisplatin offers little possibility for improvement
in tumor specificity and thereby reducing side effects. The other alternative complexes have at
least one direct, covalent metal-carbon bond, having structural variety, diverse stereochemistry,
provide control over major kinetic properties, kinetically stable, usually uncharged, and having
low oxidation state of metal atom, so they can be used as ideal candidates for anticancer candi-
dates [14]. Some examples are: metallocenes [5-9], organometallic ruthenium half-sandwich
complexes [10-14], organometallic osmium half-sandwich complexes [15-17], organometallic
iridium and rhodium complexes [18-21], thenium organometallics [22-24], ruthenium, osmium,
iridium, and platinum organometallics as scaffolds for protein kinase inhibitors, metal NHC
complexes [25, 26], and metal carbonyl complexes [27, 28].

1.2. Antibacterial agents

The biggest challenge in the antibacterial market is the issues related to the drug-resistant
pathogens. The remedy is now to search for new compounds with new mode of action to
overcome the resistant strains. This can be done by either the organic derivatization of old
drugs or completely new organometallic drugs, for example, new tamoxifen [19-21, 29], pla-
tensimycin [22-24], etc.

1.3. Anti-infectant agents

Transition metal as silver is being used as the antimicrobial agent due to its low toxicity as
compared to the other metals. For example: silver (1) sulfazine, which is used to treat burns
to prevent the bacterial infections. Silver nitrate is given to the infants to prevent the devel-
opment of ophthalmia neonatorum. Chlorhexidine-silver sulfadiazine is an anti-infective
metal complex against catheter infections. Organometallic complexes of Pt [30-32], Rh, Ir,
Pd, and Os metal with active organic molecules have been reported to exhibit trypanocidal
activity. Metal complexes of Pt (II) and Ru (II) with o-vanillin-(4-methyl thiosemicarbazone),
and o-vinillin-(4-phenyl thiosemicarbazone), metal complexes of Ga (III), Al (IIl), and Fe are
among the various other drugs [33-36].
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1.4. Anti-inflammatory agents

These complexes are also used as anti-inflammatory and antiarthritic agents. Several inject-
able transition metal complexes as sodium aurothiomalate, aurothioglucose, sodium auro-
thiopropanol and gold and silver nanoparticles conjugated with heparin derivative possess
antiangiogenesis properties [37-39]. Gold has been used for the treatment of peripheral psori-
atic arthropathy. As a product of oxygen metabolism, superoxide anion can trigger oxidative
injury to tissues. This activity is associated with riper fusion and inflammatory diseases as
well as neurological disorders such as Parkinson’s disease and Alzheimer’s disease. However,
excess use of these complexes in arthritis causes pain and fever. NO is excellent ligand for
transition metal ions and these metal nitrosyls having therapeutic values. Sodium nitroprus-
side is used to treat cardiovascular diseases by releasing NO with limited usage due to the
toxicity of CN™. Ruthenium poly aminocarboxylate complexes are also efficient NO scaven-
gers [40, 41].

1.5. Anti-diabetic agents

Diabetes is the most suffering disease among human beings. This is the disease in which the
body do not produce insulin hormone, which is used for absorption of glucose in cells. The
control of glucose level is done by vanadium complexes with organic ligands which are less
toxic and have improved solubility and lipophilicity [42]. These complexes show involvement
in the activation of prominent key components of insulin-signaling pathways [43]. Chromium
supplementation also improves glycemia among patients of diabetes [44]. Similarly, higher
zinc intake also lowers the risk of type 2 diabetes in women [45].

1.6. Neurological drugs

Neurological disorders are also treated by transition metal complexes. Lithium is used for
Huntington’s chorea, tardive dyskinesia, spasmodic torticollis, Tourette’s syndrome, L-dopa
induced hyperkinesia, Parkinsonism, organic brain disorders, drug induced delusional disor-
ders, migraine and cluster headache, periodic hypersomnolence, epilepsy, Meniere’s disease,
and periodic hypokalemic paralysis. Lithinium inhibit the scavenging pathways for capturing
inositol in the resynthesis of polyphosphoinositides in the brain. Zinc is also used as transmitter
in neuronal signaling pathways.

1.7. Delivery probes and diagnostic tools

Organometallic complexes have unique properties as redox activity, Lewis acidity, electro-
philicity, valency, geometry magnetic spectroscopic, and radiochemical properties which
can be used to measure cellular functions. Gold nanorods has been used for photoacoustic
molecular imaging with simultaneous multiple targeting as they are less reactive and less
toxic. The nanoparticles injected in the tumor cells increases their ability to absorb radiation of
specific wavelength. The property is used in lymphotropic nanoparticle-enhanced magnetic
resonance imaging of prostate cancer. As iron oxide has superparamagnetic properties so
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they can act as negative contrast agent in magnetic resonance imaging (MRI) which is used to
detect the sensitivity of inflamed tissues.

Transition metals exhibit different oxidation states and can interact with several negatively
charged molecules. Due to their vital role in medicinal chemistry, we have included both
the macro and the nanoorganometallic complexes and their structural and photophysical
behavior in detail.

Metallocene compounds have two m-bonded cyclopentadienyl (Cpa) ligands on a metal
atom. These compounds are also called “sandwich complexes” due to their symmetrical
nature. Other metal complexes with cyclic m-perimeters are also named as metallocenes.
Compounds with only one mt-perimeter are classified as “half sandwich metallocenes.” The
bis-cyclopentadienyl complexes are divided in two categories: (a) “classical” with parallel
Cp rings and (b) “bent” metallocenes, which have other ligands bonded to the metal in
addition to the Cp rings. Ferrocene was the first organometallic compound with antip-
roliferative properties, so the medicinal properties of the complex were investigated [3].
Ferrocene is nontoxic compound and can be injected, inhaled, or taken orally. It cannot
cause major health problems [4, 5]. Another ferrocene-containing compound chloroquine
(derivative) is used as antimalarial drug. Ferroquine has an activity-like chloroquine on
the malaria parasite P. falciparum. The p-methoxybenzyl substituted titanocene show very
good activity against renal cell cancer and pleura mesothelioma cell lines. Ruthenium com-
plexes have low toxicity and it has the same mechanism (ligand exchange kinetics) to those
of platinum(Il) antitumor drugs [10]. A class of ruthenium(Il)-arene complexes that are
weakly cytotoxic in vitro, [Ru(n6-p-arene)Cl,(1,3,5-triaza-7-phosphaadamantane)] termed
as RAPTA, interact strongly with proteins, with the ability to discriminate binding to dif-
ferent proteins, but show a relatively low propensity to bind DNA, which is considered to
be the main target of many metal-based drugs. Dyson et al. recently described the prepa-
ration of a series of RAPTA-type complexes with fluoro-substituted n6-arene ligands [46]
(Figure 1). The active Pt-drug seems to be cis-coordinated by bidentate amine ligands or
two amines (at least one -NH group on the amine) and two leaving groups with an inter-
mediate binding strength (e.g., Cl7, 5O,*, citrate or oxalate) to platinum. Nonplatinum
metals may have some different chemical behavior (oxidation state, redox potential, coor-
dination geometry, additional coordination sites, binding preferences to biomolecules as
the HSAB (hard and soft (Lewis) acids and bases), rate of hydrolysis or kinetics of ligand
exchange reactions and the ability to replace essential metals. Due to these differences, the
nonplatinum metal-based compounds may have different mechanisms of action, biodistri-
bution, and biological activity.

Studies were carried out on complexes with iron, cobalt or gold, titanium, ruthenium,
or gallium central atoms, which have shown the promising results in preclinical stud-
ies. Other metal complexes which have shown potential anticancer activity are the com-
plexes of Rh (I), Rh (III) [22, 23, 47], Ir (I), Ir (II), Ir (IV) [48, 20, 21], Os (II), and Os(III)
[18, 49-52]. Ferrocifenes [53] exhibit anticancer activity against hormone dependent and
hormone-independent breast cancers. Ferrocene derivatives as curcuminoids [54], andro-
gen derivatives [55], and antiandrogens derived from the nilutamide lead structure [56],
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Figure 1. Schematic diagram of few organometallic complexes.

indolones [57], and ferrocenophane polyphenols [58] has also been used for antiprolifera-
tive activities.

Transition metal carbene complexes also feature a divalent organic ligand, which is
coordinated to the metal center. As these complexes are highly stable and easily derivatize,
they can be the suitable candidates for drug development [8, 59].

Metal NHC complexes are also having pharmacological properties as novel antibacterial
and antitumor drugs. Their mode of action is both coordinated metal-respective biological
target-dependent thioredoxin reductase or other enzymes containing (seleno) cysteine resi-
dues in their active site for gold or DNA for copper NHC complexes (half-sandwich) [60, 32],
ruthenium [27], or manganese [28, 61] bioorganometallic species and complex containing an
acetylsalicylic acid (aspirin) derived ligand emerged as cytotoxic drugs.

An enormous work has been carried out by my mentor Prof. G. Narahari Sastry and
group in the field of anticancer treatment. The research group has focused their attention
to the biochemical aspects of the clinical application of aromatase inhibitors with designing
strategies on toxicity profile, pharmacokinetics, relative potency of aromatase inhibitors, and
pharmacophores models [62-73].

As the side effects of these complexes are unavoidable, the research was shifted to the nanotech-
nology which will have a profound impact on disease prevention, diagnosis, and treatment.

Few advantages of nanotechnology techniques are:
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=

Protect drug from degradation

Easily changeable physical properties due to nanosizes
Reduced dose size

Ease of drug targeting due to nanosize

Allow delivery of insoluble drugs

Longer circulation time

Maintain its therapeutic activity

Improve the oral bioavailability of the agents

©$ ® N S N » DN

Passive targeting of drugs to the macrophages (liver and spleen)

2. Nanoorganometallic complexes

Recent advances suggest that nanotechnology will give a better solution for disease preven-
tion, diagnosis, and treatment. It is an ideal targeting system, should have long circulating
time, be present at appropriate concentrations at the target site, and should not lose its activity
or therapeutic efficacy while in circulation. The increased vascular permeability coupled with
an impaired lymphatic drainage in tumor allows an enhanced permeability and retention
effect of the nanosystems in the tumor or inflamed tissue. Nanotechnology offers a solution
for using the numerous chemical entities for treating brain disorders that are not clinically
useful because of the presence of the blood-brain barrier.

The advantage of nanoparticles with potential MRI-related medical applications comprise of
various materials, such as metals (gold, silver, and cobalt) or metal oxides (Fe,O,, TiO, and
SiO,) (Figure 2). Magnetic nanoparticles coated with dimercapto succinic acid (DMSA) were
toxic to neurons in a dose-dependent manner. Cobalt (Co), gold (Au@Fe), and platinum (Pt@
Fe) are the other types of nanomaterials that show potential application in antimicrobial and
anticancer treatment. Several studies on nanoparticles shown them to be cytotoxic [72], geno-
toxic [73], and potentially carcinogenic [74] and are used to induce apoptosis and inhibit cell

proliferation [75].

These nanomaterials contain the sphere and core-shell structures, two-dimensional (2D)
grapheme nanosheets have great potential for high drug loading efficiency and conjugation
of proteins, drugs, and fluorescent probes.

The molecular imaging applies to various techniques such as positron emission tomography
(PET), computed tomography (CT), or ultrasound and magnetic resonance imaging (MRI)
which gives the best spatial resolution and is either noninvasive or minimally invasive. As
MRI is not applied in full potential due to low specificity, so it can be alternatively taken to
use as cell markers. The unique paramagnetic and superparamagnetic properties of nanopar-
ticles (NP) can be utilized for the detection with MRI in small quantities. Nanoparticles with
potential MRI-related medical applications comprise various materials, such as metals (gold,
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Figure 2. Schematic representation of the targeted contrast agent used for MRI approaching of the cancer cell and
specific proteins.

silver, and cobalt) or metal oxides (Fe,O,, TiO,, and SiO,). While diagnostic is a common

medical application of nanoparticles, they can also be used for therapy [76-80] (Figure 3).

Nanoparticles can be categorized in two parts:

30

Cell death Inflammation

Figure 3. Representation of toxicological mechanisms of NM to eukaryotic cells.
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2.1. Inorganic nanoparticles

Silver (Ag), iron oxide (Fe,O,), titanium oxide (TiO,), copper oxide (CuO), and zinc oxide
(ZnO) are used for highly potent antibacterial effect. The property is exhibited through
reactive oxygen species (ROS) generation or by physical structure and metal-ion release.
Though the mechanism is not clear, nonetheless high surface energy may compromise their
efficacy. Another important aspect is that how to define and determine the silver minimal
inhibitory concentration (MIC) and breaking point, the ease of emergence of resistant strains
[81-83]. Silver really kills biofilm or planktonic cells and finally the side effects of silver and
its complexes [84-87] remains the same. Yet till now it is the most promising antibacterial
nanometal. Titanium oxide (TiO,) has shown its efficiency against various viral species and
parasites [88-90]. Copper oxide (CuO) is less expensive and used for efficacy enhancement
[91-93]. Iron oxide (Fe,0,) [94], zinc oxide (ZnO) and Magnesium oxide (MgO) [95-97]
nanoparticles show antibacterial activities. Gold nanoparticles and nanorods have been used
as bactericidal in photothermally functionalized form [98]. Pt nanoparticles diffuse through
membranes and induce DNA damage, accumulation of cells at the S-phase of the cell cycle,
and apoptosis [99]. The properties of Al,O, are unclear about the antibacterial treatment [100],
while SiO,, Au, Fe,O,, and TiO, are biocompatible.

273

Even cytotoxic NM can be converted into biocompatible materials through slight variation
in their surface structure. Therefore, we can say that nanomaterials possess a broad level
of biological properties that are highly dependent upon their size, structure, quantity, and
receptor cell type. Though, the nanomaterials that penetrate the body through the skin by
respiration or by inhalation directly affect the major body organs (lungs, heart, and brain).

2.2. Organic nanoparticles

Quaternary ammonium compounds, imidazole derivatives, alkyl pyridiniums, copolymers of
N-vinylimidazole and phenacyl methacrylate, benzoic acid, phenol, and p-Hydroxy benzoate
esters, quaternary phosphonium or sulfonium groups, triclosan, 5-chloro-8-hydroxy-quinoline,
chitosan, or quaternary phosphonium are the polymeric nanoparticles that are used to kill
microorganisms either by releasing antibiotics, antimicrobial peptides, and antimicrobial
agents or by contact-killing cationic surfaces. Organic antibacterial materials are less stable
than inorganic materials at high temperatures [101, 102]. Still some phenomena such as
several NM killing pathways, effects of NM’s treatment combinations and bacterial intrinsic
pathways of programmed cell death in NM’s dependent killing are yet to be understood.

As we all know, hepatocellular carcinoma (HCC) is the leading cause of cancer-associated
death and the conventional treatment is still not satisfactory due to chemoresistance and recur-
rence. In a recent study, Pt nanocluster assembly (Pt-NA) composed of assembled Pt nanoclus-
ters was synthesized incorporating a pH-sensitive polymer and HCC-targeting peptide [103] .

The advantage of Pt nanocluster medicine is that Pt-NA is active in peripheral blood and
readily targets tumor cells including CLSC because of (i) the surface-targeting peptide; (ii)
protonation of pH-sensitive polymers in an acidic intracellular environment triggers Pt-NA
disassembly into extremely small Pt nanoclusters; and (iii) the resulting extremely small Pt
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nanoclusters with large specific surface accelerate the release of toxic Pt ions inside the cells
for an effective cancer treatment (Figure 4).

Numerous efforts have been devoted to synthesize nanostructured materials with specific
morphology as their size and shape play an important role in determining their functions. It
was seen that the cationic nanoparticles with metals (gold, silver, and cobalt) or metal oxides
(Fe,O,, TiO,, and SiO,) were moderately toxic than their anionic nanoparticles. The studies
reflect that DMSA coated nanoparticles are nontoxic to HeLa cells or RAW macrophages.
The incorporation of chlorotoxin onto functionalized Fe,O, nanoparticles resulted in a sig-
nificant increase in the total uptake within the brain tumors of mice. Substituted magnetic
spinel ferrites of the general formula MFe,O, (where M = Zn*, Mn*, Co*, Ni*, and Mg*) offer
the opportunity to fine-tune the magnetic properties of the inorganic nanoparticle core as a
function of the kind of divalent ion.

9 Pt nanocrystal ¥ Targeting peptide (SP94)
= MA-F127
= pH-sensitive polypeptide zequence: HZM-SFSITHTPILPLGEC-CO0H

------------ = I R T s

i i PO i D
¥ r.-'l.l.li.l!l'l_l‘l_l_. ANE Y Ty ; . {\\iq._h‘l'__l‘_J_l‘r_

I'| Pt-ions
i leaching

Nucleus Endo/lysosome Receptor-mediated Endocytosis

Figure 4. Schematic representation of HCC targeted Pt nanocluster assembly (Pt-NA). Adapted with permission from
American Chemical Society [103].
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3. Photophysics of the bioactive molecules

In the recent years, new experimental and theoretical developments have occurred in the
field of photoactivatable metal complexes which play active role in the field of medicine and
biotechnology. Some metal-DNA complexes possess favorable emission properties, while
some complexes also provide site-directed therapy. These properties help in oncology, where
metal-based precursors generate excited state drugs with different mechanisms.

In this section, the computational techniques (time-dependent density functional theory) and
ultrafast-pulsed radiation techniques will be discussed.

The delivery of light depends on the efficiency of light source. It should be efficient to
activate the complex. The irradiation should occur in the strong MLCT transitions. However,
in medicinal world the UV radiations are harmful but red region is preferred as it deeply
penetrates the tissues. Two and three photon absorption can be achieved as the desirable
condition is to activate complexes that absorb at shorter wavelength using laser beam that
penetrates tissues deeply.

The use of organometallics has become a topic of interest for design of tractable therapeutic
agents and theranostics [104]. The most promising organometallic complexes (and motifs) used
in cancer therapy is RAPTA-C: [Ru(n6-p-cymene)Cl(pta)] (pta = 1,3,5-triaza-phosphatricyclo
[3.3.1.1]-decane; Chart 1), along with its osmium analogue and their corresponding function-
alized derivatives [105]. These complexes exhibit antimetastatic properties in vivo. The quite
strongly bonded phosphine and arene ligands, the chloride ligands rapidly interchange with
water molecules. Arene-ruthenium derivatives can react with N- and S-donors so that they can
bind to both nucleotides and proteins [106].

Porphyrins and their metalloderivatives are used for photodynamic therapy [107] and optical
imaging and as theranostic agents [108]. Gold (III), Palladium (II), Palladium (III) inside the
porphyrin rings and their derivatives can act as anticancer agents [109]. It is based on the concept
of “optical bi-theranostic” (two modalities for therapy and one for optical imaging). Further as
the intramolecular interactions between the two moieties alter their activities so this should be
considered for designing and testing. Ruthenium and Iridium possess favorable photophysi-
cal properties which allow functional imaging of cells and tissues (e.g., DNA interactions) and
provide site-directed therapy. The electronic transitions can be metal-centered (MC), ligand-
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Chart 1. Structure of [Ru(n®-p-cymene) Cl(pta)] (left) and [(1>-Cp)Ti((>-C,H,-(CH,),-PPh_-[Ru(n®p-cymene)Cl,(pta)]
(right).
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centered (LC) or involve both the metal and the ligands: metal-to-ligand charge transfer (MLCT)
(for readily oxidized metal ions and ligands with low-lying acceptor orbitals), or ligand-to-metal
charge transfer (LMCT) (for readily reduced metal ions with strong donor ligands) (Figure 5).

A lot of research is carried out in the delivery of small molecules, which can act as sec-
ond messengers and transmit signals into cells, for example, NO, carbon monoxide (CO),
and hydrogen sulfide (H,S). Photoactive Pt (IV) diazido complexes also offer potential dual
mode activity; excited singlet and triplet states can release reactive or biologically active
ligands and form Pt (II) species which can bind to DNA. The introduction of extended con-
jugation into the amine ligands of square—planar Pt (II) complexes has allowed two-photon
activation of ligand exchange using red and near-infrared (NIR) light. The wavelength for
two-photon activation of cis-[PtCL(MOPEP),], where MOPEP is the ri-conjugated ligand
4-[2-(4 methoxyphenyl)ethynyl]pyridine, is shorter than twice the single-photon absorption
wavelength [110].

Another important optical phenomenon is “upconversion luminescence,” which is discussed
here.

3.1. Upconversion luminescence

It is a nonlinear optical phenomenon, which absorb two or more photons and emit one photon.
Compared with traditional luminescent materials, upconversion nanostructures have many
advantages, such as weak background interference, long lifetime, low excitation energy, and
strong tissue penetration, which are used in bioimaging and sensing. Similarly producing
shorter wavelength light from longer wavelength irradiation involves the use of upconverting
nanoparticles. For example: YF3 doped with lanthanide ions (Yb*and Tm?). Lanthanide-doped
upconversion nanoparticles are used to mediate nitric oxide (NO) release from Roussin’s black
salt anion [Fe,S,(NO),|” in NIR light from a simple diode laser operating at 980 nm [110]. Cr (III)
sensitizers around a central Er (III) acceptor also favor efficient nonlinear energy transfer and
upconversion luminescence [111].
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Figure 5. Schematic representation of the orbital and excited state diagram for (d°) metal complex. Spin is represented
by arrows (1) for electronic transitions. (a) Spin up is represented for electronic transition in singlet state whereas spin
down is represented for electronic transition in triplet state. (b) Jablonski diagram.
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3.2. Imaging and binding of photo-triggered DNA

The simple and powerful strategy for selective destruction of cancer cells is to target the
metal complexes to the tumor cells by photoactivation. Peptides releases the aqua species,
[(6-p-cym)Ru(bpm)(H,0)]*in the visible range which bind to DNA. The other example is the
cyclometalated iridium (II) polypyridine indole complexes, which have the intense lumines-
cence (A =540-616 nm, 7 =0.13-5.15 us) [112]. Another interesting feature of these complexes
is that they can deliver CO in the body [113], for example, MnI carbonyl complex [Mn(pqa)
(CO)3]" (pga =(2-pyridylmethyl)(2-quinolylmethyl)amine) [114] and manganese complexes
[115]. The release of CO from these complexes is visibly monitored by time-resolved IR spec-
troscopy [116]. This property is also used to deliver other biologically active species also.
[Rh(bpy)2(chrysi)]** targets single-base mismatches in DNA by noncovalent binding in UV/
visible region. As there is deficiency of mismatch repair in cancer cells, this technique can be
used to detect the cancer cells [117, 118]. The other luminescent N-heterocylic carbene (NHC)
cyclometalated platinum(II) complexes, which are localized in cytoplasmic structures, do not
interact with nucleotides [119].

4. Conclusions

Unfortunately, like the macro organometallic complexes, the nanoparticles also carry some
serious adverse effects. Though the adverse effects of nanoparticles depend on individual
factors such as genetics, existing disease conditions, exposure, nanoparticle chemistry,
size, shape, agglomeration state, and electromagnetic properties, the key to understanding
the toxicity of nanoparticles is their size. Thus, it is very essential to understand the basic
nature, structure, and the photophysics behind these particles. Nanoparticles are smaller
than mammalian cells and cellular organelles, which allows them to penetrate these bio-
logical structures and disrupt their normal function. Nanoparticles are effective in glycoma
treatment. This brain cancer is particularly difficult to treat as neurosurgery is ineffective,
while chemotherapy suffers from the inability of therapeutics to cross the blood. Although
the lack of self-error-correcting mechanism result in defect sites in these nanostructures,
the high efficiency and relative simplicity of the novel approach demonstrates the potential
power of using irreversible covalent bonds to generate adverse range of shape-persistent
and robust nanostructures that is likely to enrich the repertoire of self-assembled nanoma-
terials and multidrug delivery. Finally, toxicity of nanoparticles could also be potentially
utilized to destroy the cancer cells. Bioorganometallic compounds offer hope in the fight
against the deadly diseases such as Malaria, HIV/AIDS, and EVD that have continued to
devastate humans. There are expected challenges in this area of collaborative research
as organometallic compounds are ideally synthesized under inert atmosphere in the
absence of oxygen and water. These challenges are not too difficult to surmount, we
therefore implore researchers to orient more into this relatively new multidisciplinary
research area in the search for novel and potent anticancer and other drug candidates
with reduced side effects, which can be a great service to the mankind.
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Abstract

A special class of sandwich complexes is the metallocenes. The best-known members
are the metallocenes of the formula M(CH,),, where M = zirconium, zinc, titanium,
hafnium, vanadium, chromium, molybdenum, tungsten, manganese, iron, ruthenium,
osmium, cobalt, rhodium, and nickel. Besides the two cyclopentadienyl rings, the metal
can have additional ligands depending on its valence state. These species are also called
bis(cyclopentadienyl)metal complexes. Bis(cyclopentadienyl) complexes are called
metallocenes or sandwich compounds. Metal-centred radical and cyclopentadienyl radi-
cal structures can occur in the metallocene. The anion and cation radicals can also be
formed by charge transfer transition.

Keywords: metallocenes, sandwich compound, organometallic compounds,

cyclopentadienyl complex, m-complexes, o-complexes, ionic complexes

1. Introduction

The first metallocene to be classified was ferrocene and was discovered simultaneously in
1951 by Kealy and Pauson; Keally and Pauson were trying to synthesize fulvalene by oxi-
dation of a cyclopentadienyl salt with anhydrous FeCl,. However, instead of this, C, H, Fe
is obtained [1]. Miller et al. also reported the same iron product obtained from the reac-
tion of cyclopentadiene with iron in the presence of aluminum, potassium or molybdenum
oxides [2]. Wilkinson et al. [3] and Fischer and Pfab [4] studied ferrocene (Figure 1) and
received the Nobel Prize in 1973 for their work on sandwich compounds. In the bond between
the iron atom and the carbon atoms in the cyclopentadienyl (Cp) ligands, each of the carbon
atoms contributes equally to the bond. They found that each of the carbon atoms contributed
equally to the bond between the carbon atoms in the cyclopentadienyl ligands and the iron
atom. In this connection, the effective electrons are the electrons in the d-orbitals of the iron

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
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Fe

Figure 1. Ferrocene.

and the m-electrons in the p-orbitals of the Cp ligands. This complex is called ferrocene. This
kind of construction was called the metolocene. Co and Ni were used as metals in the first
metallocenes. Metallocenes of many elements derived mostly from derivatives used instead
of cyclopentadienide have been prepared [5].

2. Classification of metallocenes

A metallocene is a compound typically consisting of two cyclopentadienyl anions (Cp, which
is C,H,) bound to a metal center (M) in the oxidation state II, with the resulting general
formula (C;H,),M. For metalocene derivatives, titanocene dichloride and vanadocene dichlo-
ride are the best examples. Some metallocenes and their derivatives exhibit catalytic proper-
ties, but metallocenes are seldom used industrially. Cationic group 4 metallocene derivatives
are concerned with [Cp,ZrCH,]* catalyze olefin polymerization. Metallocenes are a subset of
organometallic compounds called sandwich compounds.

In Figure 1, the two parallel structures are cyclopentadienyl anions, which are aromaticly
stable and show an ordered arrangement.

Ferrocene, (C,H,),Fe or Cp,Fe, is systematically called bis(n*-cyclopentadienyl)iron(Il). Due to
the ferrocene name, the first found compound, this type of ferrocene-like structure is called
metallocene. IUPAC describes a metallocene as a transition metal between two cyclopen-
tadienyl anions which consist of parallel planes with equal bond lengths and strengths in
the sandwich structure. The term “hapticity” means that the equivalent of the five carbon
atoms of a cyclopentadienyl ring is completely equivalent. It is pronounced as “pentahapto.”
It is expressed as 1°. There are exceptions, such as uranocene, in which a uranium atom is
sandwiched between two cyclooctatetraene rings.

IUPAC defines the term metalocene as a combination of a d-block metal and a sandwich
structure. However, the metallocene term expressed by the sign of the -ocene is also applied to
compounds such as manganocene or titanocene dichloride (Cp,TiCl,) in which the aromatic
rings are not parallel or to the i non-transition metal compounds (Cp,Ba) such as barocene in
the chemical literature.
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Some metallocene complexes of actinides have been reported to have three cyclopentadienyl
ligands for a monometallic complex, and all have been reported to bind 1’ [6].

(n°-C,H,)-metallocene complexes can be classified as shown in Table 1 [7]. Various (1)>-C,H.)-
metal complexes are also shown in Figures 2—-4.

Metallocene complexes can also be classified by type [7]:

(A). Parallel (sandwich)
(B). Half-sandwich
(C).Bent or tilted
(D).Multi-decker [8]

(E). More than two Cp ligands

2.1. Sandwich compound

In organometallic chemistry, a sandwich compound is a chemical compound containing a
metal attached to two arene ligands via haptic-covalent bonds. The arenes have the formula
C H , substituted derivatives (for example C (CH,)) and heterocyclic derivatives (for

example BC H ). Since the metal is usually placed between the two rings, it is said to be a
“sandwiched.” The metallocene is a special sandwich complex class.

Formula Description

[(M>-CH),M] Symmetrical, classical “sandwich” structure

[(M>-CH),ML | Bent or tilted Cp rings with additional ligands, L

[(M>-CH)ML ] Only one Cp ligand with additional ligands, L (“piano-stool” structure)

Table 1. Classification of (n>-C,H,)-metal complexes.

Figure 2. Sandwich or metallocene complexes.
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The sandwich compound term entered to the organometallic nomenclature with their studies
identifying the structure of ferrocene by X-ray crystallography of Dunitz et al. [9]. The correct
structure was proposed several years ago by Robert Burns Woodward and Ernst Otto Fischer
separately. The structure helped to explain the unknowns of ferrocene’s conformers with an
iron atom trapped between two parallel cyclopentadienyl rings. This result showed better the
power of X-ray crystallography and accelerated the growth of organometallic chemistry [10].
Ferrocene, a sandwich compound, is shown in Figure 5.

Figure 3. Bent or tilted metallocenes.

Figure 5. Ferrocene, the archetypal sandwich compound.
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The metallocene is generally expressed by the formula M(C,H,), where M = Cr, Fe, Co, Ni, Pb,
Zr,Ru, Rh, Sm, Ti, V, Mo, W, and Zn. Metallosenes are also called bis (cyclopentadienyl) metal
complexes.

Apart from the metallocene, the parallel sandwich complexes can be listed as follows. These
are not metallocene. However, these are parallel and sandwich compounds.

* Mixed cyclopentadienyl complexes: Its general structure is M(C,H,)(C H ), such as
Ti(C,H,)(C,H,) and (C)Fe(C,H,Ph,).

¢ Bis(benzene)complexes: Its general structure is M(CH,),, such as bisbenzene chromium.

* Bis(cyclooctatetraenyl) complexes: Its general structure is M(C,H,),, such as U(C,H,), and
Th(CHy),-

* Bis(cyclobutadienyl) complexes: Its general structure is M(C,H,),, such as Fe(C,H,),.

The sandwich compounds can also be formed with inorganic ligands such as Fe(C,Me,)(P,)
and [(P,),Ti]* [11].

2.2. Half-sandwich compounds

It is also called piano-stool compounds. The name of the piano-stool compounds originates
from the fact that the structure is likened to a “stool” having a seat with a facial planar organic
compounds such as benzene or cyclopentadiene and legs with ligands such as CO or allyl.
The metallocenes may have a larger half-sandwich compound family even with a planar
organic ligand attached to the surface instead of the two ligands.

2.2.1. Monometallic half-sandwich compounds

These compounds are organometallic. The general structure of the half-sandwich compounds
consists of the cyclic polyhapto ligand bound to ML , where L is a conjugated ligand [12].
(CH)TiCl, and (CH,)Co(CO), complexes are among the best examples of this group.
Half-sandwich compounds according to the cyclic polyhapto ligand can be examined in two
categories: (n*-C,H,) piano stool compounds and (n°-C.H,) piano stool compounds.

(A). (n*-C_H,) piano stool compounds: It contains the cyclopentadienyl ligand, (n>-C.,H,), as
the cyclic polyhapto ligand of the half-sandwich complex. (n*-C;H,)V(CO),, (n>-C,H,)
Cr(CO),H, (m>-C.H,)Mn(CO),, (n*-C,H,)Cr(CO),H, [(n*-CH,C,H,)Fe(CO),], (n>-C,H,)

V(CO),I and (n*-C,H,)Co(CO), complexes are among the best examples of this group.
(1°-C,H,)Co(CO), complex is shown in Figure 6.

(B). n*-C,H,) piano stool compounds: It contains the benzene ring, (n*-C,H,), as the cyclic
polyhapto ligand of the half-sandwich complex. The general structure of these compounds
consists (n°-C,H)ML,, where L is typically CO-conjugated ligand and M are metals such as
Cr, Mo, W, Mn(l), and Re(I). (n*-C.,H,) piano stool complexes are stable compounds with a
variety of chemical and material applications and an example of (n*-C.H,) piano stool com-
plex is given in Figure 7. The first studies on the (n°-C H,)Cr(CO), compound were carried
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out in 1957 and 1958 [13-15]. The crystal structure was determined in 1959 [16]. The subse-
quent studies came in 1987 and 1989 [17, 18]. The ball-and-stick model of methylcyclopenta-
dienyl manganese tricarbonyl, a “piano stool” compound and CpFe(CO),], an example of an
unsymmetrical piano stool complex, are shown in Figures 8 and 9, respectively.

2.2.2. Dimetallic half-sandwich compounds

Compounds such as the cyclopentadienyliron dicarbonyl dimer and cyclopentadienylmolyb-
denumtricarbonyl dimer can be considered a special case of half-sandwiches, except that they
are dimetallic [17]. A structurally related species is [Ru(C.H,)CL],.

/CD\
o c
7 *‘\5\\\0
Figure 6. (n°-C,H,) piano stool compound.
[
| ——=

Figure 7. (n*-C H,) piano stool compound.

Figure 8. Ball-and-stick model of methylcyclopentadienyl manganese tricarbonyl, a “piano stool” compound.
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Figure 9. CpFe(CO),l is an example of an unsymmetrical piano stool complex.

2.3. Bent metallocene

In organometallic chemistry, bent metallocenes are a subset of metallocenes. In bent metal-
locenes, the ring systems coordinated to the metal are not parallel but are tilted at an angle.
A common example of a bent metallocene is Cp,TiCl, [19, 20]. Titanocene dicarbonyl, an
example of a bent metallocene, is given in Figure 10.

Bent metallocene dichlorides of molybdenum and tungsten are also prepared via indirect
routes that involve redox at the metal centers.

Bent metallocenes have C, symmetry. The non-Cp ligands are arrayed in the wedge area. The
bent metallocene is represented by the formula Cp,ML,. For bent metallocenes, the value of
L-M-L angle affects the number of electrons. Molybdocene dichloride (Cp,MoCl,) has a Cl-Mo-CI
angle of 82°. In niobosen dichloride, this angle is slightly over 85.6°. For zirconocene dichloride,
this angle is greater than 92.1°. This slope indicates that the boundary orbit is directed towards
the MCI, plane. However, it expresses that the MCl, angle does not divide [21].

2.4. Multi-decker sandwich compounds

The dicationic triscyclopentadienyl dinickel complex [Ni,Cp,](BF,), was the first multidecker
sandwich complex. Since this discovery, many multidecker sandwich compounds have been

Figure 10. Titanocene dicarbonyl is an example of a bent metallocene.

31



32 Recent Progress in Organometallic Chemistry

<> |
(V)
<

)
L—

Figure 11. [Ni,Cp,]* is an example of triple-decker sandwich complex.

discovered. Especially, the triple deckers are the most important [22]. Different multi-decker
sandwich complexes have been obtained by adding Cp*Ru* to preformed sandwich com-
plexes [23].

Triple-decker complexes are composed of three Cp anions and two metal cations in alternat-
ing order. The first triple-decker sandwich complex, [Ni,Cp,]*, was reported in 1972. [Ni,Cp,]",
an example of a triple-decker sandwich complex, is shown in Figure 11. Many examples have
been reported subsequently, often with boron-containing rings [8].

3. Radical properties of metallocenes

3.1. Cyclopentadienyl radical and metal-substituted cyclopentadienyl radicals

EPR/spin trapping experiments were performed by direct irradiation of benzene solutions
of the zirconocenes in the spectrometer cavity. Various spin traps have been used to deter-
mine the nature of the cyclopentadienyl-type radical species. These spin traps include
N-tert-butyl-a-phenylnitrone (PBN), nitrosodurene (ND), and 5,5-dimethyl-1-pyrroline
N-oxide (DMPO) [24, 25]. According to the NIEHS Spin Trap Database [24, 25], the hyper-
fine coupling constants (hifcc) of the spin adducts detected can be attributed to the cyclo-
pentadienyl type radicals [26]. Therefore, the primary photochemical act can be described
by Figure 12.

The presence of radical intermediates in the zirconocenes” photochemical reactions suggests
a possible use as photoinitiators for radical polymerisation processes. In order to test the
effectiveness of these organometallic photoinitiators, Similar EPR/spin trapping experiments
were carried out in the presence of different alkenes such as 1-pentene, methyl methacrylate
(MMA) and tert-butyl acrylate (fBA) and in different solvents such as benzene and dichloro-
methane. During irradiation of the zirconocene/alkene mixtures, the growth of the EPR signal
of a carbon-centred radical was detected [26].
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Figure 12. The formation of the cyclopentadienyl-type radical from the zirconocenes.

Due to the resonance state of the cyclopentadienyl radical, the bonds to the cyclopentadi-
enyl ring are easily homolized. This situation is discussed in two respects. First, the photoly-
sis is applied to a wide variety of cyclopentadienyl-metallic compounds by ultraviolet light.
This effect leads to the cyclopentadienyl radicals and the metal-centered radicals. Some of
these radicals have been characterized by EPR spectroscopy. Second, t-butoxyl radicals react
with some other cyclopentadienyl-metallic compounds by removing hydrogen to give the
metal-substituted cyclopentadienyl radicals.

The general characteristic of many cyclopentadienyl-metallic compounds is that they are not
reactive. However, some are quite active. They also exhibit a stability profile for the cyclo-
pentadienyl (5-anulene) ligand, where homolytic reactions are present. This causes the reac-
tions to be homolytic. This has two important consequences. It causes the carbon-metal bond,
which is the formation point of the metal-centered radicals and the cyclopentadienyl radi-
cals, to be light-sensitive. Second, if bimolecular homolytic substitution does not readily occur
at the metal center, hydrogen may be abstracted from the ring to give a metal-substituted
cyclopentadienyl radical [27].

The photosensitivity work of the cyclopentadienyl-metal bond was first applied to tin(IV)
derivatives. No significant EPR signal can be detected if simple alkyltin compounds are irra-
diated in solution with ultraviolet light in an EPR spectrometer cavity. Under the same condi-
tions, cyclopentadienyltin(IV) compounds, n'-CpSnL, (,.L = Cp, alkyl, aryl, CI, MeCO,, etc.)
give a strong sextet spectrum of cyclopentadienyl radicals [28]; this obscures the spectrum
of the radical snr, but this radical can be identified by virtue of its characteristic reactions
with reagents such as alkenes, alkyl halides, and 1,2-diones. For this reason, it is seen that it
contains simple unimolecular homolysis. The pentahapto cyclopentadienyltin(Il) compounds
similarly show the spectrum of the Cp radical, but an insoluble solid separates, and the fate
of the tin moiety is unknown [29]. Similar studies have been carried out on cyclopentadienyl
derivatives of other metals. The cyclopentadienyl derivatives of other metals, CpML , have
been subjected to similar works. When M, lithium, mercury, tin(IV), tin(Il), lead(IV), lead(I),
titanium(IV), or zirconium(IV) are used as metals, M, the spectrum of the cyclopentadienyl
radical is obtained. Cyclopentadienyl derivatives of beryllium, magnesium, boron, silicon,
and germanium exhibit a very poor spectrum, but, in the presence of di-t-butyl peroxide, the
compounds Cp,Be, CpBeCl, Cp,Mg, and CpGeCl, give the cyclopentadienyl radical under the
effect of an S 2 reaction in the metal center [30, 31].
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When the metal carries both cyclopentadienyl and alkyl (R) groups, cleavage of the Cp—M
and R—M bonds may be in competition. Irradiation of alkylcyclopentadienyltin(IV) com-
pounds gives only the cyclopentadienyl radical but cyclopentadienyltriethyl-lead gives
Cp above —50°C and Et below —100°C, and both in between [28, 32]. Bis(cyclopentadienyl)
zirconium dichloride give a rather weak Cp spectrum, but Cp,ZrMe, gives only the methyl
radical [33].

Cyclopentadienylmethylberyllium reacts with t-butoxyl radicals to show predominantly the
spectrum of the cyclopentadienyl radical below -60°C, but at -30°C the concentrations of
cyclopentadienyl and methyl radicals are approximately equal [34]. However, with cyclo-
pentadienylmethyl mercury at the normal concentration, the principal species which are
observed are Cp at -75°C, and Me at —130°C [35].

The EPR spectra have been studied with the parent cyclopentadienyl radical generated by
several routes such as y-irradiation on both crystalline [36, 37] and liquid cyclopentadiene
[38], by pyrolysis of a molecular beam of ferrocene and azobenzene [39] and recently by
hydrogen abstraction of cyclopentadiene with the tert-butoxy radical in solution [40, 41].

EPR spectroscopy has been used to study the photolysis of the compounds (C.H,),ZrCl,
(Me,C,),ZrCL, (C,H,),ZrMe,, (C,H,),ZrMeCl and (C,Me,),ZrMe,. The cyclopentadienyl radical
is formed in the first two compounds, and the methyl radical is formed in the third and
fourth compounds. But it can be said that both cyclopentadienyl and methyl radical exist in
(C,Me,),ZrMe, compound [42].

The experimental and theoretical observations reported above are consistent with the notion
that the reactive excited state in the bis(cyclopentadienyl)zirconium dichloride (Cp,ZrCl),
bis(pentamethyl-cyclopentadienyl)zirconium dichloride (Cp,ZrCl,) and bis(indenyl)zirco-
nium dichloride (Ind,ZrCl,) complexes are of the L — Zr (L = Cp, Cp’, Ind) charge transfer
type. Such the ligand-to-metal charge-transfer (LMCT) states would lead to formal reduction
of the metal and oxidation of the ring system. Consistent with LMCT excitation, these excited
states may dissociate, giving rise to free I and LZrC1, radicals. These results are consistent with
the earlier reports of photochemistry of zirconium complexes parallel to titanium derivatives
for (C,H.),ZrCl, [43].

The reaction shown in Figure 12 is very consistent with the EPR results. In this reaction,
the photo-induced cleavage of one of the L—Zr bonds as the primary excited state reaction is
generally believed to be the case [44].

3.2. Anion and cation radicals formed in metallocenes

The redox, photophysical, and photochemical properties of the homologous bent metallo-
cenes of group 4 transition metals are emphasized. On the systematic variation of the defini-
tion of ligands of metal ions (Ti, Zr, or Hf), auxiliary m- and monodentate o- (Cl, Me) ligands,
a comparative analysis of electron transfer induced transformations and ligand-to-metal
charge transfer excited states was carried out for bent metalocene complexes. Linear cor-
relations between optical and redox HOMO-LUMO electron transitions are found for such
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organometallic T-complexes. It is proposed that the combination of spectroscopic and electro-
chemical techniques provide important diagnostics to determine “ionization potential” and
“electron affinity” in the solution and the energy gap in metalocene complexes [45].

For the synthesis of dithiolane complexes [Cp(2)M(S(2)C(2)(H)R)] (M = Mo or W; R = phe-
nyl, pyridin-2-yl, pyridin-3-yl, pyridin-4-yl or quinoxalin-2-yl) and [Cp(2)Mo(5(2)C(2)(Me)
(pyridin-2-yl)] compounds were prepared. These compounds are electrochemically subjected
to one-electron reduction and one-electron oxidation process. For a Mo compound, each
redox exchange occurs at a more positive potential than the value for a W compound. Mono-
cations of both compounds were produced by chemical and electrochemical oxidation. For
[Cp(2)Mo(S(2)C(2)(H)R)I(+)/[Cp(2)Mo(S(2)C(2)(H)R)] (R =Ph or pyridin-3-yl) redox pairs, the
changes in Mo—S, SC and CC bond lengths of the {MoSCCS} moiety are consistent with the
oxidation process involving an electron loss from the rt-orbital in Mo—S and C—S antibonding
and C—C bonding. When the EPR spectrum of each Mo cation is examined, it is understood
that the unpaired electron is weakly bound to the ditiolan proton. According to the results of
DFT calculations, the unpaired electrons in the monoanions are localized on the metal, more
than mono-cations. Furthermore, according to the EPR spectrum, the hyperfine structure
splits of mono anions containing Mo are larger than those of mono cations. The reduction of
[Cp(2)W(5(2)C(2)(H)(quinoxalin-2-yl)] takes place at a more positive potential than expected
for Mo. The EPR spectrum of the mono-anion is typical for an organic radical. DFT calcula-
tions show that these properties are due to the addition of a the electron to quinoxalin-2-yl
rt-orbital [46].

The cyclic voltammetry of cobaltocene and nickelocene revealed five redox states, from dica-
tion to dianion. In situations where it is not possible to work with conventional electrodes
at traditional temperatures, operation potential can be extended using low-temperature
solvents (SO,, THF) and ultramicroelectrode techniques. The Cp,M"", Cp,M 7>, and Cp,M **
redox reactions of the previously known Cp,M"* redox couples are shown [47].

The classical metalocenes, ferrocene, and ruthenocene are easily soluble in the pure ethyl
2-cyanoacrylate (CA) monomer. The electronic spectra of the resulting solutions show a near-
ultraviolet absorption band as a result of the charge-transfer transition to the solvent (metallo-
cene — CA). The one-electron oxidation of the metallocene occurs when this band is exposed
to irradiation. The anionic polymerization of the electrophilic monomer begins with the addi-
tion of the latter species to CA [48].

A large series of studies have been devoted to metallocenes, starting with the simplest repre-
sentatives of compounds of this class-ferrocene [49] and its derivatives [50-55]. Comparison
of the results of the calculation by the Hiickel molecular orbital method with the observed
hyperfine structure of EPR spectra [51] yields a quantitative distribution of the spin density
in the radical-anion. Overall, the ferrocenyl group is destabilizing compared with the phenyl
group. In the presence of both groups in one molecule, the degree of delocalization of the spin
density is greater in the direction of the benzene ring [52].

Stable paramagnetic semiquinones of the metallocene series are formed on oxidation of
ketones containing the a methylene group [53, 54].
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The ease of the one-electron oxidation of metallocene derivatives is confirmed by the formation
of paramagnetic salts, where the anionic component may consist of the radical-anion derived
from the organic one-electron acceptor tetracyanoquinodimethane (TCNQ) [56]. Such salts are
in essence organometallic analogues of charge transfer complexes [57].

Ferrocene and its derivatives turn into cation radicals by the reversible one-electron oxida-
tion. These radicals are called “ferricenium” cations. The iron atom is the center of the cation
radical and localized. Conversely, the hole transfers via conjugated systems were proven for
bis(ferrocenyl) ethylene cation radical [58] and thebis (fulvaleneiron) cation radical [59]. The
unpaired electron is delocalise on both metallocene residues in the bis (fulvaleneiron) cation
radical, and Extended Huckel MO calculations [60] support this situation. Alternatively, very
rapid intra-ionic intervalence electron transfer can occur between the formal Fe(II) and Fe(III)
atoms. In general, the ethylene bonds in the organic cation radicals are weak and the barrier
to rotation is significantly reduced relative to the neutral ethylene derivative. This property
of the ethylene bond in the cation radicals has been used to investigate many reaction mecha-
nisms [61]. The cation radicals of the ferrocenyl ethylene are not subject to the cis-to-trans
isomerization process. The calculations show that the cation radical center is only in the iron
atom, not in the ethylene bond [62]. Therefore, one-electron oxidation of ferrocenyl ethylene
occurs at the iron atom. For this reason, the stable enol bound to a ferrocene redox center gives
a cation radical through an electron oxidation. This species is characterized as a ferricenic salt
rather than an enol cation radical [63].

The cationic forms of the metalocene (the metallocinium cations) provide interesting
possibilities by forming charge-transfer complexes with various biological macromolecules.
Although the suitability of the metallocene compounds has not been discussed yet, Szent-
Gyorgyi emphasized that the charge-transfer interactions of metallocene compounds are of
interest to biological problems [64].

The basic coenzymes are all conjugate compounds: DPN, TPN, FAD, FMN, quinones,
folic acids, pyridoxal phosphate, etc. The all of the significant coenzymes are all conju-
gated compounds: DPN, TPN, FAD, FMN, quinones, folic acids, pyridoxal phosphate, etc.
Likewise, steroids and a large numbers of pharmacological agents contain suitable conju-
gate moieties for the charge transfer interactions. The electronic delocalization is thought
to be one of their main features [65]. It seemed of interest, therefore, to examine the pos-
sible electron-donor properties of some biologically important molecules, particularly of
conjugated systems likely to be involved in electron-transfer phenomena in relation to the
acceptor characteristics of the metallocenes. The capacity of metallocinium cations to accept
ni-electrons might, in fact, be employed toward this end. They could serve as probes of the
electron-donating characteristics of conjugated biological systems. The ferricinium, the bis-
benzene-chromium, and the cobalticinium cations apparently display the required phys-
icochemical properties. All these compounds have aromatic properties. The ferricinium,
the bis-benzene-chromium, and the cobalticinium cations contain two parallel conjugated
rings, which are either five- or six-membered. They are readily soluble in water. Aqueous
solutions of the ferricinium salts [66] and bis-benzene-chromium salts [67] are reasonably
stable in the dark.
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The cobalticinium salts are exceptionally stable in water [68]. The simple application of a
metallic cation between the two aromatic rings has three important consequences for the
investigation of biological systems:

(1) The aromatic system becomes more soluble in water.
(2) Itbecomes a good electron acceptor.

(3) The tightly bound metal ion can be identified by optical, EPR and NMR spectra and is an
excellent label of the aromatic system.

The solubility in water of the metallocinium cations has a distinct advantage. Most of the
conventional -acceptors can only be examined in less polar solvents such as chloroform or
dimethylformamide [69].

The formation of stable n’-complexes between fullerenes and transition metals is highly
improbable because the conjugated system is rather strongly delocalized, and the polarization
of the atoms of the five-member face is weak. There is an opinion that the fullerene structure
will change by the addition of R groups, hydrogen (H), methyl (Me), or phenyl (Ph) to the
a-position of the same five-membered face, and thus the conjugate system will deteriorate.

The cyclopentadienyl ion obtained from the fullerene plays an important role in the formation
of complexes with transition metals [70]. The molecular structure of ferrocene/C,-fullerene
hybrid [71] is given in Figure 13. There are two obstacles to producing the cyclopentadienyl

Figure 13. Molecular structure of ferrocene/C, -fullerene hybrid.
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ion: first, it is difficult to form a barrier around the cyclopentadienyl ring. And the second is
the difficulty in ionizing to produce the cyclopentadienyl group.

The same idea, that is, double-decker ferrocene complexes, has also been examined by
the Nakamura group [72, 73]. They studied both theoretical and experimental arguments
and found that the addition of a second ferrocene fraction leads to strong instability and
can produce very short-lived radical ion pairs [74]. The complex 2n°-mt-(CpFe),-C, H,, [75],
double-decker ferrocene complex, is shown in Figure 14.

Figure 14. Complex 2n*-nt-(CpFe),-C, H

27600 10°

4. Conclusion

In metallocenes, the radicals can occur in a variety of ways. Photolysis (ultraviolet light), radi-
olysis (gamma-irradiation), spin trapping and photochemical reactions can be created radical.
It has been observed that a wide variety of radicals are formed by these methods. The ionic
radicals are formed through charge-transfer interactions.
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Metallocenes can form a wide variety of radicals. However, the two main types of radical
groups gain weight. These are the cyclopentadienyl radicals and the ionic radicals. The cyclo-
pentadienyl radicals are distinguished as the cyclopentadienyl radical and the metal-centered
cyclopentadienyl radical.

Other radicals that can occur outside of these radicals can be expressed as follows: the carbon-
centred radical, the metal-centred radical, various anion and cation radicals of metallocenes,
dianion and dication radicals, and semiquinone radicals of metallocenes.
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Abstract

Organometallic compounds can be found in our surrounding environmental compart-
ments either because of human extensive activities or their existence as natural products
in the environment. Since organometallic species of trace metals were found often more
worrying than their parent compounds, intensive research on their properties, pathways
of transformation in different environmental compartment as well as their fate and inter-
actions between different environmental compartments (under different external and
internal conditions), and not finally their end-up and disposal, has become a requirement
from many public health and environmental protection agencies.

Keywords: organomercury, organotin, organolead, environment

1. Introduction

In environment, most of organometallic compounds were found as persistent that do not eas-
ily decompose but are easily concentrated and are highly toxic, often more toxic than their
elemental form Refs. [1, 2]. These compounds could be characterized as they have a metal or
metalloid-carbon bond. Usually the bonds in them are covalent and are reached between soft
acid metals and soft ligands. In environment, their fate and pathways occur through interac-
tions with other chemicals and biota from the environmental compartment, their cycling and
pathways between multiple environmental compartments and phases are physically, chemi-
cally, and biologically mediated [3].

Concerns considering organometallic compounds are accentuated also by that once they accu-
mulate in different environmental compartments can inhibit their functioning and consequently
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affect the ecosystem, plants, and other living organisms (micro and macro), and also contami-
nate the food chain (including that of humans) [4-6].

Asnatural components of the Earth’s crust and resultant of biogeochemical reactions, organo-
metallic compounds are generally present at low concentrations in natural environmental
compartments, as soil or water, but extensive anthropogenic activities over the past 50 years
(industrial, mining, agricultural, and urban-extension activities) have greatly increased their
inputs in different compartments of our surrounding environment; thus,their presence is
becoming a severe problem at worldwide level [7-10].

Among all compartments, soil plays an important role in the distribution and fate of organo-
metallic compounds, since often it serves as a major reservoir and sink of these pollutants
due to its large absorption capacity [11, 12]. In the terrestrial and aquatic environment, metals
occur in both organic and inorganic forms, including elemental forms, salts, and organome-
tallic compounds. In most cases, the mineral form of metals is insoluble thus rendering these
species rather unavailable for transport or plant uptake in the short term [5].

Inorganic species are adsorbed onto soil organic matter and/or metal oxides which can be
subjected to biogeochemical processes (e.g., reduction, oxidation, methylation, alkylation,
and biomethylation) resulting in highly mobile organic species that further have the ability
to form water-soluble complexes in living organism body tissues thus increasing the poten-
tial for uptake and accumulation by organisms [13, 14]. Moreover, bond formation between
methyl, ethyl, or alkyl groups and metals or metalloids cause changes in their physical prop-
erties as solubility or volatility, properties that could significantly affix their fate, pathways,
and life cycle both in the original environmental compartment and between interconnected
environmental compartments. The rates of all these processes depend greatly on the local
conditions, which exist in the relevant ecosystem and the microbial activity, as the pollutant’s
leaching rate strongly depends on its specific geochemical properties [15, 16].

2. Concerning organometallic compounds occurrence in environment
from anthropogenic sources

The compounds considered in this work are those having environmental implications and are
susceptible to threat biota and human health. Thus, we limited this chapter to organic forms
of mercury, lead, and tin. These compounds could occur in environment either naturally or
deposited as an industrial pollutant.

2.1. Mercury and its organic derivatives

Mercury (Hg) is a nonessential and extremely toxic trace element that poses global environ-
mental and human health risks [5, 13]. Its biogeochemical cycle was perturbed during the last
centuries by anthropogenic inputs. The organic forms of mercury compounds have been used
in chlor-alkali plants and coal power station industry, and also in other anthropogenic activi-
ties, such as catalysts, fungicides, herbicides, disinfectants, and pigments [5, 12, 13]. Emissions
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and inputs from those mentioned industrial processes as well as from the combustion of fossil
fuels and waste disposal finally resulted in severe environmental contamination [17, 18].

As mentioned in many studies, mercury and its related compounds are considered health
hazards, but their toxicity depends strongly on their chemical forms, those organic forms of
mercury, such as methylmercury or dialkyl mercury, are considered more toxic than inor-
ganic salts of mercury [19, 20].

(1) Generally, metal speciation marks both the fate as well as the toxicity of metals in envi-
ronmental compartments, that speciation adverts to the occurrence of the different variety
of chemical forms of a specific metal in the environment. Such forms of metals could be
free ions, complexes (dissolved in solution or sorbed on solid surfaces) or as forms that
have been coprecipitated in major metal solids or which occur in their own solids [3].
Considering scientific reports regarding mercury species toxicological effects, it becomes
necessary to speciate mercury [21]. Lindqvist et al. [22] categorized the mercury species
compounds into three categories: (i) volatile species (Hg); (ii) reactive species (Hg*, HgO
on aerosol particles, Hg* complexes with OH, Cl, Br, and organic acids); and (iii) non-
reactive species (CH,Hg" and other organomercurial moieties, Hg(CN),, HgS and Hg*
bond to sulfur in fragments of humic matter) [20]. The speciation of mercury and its re-
lated compounds affects, besides the degree of toxicity, also its properties (e.g., volatili-
zation, photolysis, sorption, atmospheric deposition, acid/base equilibrium, diffusivity,
microbial transformation degree, and pattern) that characterize their fate and pathways
in the environment [3]. The organic species of mercury that were found to be important
from hazard and toxicological point of view and those are prevalent in environment are
as follows: methylmercury (CH,Hg"), ethylmercury (C,H,Hg") [23, 24], phenylmercury
(C,H,Hg") [25], and dimethylmercury ((CH,),Hg) [26].

2.2. Lead and its organic derivatives

Inorganic lead is introduced into the natural environment from several sources, but organ-
olead compounds are mainly exhausted into the air from the petroleum industry and auto-
mobiles, and then they contaminate soil and water sources [27].

Lead organic forms, such as tetramethyl lead and tetraethyl lead have been widely used as anti-
knocking agents in fuels. Although in the past decade lead gasoline consumption decreased
considerably, there are still countries around the globe that use it [28, 29]. Currently, gasoline
used in aviation remained the fuel with the highest alkyl lead content, in those days sources
of alkyl lead in surrounding environment are airport fuel terminals, bulk aviation, gasoline
plants, bulk leaded racing, and other nonroad vehicles gasoline plants, spills from fuel load-
ing, transfer storage, and fuelling [27].

Alkyl lead compounds, such as tetra-alkyl lead are easily absorbed by living organisms due
to their lipophilic character. Their absorption depends on the nature of the compound, expo-
sure time, and nature of organism [27, 30]. Toxicological studies on human beings have been
demonstrated that cumulative chronic exposure to organic forms of lead is more toxic than
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those to inorganic forms of lead [31]. According to Gallert and Winter [30] and Pyrzynska [32],
the toxicity of alkyl lead compounds decreases with a decreasing number of ethyl or methyl
moieties or with a decreasing number of carbon atoms (ethyl lead — methyl lead) according to
the following sequence: R Pb > R.Pb* > R Pb*, with R being either -CH, or -C_H, [27].

2.3. Tin and its organic derivatives

Organotin compounds are organometallic compounds in which carbons are bonded directly to
tin (R SnX, , where n is between 1 and 4, and R is an alkyl or aryl group) [33]. Organometallic
forms of tin have been used as active agents in a wide range of applications in industry, such
as stabilizers in the polyvinyl chloride industry, plastic additives production, industrial cata-
lysts, antifouling paints, wood preservatives, and in agriculture as biocide products (insecti-
cides, fungicides, and bactericides) [33-35].

Nowadays, use of organotin compounds as anti-foulant has been banned due to their severe
toxic effects on the aquatic organisms [36]. Moreover, use of tributyl tin and triphenyl tin com-
pounds in various industrial applications has raised a great concern in the last decades owing
to their serious toxic effects on nontarget organisms when leached into environment even at
very low concentrations (ng-L™) [37]. Besides the fact that they are considered as endocrine
disruptors among organometallic compounds, they also possess teratogenic properties and
can cause disruption to the reproductive function in mammals, as well as could act as hepa-
toxins, immunotoxins, neurotoxins, and obesogens [35, 38].

In the following sections of this chapter, we will present quantitative and qualitative data about
the presence of these compounds in different environmental compartments and biota samples.

3. Organomercury, organotin, and organolead detection from complex
environmental and biota samples: local case study

Considering the extensive use from past and their improper disposal, as well the lack of evalu-
ation of possible contaminated sites (from past activities) made that even in our days many of
such sites to still being used either for agriculture or for pasture. Without a proper evaluation
of contaminants, such as mercury, lead, or tin distribution and speciation in soils, and without
an assessment of their risks to animals and humans, exposure to such contaminants could be
occurred nowadays. To assess such risks for environment, biota, and public health protection
purposes, it is imperative to consider their speciation both in soils, water, and in biota plant.

3.1. Environmental and biota sampling for organomercury, organotin, and organolead
monitoring

Soil, water, and vegetable samples were collected from Turda region, Cluj district from the
northwestern part of Transylvania (46°34’ and 23°47'E) including Turda town, nearest rural
regions and industrial zones—banned chemical factory, Romania (see Figure 1). Soil, water,
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Figure 1. Sampling site map—rectangle corresponds to industrial sites; oval corresponds to inhabited areas; rhomb
corresponds to agricultural sites.

and vegetable samples were collected in a period of March, July, and October for 2 years
consecutively. Vegetables included for study were selected based on their edible part contact
with different environmental compartments: leafy vegetables (lettuce, spinach, and cabbage),
“root” and “bulb” vegetables (carrot, parsnip, onion, and garlic), and fruit vegetables (peas,
tomato, and eggplant).

Soil and vegetable sample were collected with metallic collectors, returned to the laboratory
in polyethylene bags and stored at —20°C. Before analysis, the samples were spread and dried
at ambient temperature, and after drying samples were homogenized and shifted through a
2-mm stainless steel sieve.

Surface and well water were collected in polyethylene bottles excepting the cases when
organic mercury species were the target analytes, the case when the samples were collected in
Teflon containers in order to avoid metallic compound reaction with the bottle surface. Before
all sampling campaign, the sampling bottles were subjected to acid cleaning with HNO, in
order to remove possible metal impurities from the bottle’s wall and to prevent further metal
adsorption [39]. All water samples were stored in dark at 4°C until analysis and analyzed in
less than 7 days from sampling time.
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3.2. Organomercury compounds analysis from soil, water, and vegetable samples

As previous work had shown that the organic species of mercury that were found to be impor-
tant from hazard and toxicological point of view and those are prevalent in the environment
are as follows methylmercury (CH,Hg"), ethylmercury (C,H,Hg") [23, 24], phenylmercury
(C,H,Hg") [25], and dimethylmercury ((CH,),Hg) [26].

3.2.1. Water analysis

According to Cai et al. [40] and with minor modifications, extraction and derivatization of
organic forms of mercury were conducted using 20 mL of water sample that was placed in
40 mL amber glass vials sealed with screw caps with polytetrafluoroethylene (PTFE)-coated
silicon rubber septum. Noted that 2 g of NaCl with 150 uL of 0.4% NaBEt, was added to the
sample and the pH was set to 4.5 using acid acetic, and then the vials were immediately closed
tightly. The derivatization step was acquired during 15 min at 70°C.

Afterward, a 50 pm/30 um divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/
PDMS) fiber was exposed to the solution headspace for 20 min, maintaining the same tem-
perature (40°C) and assuring a continuous agitation with a rate of 175 rpm. Finally, the fiber
was introduced in the chromatographic injector and the target compounds were thermally
desorbed at 260°C for 5 min.

3.2.2. Soil and vegetal sample analysis

According to the method presented by Korbas et al. [41], 5 g of homogenized soil and their
respective dried vegetable samples were put in an extraction tube with 1 mL of aqueous H,SO,
(14 M, saturated with cupric sulfate), 1 mL of 4 M KBr solution, and 20 mL of toluene. The mix-
ture with samples was shacked for 30 min after that subjected to centrifugation for 15 min at
2000 rpm. The procedure was repeated once under the same condition, after that the collected
supernatant organic phases were combined and back extracted with 20 mL of L-cysteine solu-
tion (1.5% w/v). The organic phase was separated once again after shaking and centrifugation
process (2000 rpm for 15 min). From the obtained organic layer, water was removed using
anhydrous Na,SO, and from that 1 uL was injected into gas chromatograph inlet.

3.2.3. Gas chromatography-mass spectrometric analysis

Gas chromatography-mass spectrometric analysis was carried out on a GC Focus DSQ II
equipment (Thermo Finnigan) using a TR-5MS capillary column with the following charac-
teristics: 30 m x 0.32 mm i.d., with a 0.25-um film thickness. The mass spectrometer was oper-
ated in an electron impact ionization mode at 70 eV ionizing energy. The GC injection port
temperature was set at 280°C while the detector source temperature was set at 250°C. Splitless
mode was used for injection of 1 uL volume of extracts. Applied temperature program for col-
umn oven started from 80°C (3 min) to 150°C-min™ with a rate of 5°C-min™! and maintained at
150°C for 5 min followed by an increase of 10°C-min™" until 280°C and maintained at this final
temperature for 5 min. Identification of the target compounds was done through full scan
monitoring mode ranging between 50 and 600 m/z.



Concerning Organometallic Compounds in Environment: Occurrence, Fate, and Impact
http://dx.doi.org/10.5772/67755

3.3. Organolead compounds analysis from soil, water, and vegetable samples

Organolead compounds are found in major environmental compartments not only as a conse-
quence of their use in anthropogenic activity, but also via naturally as a consequence of biometh-
ylation processes. As mentioned earlier, the toxicity of these groups of compounds was widely
demonstrated, it is known that tetraethyllead (TEL) is much more toxic to animals [16] while
ionic allkylead compound was found to be more toxic to plants [42], with both showing higher
toxicity than inorganic lead, mainly due to their liposolubility [43]. Generally, it is accepted that
the toxicity of organolead compounds increases with the degree of alkylation, respecting the
following sequence tetraethyllead > triethyllead > diethyllead > monoethyllead [30].

Target organolead compounds of this study were tetraethyllead (TEL), followed by its trans-
formation products in environment, as triethyllead (TREL), diethyllead (DEL), and monoeth-
yllead (MEL) resulted from dealkylation reactions having as standard their chlorinated forms.

3.3.1. Water analysis

The extraction and derivatization of organic forms of lead is similar to the extraction of organ-
otin species. Shortly, 10 mL of water sample was placed in 40 mL amber glass vials sealed
with screw caps with PTFE-coated silicon rubber septum. Noted that 2 g of NaCl with 500 uL
of 0.4% NaBEt, was added to sample and the pH was set at 4.5 using acid acetic, after that the
vials were immediately tightly closed. The derivatization step was acquired during 100 min
at 40°C.

Afterward, 100-um polydimethylsiloxane (PDMS) fiber was exposed to the solution head-
space for 20 min, maintaining the same temperature (40°C) and ensuring a continuous agita-
tion with a rate of 175 rpm. Finally, the fiber was introduced in the chromatographic injector
and the target compounds were thermally desorbed at 260°C for 5 min.

3.3.2. Soil and vegetable sample analysis

The extraction of organolead compounds from soil and vegetable samples was acquired ultra-
sound assisted for 20 min using 10 g of samples and 50 mL of n-hexane. The supernatant was
collected and the extraction was repeated once again under the same conditions. Collected
supernatants were rotary evaporated until 1 mL. The concentrate was mixed with 300 uL of
NaBET, (2 g NaBET, in 10 mL ethanol), used as a derivatization agent for detection and quan-
tification of the target organic lead compounds. The obtained extract mix was subjected to gas
chromatography-mass spectrometric (GC-MS) analysis.

3.3.3. Gas chromatography-mass spectrometric analysis

This was carried out on a GC Focus DSQ II equipment (Thermo Finnigan) using a TR-5MS
capillary column with the following characteristics: 30 m x 0.25 mm i.d. with a 0.25-um film
thickness. The mass spectrometer was operated in an electron impact ionization mode at 70
eV ionizing energy. The GC injector was set at 260°C while the detector source temperature
was set at 280°C. Splitless mode was used for injection of 1 uL volume of extracts. Applied
temperature program for column oven was started from 50°C (5 min) to 100°C-min™* with a

53



54 Recent Progress in Organometallic Chemistry

rate of 7°C-min™ and maintained at 100°C for 2 min followed then by an increase of 15°C-min™*
until 280°C and maintained at this final temperature for 10 min also. The identification of
target compounds was done through a full-scan monitoring mode between the range of 50
and 600 m/z.

3.4. Organotin compounds analysis from soil, water, and vegetable samples

In this work, a field study was conducted investigating the pathways of organotins in soil-
water environment and their uptake potential in vegetables grown on possible contaminated
areas.

Monitored organotin compounds were as follows: monobutyltin trichloride (MBT), mono-
phenyltin trichloride (MPT), diphenyltin dichloride (DPT), dibutyltin dichloride (DBT), tribu-
tyltin chloride (TBT), and triphenyltin chloride (TPT).

3.4.1. Water samples analysis

Water samples preparation for analysis were done as presented by Kovacs et al. [39] and Hu et
al. [44] with minor modifications as follows: about 20 mL of water sample was placed in 40 mL
amber glass vials sealed with screw caps with PTFE-coated silicon rubber septum. Noted that
1.5 g of NaCl, 2 mL of acetate buffer (acetate buffer: 82 g-L! sodium acetate in water adjusted
to pH 5 with acetic acid), and 100 uL of NaBEt, solution (2 g NaBEt, in 10 mL ethanol) had
been added to water sample and the vials were immediately closed and stirred on a magnetic
stirrer at 100 rpm and 20°C. The optimal SPME fiber for organotin compounds extraction was
found to be 100 pum polydimethylsiloxane (PDMS)-coated fiber. SPME was performed in the
headspace. Use of NaBEt, solution allowed the organotin compounds to be derivatized in-situ
and simultaneously extracted into the PDMS phase. The fiber was exposed to the headspace
for 30 min under continuous stirring, after that the fiber was withdrawn into the needle of the
holder and the SPME was placed into the GC injector at 240°C for 10 min in order to allow
target compound desorption.

3.4.2. Soil and vegetal sample analysis

The extraction of organotin compounds from soil and vegetable samples was done according
to the method presented by Hu et al. [44] with minor modifications as follows: 5 g of soil and
vegetables, respectively, were extracted with 50 mL methanol that contains 2 mL of hydrochlo-
ric acid (37%) by ultrasonic shaking at 50°C for 30 min. The extraction was repeated twice with
30 mL methanol containing 1.2 mL hydrochloric acid (37%). The supernatants were combined
and transferred to a separation funnel containing 100 mL of 30% (w/v) sodium chloride salt
and 50 mL of dichloromethane and shacked manually for 10 min. The extraction procedure was
repeated in the same manner, after that the collected organic layers were united and subjected
for concentration through a rotary evaporator almost until to dryness. The concentrate was
mixed with a pH 5.0 buffer solution (acetate buffer: 82 g-L™ sodium acetate in water adjusted
to pH 5 with acetic acid) and 120 °L of NaBET, (2 g NaBET, in 10 mL ethanol) was used as a
derivatization agent for the target organic tin compounds detection and quantification. The
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ethylated organotin compounds were extracted with 5 mL of hexane three times after that the
extracts were cleaned up using florisil column. The collected organic fraction was concentrated
at 1 mL after that the obtained extracts were subjected to gas chromatography-mass spectro-
metric (GC-MS) analysis.

3.4.3. Gas chromatography-mass spectrometric analysis

It was carried out on a GC Focus DSQ II equipment (Thermo Finnigan) using a TR-5MS capil-
lary column with the following characteristics: 60 m x 0.25 mm i.d. with a 0.25-pm film thick-
ness. The mass spectrometer was operated in an electron impact ionization mode at 70 eV
ionizing energy. The GC injector was set at 270°C while the detector source temperature was
set at 280°C. Splitless mode was used for injection of 1 uL volume of extracts. Applied tem-
perature program for column oven was started from 50°C (5 min) to 130°C-min™ with a rate
of 15°C'min™ and maintained at 130°C for 10 min followed then by an increase of 15°C-min™
until 280°C and maintained at this final temperature for 10 min.

Identification of target compounds was done through a selective ion-monitoring mode, and
the fragment ions were those most abundant in each oligomers. Their values are presented
in Table 1.

Ions monitored in SIM mode for organotin compounds

Organotin compounds Primary characteristic ion” (m/z) Secondary ions (m/z)
MBT 149 179, 233, 235

DBT 149 179, 207, 263

TBT 149 177,207, 263

MPT 195 253, 255

DPT 275 301, 303

TPT 197 349, 351

*Quantitation ion.

Table 1. Monitored ions in selective ion monitoring mode (SIM) of target organometallic compounds.

4. Organomercury, organotin, and organolead and their “fingerprint” on
environmental compartments and surrounding biota: case study, Turda
region

The presence of these organometallic compounds surrounding us has raised a great deal of
concern in the past few decades because of their high toxicity to nontarget organisms when
leached into different environmental compartments, even at low concentrations [2, 23, 33]. At
these moments, most studies regarding organometallic compounds present in the environment
were conducted on aquatic environment. Studies considering soil or air contamination with
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organometallic compounds were most of the time conducted on industrial sites and mining
areas. Similarly, although studies on bioconcentration and biomagnification of organometallic
compounds were done on a large scale of species from the aquatic environment, according to
our knowledge, there is minor information in the literature considering organometallic com-
pounds uptake potential by vegetables.

In this work, a field study was conducted investigating the pathways of organometallic com-
pounds (tin, lead, and mercury species) in soil-water environment and their uptake potential
in vegetables grown on inhabited area—Turda region, including rural, urban, and agricul-
tural sites considering these sites as possible contaminated areas due to the presence of an
old chemical production plant (chemicals factory Turda) which was closed from more than
20 years.

4.1. Organic compounds analysis in environmental samples: case study, Turda region—
Cluj, Romania

Surface water as well as underground water samples were collected from the mentioned sites
(rural, urban, agricultural, and industrial areas) in order to evaluate if there are any signs
considering the potential of past pollution. Considering surface water samples, total 22 sam-
pling points were selected for surface water status evaluation. Specifically, 7 sampling points
were selected located on the banned industrial sites, 10 sampling points from inhabited areas
(3 sampling points from Turda town and 7 sampling points from rural areas), and 5 sam-
pling points from the agricultural place. Wells water, totally from 21 sampling sites, were
collected as follows: 3 sampling points were selected located on the banned industrial sites, 14
sampling points from inhabited areas (4 sampling points from Turda town and 10 sampling
points from rural areas), and 4 sampling points from agricultural place.

Organometallic compounds detected in water samples including surface and well water
(underground water) showed higher levels in the samples collected from old industrial site
than in the other sampling locations (inhabited area—rural and urban, and agricultural sites).
The range of organotin, organolead, and organomercury amount detected in the water sam-
ples vary between 0.1 and 72, 0.2 and 15.9, and 0.08 and 61.4 pg-L™, respectively.

Considering Figure 2, it could be observed that the organometallic compounds that were
detected in the higher amount in the samples collected from the banned industrial area were
methylmercury, ethylmercury, tetraethyllead, and triphenyltin with the average amounts of
26.8,11.4, 19.5, and 37.7 pug-L7, respectively.

Excluding amount value of water samples collected from the banned industrial area, higher
values, with 15-20%, of monitored organometallic compounds were observed in the case of
underground water samples than those of surface water samples.

Compounds, such as dimethylmercury, monoethyllead, monobutyltin, monophenyltin, and
diphenyltin were detected just in 41% in the collected water samples. This could be attrib-
uted to their instability considering their physicochemical properties. Taking into account the
variations between the period of sampling (March, July, and October), no significant differ-
ences were observed.
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Figure 2. Target organometallic compounds amount (pg-L™) in surface water sampling points from industrial sites

Analysis of soil samples, totally 29 (inhabited areas: 7 sampling points from Turda town and
14 sampling points from villages; 5 from agricultural areas; and 3 from banned industrial
sites) has shown higher amounts than analysis from water samples. Soil samples were col-
lected from horizon 0, and from 15 and 30 cm depth, respectively. Between the layers, minor
decreasing tendency was observed once with decreasing the depth.

Comparing detected amounts of organomercury compounds of soil samples from a rural area
with those of wells water from the same region (Figure 3), it was observed that the average
value of all four monitored organomercury compounds were approximately twofold higher
in the case of soil samples than in well water (underground water).

Organomercury compounds amount found in undergroundwater and soil from rural sites
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Figure 3. Organomercury compound variation in underground water (wells) and soil from rural sites.
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Organotin compounds were detected at a higher percentage in samples from the indus-
trial area compared to the rest of sampling locations (urban, rural, or agricultural areas).
Monobutyltin and monophenyl tin were detected just in 40% of the collected samples—
including water and soil samples from all sampling sites. This could be caused by their weak
stability in the environment.

According to Figure 4, the average values of organotin compounds increase once with increas-
ing their degree of alkylation in both the case of water as well as soil samples. In soil samples
collected on depth layers, in most cases the organotin compounds were extremely lower in
the surface horizons and the amount starts to increase once with depth (see Figure 4).

The total amount of organotin compounds in water and soil samples collected from the
banned industrial site vary between 38 and 364.1 ppm while from the rest of sampling loca-
tion the total amount of organotin compounds vary between 3.4 and 21.5, 1.6 and 31.5, and
1.4 and 28.9 ppm.

With regard to organolead compounds, no correlation was found between the detected
amounts and sampling locations, as shown in Table 2.

4.2. Organometallic compounds uptake by vegetables grown on possible contaminated
sites: case study, Turda region—Cluj, Romania

The major pathway of living organism’s exposure to contaminants in soil is through food
ingestion (food web). The prediction or estimation of risks to living organisms requires
knowledge about both environmental contamination and food contamination. The direct
measurement of contaminant concentration in living organisms’ food is advisable to mini-
mize uncertainty in ecological risk assessment [45]. However, site-specific data on the bioac-
cumulation of contaminants in vegetation and other biota that comprise living organisms diet
are often not available because of constraints in funding and/or time, most of the analysis
being expensive and time-consuming.

Most time, the concentration of chemical contaminants is measured at the known contaminated
sites prior to a risk assessment. The challenge for the development of numerical models that are
able to estimate the concentration of contaminants accumulated in plants (as vegetables, crops,
etc.) is the soil-plant uptake factor. Soil-plant uptake factor refers to the ratio of a contaminant in
plants to that in soil. The concentration of a contaminant in plant at a particular location is esti-
mated by multiplying the measured concentration in soil by the soil-plant uptake factor [45].

Usually, the concentrations of monitored contaminant in mature plants and soil are assumed
to be at equilibrium, thus exposure time is not necessary to be considered. However, in nature
the bioavailability of organometallic compounds depend on the geochemical nature, pedocli-
matic variables (temperature and rain intensity) and related to fluctuations of physicochem-
istry of the medium, such as soil moisture, pH, and soil organic matter content [46]. On the
other side, the bio-uptake process depends on the internalization pathways of plant species
which refer to the ability of organometallic compounds to cross the biological barrier. That,
most of the time, is determined by the concentration of flux of internalized organometallic
compounds but studied has showed that this ability of plants depends also on their size,
nature, and physiology.
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Figure 4. Organotin compound variation between soil (layers) and water samples collected from the sampling points of
banned industrial sites.

The uptake factor of monitored organometallic compounds varied between plants (consid-
ering their edible part contact with contaminated environmental matrix), see Table 3. With
respect to their fates in relationship to plant uptake, organometallic compounds in soil can be
roughly divided into three groups according to their uptake factors: lowest average uptake
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factor (between 0.001 and 0.05), medium average uptake factor (0.05-0.1), and highest average
uptake factor (0.1-1). The highest uptake factors for almost all monitored organometallic com-
pounds were determined in the case of root and bulb vegetables, flowed by leafy vegetables,
and finally by fruit vegetables (see Table 3).

Lowest uptake factors were determined in the case of monoethyllead, monobutyltin, mono-
phenyltin, diphenyltin, and dibutyltin regardless of plant species group (leafy, root, bulb,
fruit, and vegetables).

5. Summary

The problem of trace metals pollution is transformation of the original pollutants into other
species as organometallic compounds of mercury, tin, and lead species that are considered
frequently more toxic and mobile in the environment than their corresponding parent com-
pound. Although organometallic compounds occurrence in the environment could be natu-
ral, most of the time their quantitative presence is associated with anthropogenic sources and
activities. Organometallic amounts in detected environmental samples increased once with
their degree of alkylation in the case of all three groups studied (tin, lead, and mercury).

Based on the literature data, worldwide observations showed that a clear relation is observed
between organometallic compound concentrations in the soils/underground water and the
accumulation of this element in plants. In the case of monitored organometallic compounds,
the higher amounts were detected in root and bulb vegetables followed by leafy, vegetables,
and fruit vegetables. The uptake factor increased once with the degree of alkylation in the case
of all groups studied.
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Abstract

The effect of substitution on the potential energy surfaces of RE3=BiR (E,3 = B, Al, Ga,
In, and TI; R = F, OH, H, CHj;, SiHj, Tbt, Ar*, SiMe(SitBus),, and SiiPrDis,) is investi-
gated using density functional theories (M06-2X/Def2-TZVP, B3PW91/Def2-TZVP, and
B3LYP/LANL2DZ+dp). The theoretical results suggest that all of the triply bonded
RE3=BiR molecules prefer to adopt a bent geometry (i.e., ZRE;3Bi = 180° and £E;3BiR =
90°), which agrees well with the bonding model (model (B)). It is also demonstrated that
the smaller groups, such as R = F, OH, H, CH;, and SiHj, neither kinetically nor
thermodynamically stabilize the triply bonded RE;3=BiR compounds, except for the case
of H3SiB=BiSiH;. Nevertheless, the triply bonded R'E;3=BiR' molecules that feature
bulkier substituents (R' = Tbt, Ar*, SiMe(SitBus),, and SiiPrDis,) are found to have the
global minimum on the singlet potential energy surface and are both kinetically and
thermodynamically stable. In other words, both the electronic and the steric effects of
bulkier substituent groups play an important role in making triply bonded RE;3=BiR
(Group 13-Group 15) species synthetically accessible and isolable in a stable form.

Keywords: bismuth, group 13 elements, triple bond, multiple bond, density functional
theory

1. Introduction

Triply bonded molecules are of great interest in structural and synthetic inorganic chemistry as
well as in fundamental science. Molecules that have triple bonds, however, pose a more
difficult challenge than analogous doubly bonded molecules from a synthetic viewpoint
[1-8]. Acetylene is one of the most commonly triply bonded molecules in traditional organic
chemistry. Thanks to Kira, Power, Sekiguchi, Tokitoh, Wiberg and many coworkers, the stable

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgIN
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homonuclear alkyne analogues of all of the heavier group 14 elements have now been isolated
and characterized [9-19]. Recently, heteronuclear ethyne-like molecules that possess C=Ge
[20, 21], C=Sn [22], and C=Pb [23] triple bonds have also been theoretically predicted and have
been published elsewhere.

Nevertheless, to the authors’ best knowledge, neither experimental nor theoretical studies
have been performed on acetylene-like compounds that feature an E;3=Bi (E = B, Al, Ga, In,
and TI) triple bond. It is surprising how little is known about the stability and molecular
properties of E;3=Bi, considering the importance of bismuth compounds [24] that contain
group 13 elements in inorganic chemistry [25-35] and material chemistry [36—45].

The aim of this study is to theoretically determine the existence and relative stability of
RE15=BiR triply bonded molecules, which can be synthesized as stable compounds when
they are properly substituted. For the first time, the structures of RE;5=BiR with various
substituents are reported. That is, theoretical calculations of RE;3=BiR are performed, using
both smaller ligands (such as, R = F, OH, H, CHj, and SiH;) and larger ligands with bulky
aryl and silyl groups (i.e., R' = Tbt, Ar*, SiMe(SitBus),, and SiiPrDisy; Dis = CH(SiMejs)y;
Scheme 1) [46-51]. As a result, the effect of substituents on these bismuth-group-13-
element triple bonds is systematically investigated using density functional theory (DFT)
calculations. It is expected that the theoretical interpretations of the effect of substituents,
presented in this work, will help in the experimental preparation of the many precursors
of RE;3=BiR.
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2. Theoretical methods

Geometries were fully optimized using hybrid density functional theory at M06-2X, B3PW91,
and B3LYP levels, using the Gaussian 09 program package [52]. It has been reported that M06-
2X is proven to have excellent performance for main group chemistry [53]. In both the B3LYP
and B3PW91 calculations, Becke’s three-parameter nonlocal exchange functional (B3) [54, 55] is
used, together with the exact (Hartree-Fock) exchange functional, in conjunction with the
nonlocal correlation functional of Lee, Yang, Parr (LYP) [56] and Perdew and Wang (PW91)
[57]. Therefore, the geometries of all of the stationary points were fully optimized at the M06-
2X, B3PW91, and B3LYP levels of theory. For comparison, the geometries and energetics of the
stationary points on the potential energy surface were calculated using the M06-2X, B3PW91,
and B3LYP methods, in conjunction with the Def2-TZVP [58] and LANL2DZ+dp [59-62] basis
sets. Consequently, these DFT calculations are denoted as M06-2X/Def2-TZVP, B3PW91/Def2-
TZVP, and B3LYP/LANL2DZ+dp, respectively.

The spin-unrestricted (UM06-2X, UB3PW91, and UB3LYP) formalisms are used for the open-
shell (triplet) species. The <5*> expectation values for the triplet state for the calculated species
all have an ideal value (2.00), after spin annihilation, so their geometries and energetics are
reliable for this study. Frequency calculations were performed on all structures, in order to
confirm that the reactants and products have no imaginary frequencies, and that the transition
states possess only one imaginary frequency. Thermodynamic corrections to 298 K, heat capac-
ity corrections, and entropy corrections (AS) are applied at the three DFT levels. Therefore, the
relative free energy (AG) at 298 K is also calculated at the same levels of theory.

Sequential conformation analyses were performed for each stationary point, for species
containing bulky ligands (R' = Tbt, Ar* SiMe(SitBus),, and SiiPrDis,;) using Hartree-Fock
calculations (RHF/3-21G*). The TbtE;5=Bi=Tbt, Ar*=E;;=Bi=Ar*, SiMe(SitBus),=E;3=Bi=SiMe
(SitBuy),, and SiiPrDis,=E3=Bi=SiiPrDis, (E =B, Al, Ga, In, and TI) are used as model reactants
in this work. It is known that the Hartree-Fock level of theory is insufficient for even a
qualitative description of the chemical potential energy surface, so these stationary points were
then further calculated at the B3LYP/LANL2DZ+dp level, using the OPT=READFC keyword
with a tight convergence option (maximum gradient convergence tolerance = 5.0 x 10 hartree/
bohr). Because of the limitations of the available CPU time and memory size, frequencies were
not calculated for the triply bonded R'E,3=BiR’ systems with bulky ligands (R') at the B3LYP/
LANL2DZ+dp level of theory. As a result, the zero-point energies and the Gibbs free energies
for B3LYP/LANL2DZ+dp cannot be applied to these systems.

3. Results and discussion

3.1. Theoretical models for RE{3=BiR

In order to understand the bonding interactions in the R=E;5=Bi=R molecule, R=E;5=Bi=R is
divided into one E;3=R and one Bi=R fragment. The theoretical calculations for these two
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fragments indicate that the ground states of E;3=R and Bi=R are singlet and triplet states,
respectively (vide infra). Therefore, there are two possible interaction modes (A and B)
between the E;3=R and Bi=R moieties in the formation of the triply bonded R=E;3=Bi=R species,
as schematically illustrated in Figure 1. In model (A), both E=R and Bi=R units exist as triplet
monomers. In this way, the combination between the group 13 element and bismuth can be
considered as a triple bond, since it consists of 2 © bonds and 1 donor-acceptor o bond, for
these 2 triplet fragments. As a result, this bonding model allows a linear structure, as shown in
Figure 1(A). In model (B), both E;3=R and Bi=R units still exist as triplets, so this bonding
scheme contains one o bond and one p-m bond (indicated by two dashed lines), plus one
donor-acceptor m-bond because of coupling between the lone pair in Bi=R and the empty p
orbital at the E;3 atom (indicated by the arrow). Accordingly, this bonding pattern results in a
bent structure, as shown in Figure 1(B). The importance of the RE;3<BiR donor-acceptor
interaction is emphasized, as it is essential for the stabilization of the nonlinear structure. These
analyses are used to explain the geometrical structures of triply bonded RE;3=BiR species in
the following sections.
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Figure 1. Two interaction models, A and B, in forming triply bonded RE;3=BiR species.

3.2. Small ligands on substituted RE;3=BiR

Small ligands, such as R =F, OH, H, CHj;, and SiH3, are firstly chosen to study the geometries
of the RE3=BiR (E;3 =B, Al, Ga, In, and TI) species. As mentioned in the Introduction, neither
experimental nor theoretical results for the triply bonded RE;5=BiR species are available to
allow a definitive comparison. As a result, three DFT methods were used (i.e., M06-2X/Def2-
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TZVP, B3PW91/Def2-TZVP, and B3LYP/LANL2DZ+dp) to examine their molecular properties.
The selected geometrical parameters, natural charge densities (Qr13 and Qg;), binding energies
(BE), and Wiberg bond order (BO) [63, 64] are shown in Table 1 (RB=BiR), Table 2 (RAI=BiR),
Table 3 (RGa=BiR), Table 4 (RIn=BiR), and Table 5 (RTI=BiR).

Several important conclusions can be found in Tables 1-5, which are shown as follows:

R F OH H CH, SiH;
B=Bi (A) 2.218 2202 2.091 2.141 2.075
-2.210 -2.199 -2.083 -2.137 -2.084
[2.196] [2.196] [2.083] [2.140] [2.085]
ZR—B—Bi () 177.6 176 163.6 176.9 170.9
-178.8 -175.9 -163.6 -176.9 -169.4
[178.1] [176.1] [163.9] [174.7] [171.9]
/B—Bi—R (°) 80.89 91.96 34.78 90.62 58.89
-88.58 -90.21 -34.83 -90.26 -58.47
[87.52] [89.53] [38.88] [99.39] [59.00]
ZR—B—Bi—R (°) 179.8 77.43 180 1733 179.7
-179.1 ~75.70 -180.0 -173.5 -179.5
[179.5) [76.80] [180.0] [179.9] [180.0]
Qs ® 0.1096 -0.0543 -0.3684 -0.3023 -0.5098
-0.124 (-0.0372) (-0.2262) (-0.1390) (-0.4100)
[0.2303] [0.0511] [-0.1623] [-0.01010] [-0.4101]
Qg @ 0.4759 0.3569 0.2189 0.1881 0.1784
-0.4975 -0.3431 -0.1331 -0.1602 -0.103
[0.4983] [0.3552] [0.1870] [0.1430] [0.1520]

Notes: (1) The natural charge density on the central boron atom. (2) The natural charge density on the central bismuth
atom. (3) BE = E (triplet state of R=B) + E (triplet state of R=Bi) — E(RB=BiR). (4) Wiberg bond orders for the B=Bi bonds, see
Ref. [18].

Table 1. Selected geometrical parameters, natural charge densities (Qp and Qg;), binding energies (BE), and Wiberg bond
orders (BO) of RB=BiR at the M06-2X/Def2-TZVP, B3PW91/Def2-TZVP (in round bracket), and B3LYP/LANL2DZ+dp (in
square bracket) levels.

R F OH H CH;, SiH,

Al=Bi (A) 2.604 2.606 2439 2529 2.501
(2.601) (2.601) (2.463) (2.539) (2.532)
[2.621] [2.624] [2.483] [2.561] [2.542]

ZR—Al—Bi (°) 176.8 173.4 170.7 177.7 1725
(175.4) (172.9) (168.1) (177.6) (170.4)

[177.3] [174.2] [166.9] [177.1] [174.5]
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R F OH H CH, SiH,
£Al—Bi—R (°) 83.16 84.20 48.09 92.52 62.57
(84.59) (85.35) (49.85) (92.93) (61.82)
[87.00] [88.32] [51.00] [93.77] [64.03]
ZR—AI—Bi—R () 180.0 177.3 180.0 179.9 179.9
(180.0) (176.0) (180.0) (179.6) (179.8)
[180.0] 178.0] [180.0] [179.6] [180.0]
Qa® 0.5031 0.3942 0.1493 0.2692 0.1841
(0.4904) (0.3918) (0.1417) (0.2544) (0.2145)
[0.6664] [0.4315] [0.3786] [0.2414] [0.1517)
Qs @ 0.3947 0.2709 -0.05788 0.03761 -0.1384
(0.3196) (0.1834) (-0.04954) (0.02100) (-0.07446)
[0.3044] [0.1982] [0.03410] [-0.05262] [-0.1074]
BE (kcal mol™") ©® 2261 20.28 50.55 38.69 53.41
(30.36) (31.77) (85.64) (63.54) (57.96)
[25.47] [20.51] [53.65] [42.77] [53.47)
Wiberg BO @ 1.393 1.403 1.746 1.634 1.602
(1.509) (1.511) (1.798) (1.690) (1.615)
[1.521] [1.516] [1.787] [1.706] [1.653]

Notes: (1) The natural charge density on the central aluminum atom. (2) The natural charge density on the central bismuth
atom. (3) BE = E (triplet state of R=Al) + E (triplet state of R=Bi) — E(RAI=BiR). (4) Wiberg bond orders for the Al=Bi bonds,
see Refs. [63, 64].

Table 2. Selected geometrical parameters, natural charge densities (Qa; and Qg;), binding energies (BE), and Wiberg
bond orders (BO) of RAI=BiR at the M06-2X/Def2-TZVP, B3PW91/Def2-TZVP (in round bracket), and B3LYP/LANL2DZ
+dp (in square bracket) levels.

R F OH H CH,3 SiH,
Ga=Bi (A) 2.639 2.625 2463 2543 2512
(2.602) (2.621) (2.465) (2.524) (2.510)
[2.632] [2.629] [2.487] [2.550] [2.520]
ZR—Ga—Bi (9 179.7 175.0 166.5 178.9 178.7
(178.3) (173.3) (166.2) (177.8) (177.6)
[177.3] [175.5] [167.0] [177.3] [177.0]
2Ga—Bi—R () 86.32 86.85 52.56 91.27 65.56
(88.49) (88.52) (56.24) (92.86) (66.28)
88.18] [90.75] [59.49] [93.37] [69.82]
ZR—Ga—Bi—R (°) 179.5 157.1 180.0 179.2 175.8

(180.0) (159.8) (180.0) (178.8) (179.9)
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R F OH H CH, SiH,
[180.0] [158.0] [180.0] [179.3] [180.0]
Qca @ 0.6246 0.5224 0.2127 0.2266 0.1845
(0.5012) (0.3464) (0.1135) (0.2356) (0.1507)
[0.5700] [0.3813] [0.3031] [0.1984] [0.07925]
Qs ® 0.3696 0.2435 -0.1367 0.03356 -0.2002
(0.3574) (0.2743) (-0.04212) (0.05503) (-0.05512)
[0.4000] [0.2395] [0.06523] [-0.01620] [-0.08931]
BE (kcal mol™?) ® 18.03 16.41 4528 46.24 46.10
(22.92) (26.32) (79.05) (60.77) (49.96)
[20.80] [16.61] [49.49] [40.12] [48.61]
Wiberg BO @ 1.286 1.335 1.718 1.578 1.653
(1.382) (1.393) (1.787) (1.633) (1.646)
[1.403] [1.431] [1.758] [1.656] [1.673]

Notes: (1) The natural charge density on the central gallium atom. (2) The natural charge density on the central bismuth
atom. (3) BE =E (triplet state of R=Ga) + E (triplet state of R=Bi) — E(RGa=BiR). (4) Wiberg bond orders for the Ga=Bi bonds,

see Refs. [63, 64].

Table 3. Selected geometrical parameters, natural charge densities (Qga and Qg;), binding energies (BE), and Wiberg
bond orders (BO) of RGa=BiR at the M06-2X/Def2-TZVP, B3PW91/Def2-TZVP (in round bracket), and B3LYP/LANL2DZ
+dp (in square bracket) levels.

R F OH H CH;, SiH,
In=Bi (A) 2.804 2.790 2.659 2.696 2.667
(2.802) (2.700) (2.691) (2.719) (2.692)
[2.790] [2.795] [2.673] [2.712] [2.683]
£ZR—In—Bi () 179.6 173.9 168.3 179.1 173.8
(178.0) (172.2) (175.2) (177.3) (174.3)
[177.0] [174.5) [174.1) [177.6] [174.7]
2In—Bi—R (°) 84.16 85.14 67.00 92.20 70.37
(87.83) (89.71) (77.82) (94.83) (75.05)
[87.43] [90.79] [74.35] [94.16] [74.37]
£R—In—Bi—R (°) 179.9 176.1 180.0 1783 178.9
(180.0) (177.3) (180.0) (179.1) (177.5)
[180.0] [176.5) [180.0] [179.4] [179.8]
QO ® 0.7021 0.6352 0.3755 0.3297 0.3650
(0.5692) (0.4640) (0.2561) (0.3403) (0.2872)
[0.7571] [0.5053] [0.4055] [0.3044] [0.1756]
Qg @ 0.3973 0.2452 -0.2474 -0.01187 -0.2599

77



78 Recent Progress in Organometallic Chemistry

R F OH H CH,3 SiH,
(0.4000) (0.2511) (-0.08703) (0.04410) (-0.08023)
[0.3468] [0.2141] [0.02620] [-0.05735] [-0.1365]

BE (kcal mol™) ©® 14.66 13.17 39.19 36.87 39.28
(15.06) (12.88) (42.01) (35.00) (40.94)
[18.80] [13.70] [44.04] [35.54] [41.83]

Wiberg BO ) 1.312 1.403 1.590 1.543 1.553
(1.308) (1.334) (1.601) (1.539) (1.546)
[1.323] [1.336] [1.615] [1.548] [1.549]

Notes: (1) The natural charge density on the central indium atom. (2) The natural charge density on the central bismuth
atom. (3) BE = E (triplet state of R=In) + E (triplet state of R=Bi) — E(RIn=BiR). (4) Wiberg bond orders for the In=Bi bonds,
see Refs. [63, 64].

Table 4. Selected geometrical parameters, natural charge densities (Qr, and Qg;), binding energies (BE), and Wiberg bond
orders (BO) of RIn=BiR at the M06-2X/Def2-TZVP, B3PW91/Def2-TZVP (in round bracket), and BALYP/LANL2DZ+dp (in
square bracket) levels.

R F OH H CH,3 SiH,
TI=Bi (A) 2.859 2.843 2.713 2.742 2.707
(2.812) (2.803) (2.698) (2.725) (2.705)
[2.819] [2.822] [2.679] [2.713] [2.682]
ZR—TI—Bi (°) 1759 1735 175.7 179.6 174.4
(178.8) (172.5) (176.6) (178.5) (174.7)
[177.2) [174.4] [176.3] [178.5] [175.9]
£TI—Bi—R (°) 81.34 86.72 78.87 91.91 76.03
(87.73) (89.82) (79.00) (93.54) (76.50)
[87.92] [92.34] [78.86] [93.25] [80.00]
ZR—TI—Bi—R (°) 180.0 1437 180.0 172.1 1789
(179.9) (132.9) (179.9) (178.6) (179.9)
[180.0] [130.6] [180.0] [180.0] [179.2)
Qn® 0.6481 0.5672 0.3014 0.4162 0.2665
(0.6614) (0.5879) (0.2284) (0.2746) (0.3510)
[0.7100] [0.4812] [0.3536] [0.2734] [0.1601]
Qs ® 0.4752 0.3214 -0.1836 0.008121 -0.2245
(0.3615) (0.2201) (-0.05213) (-0.1282) (-0.09637)
[0.3854] [0.2455] [0.04813] [-0.03131] [-0.1282]
BE (kcal mol™") ® 7.90 6.61 30.74 26.94 30.56

(2.98) (8.17) (48.12) (35.39) (29.13)
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R F OH H CH, SiH,
[11.34] [7.38] [37.14] [31.09] [35.03]

Wiberg BO © 1.000 1.132 1.652 1.448 1.792
(1.121) (1.254) (1.765) (1.514) (1.824)
[1.112] [1.212] [1.756] [1.568] [1.652]

Notes: (1) The natural charge density on the central thallium atom. (2) The natural charge density on the central bismuth
atom. (3) BE = E (triplet state of R=TI) + E (triplet state of R=Bi) — E(RTI=BiR). (4) Wiberg bond orders for the TI=Bi bonds,
see Refs. [63, 64].

Table 5. Selected geometrical parameters, natural charge densities (Qp; and Qg;), binding energies (BE), and Wiberg bond
orders (BO) of RTI=BiR at the M06-2X/Def2-TZVP, B3PW91/Def2-TZVP (in round bracket), and B3LYP/LANL2DZ+dp (in
square bracket) levels.

1. As can be seen from Tables 1-5, the geometrical parameters of the RE;3=BiR triple bond
species are quite analogous at the three levels employed. For instance, the predicted triple
bond length for small ligands on RB=BiR is 2.075-2.218 A (M06-2X/Def2-TZVP), 2.083—
2.210 A (B3PW91/Def2-TZVP), and 2.083-2.196 A (B3LYP/LANL2DZ+dp). For RAI=BiR,
the Al=Bi triple bond length for small ligands is predicted to be 2.439-2.606 A (M06-2X/
Def2-TZVP), 2.463-2.601 A (B3PW91/Def2-TZVP), and 2.483-2.624 A (B3LYP/LANL2DZ
+dp). For RGa=BiR, the Ga=Bi triple bond length for small ligands is predicted to be 2.463—-
2.639 A (M06-2X/Def2-TZVP), 2.465-2.621 A (B3PW91/Def2-TZVP), and 2.487-2.632 A
(B3LYP/LANL2DZ+dp). For RIn=BiR, the In=Bi triple bond length for small ligands is
predicted to be 2.659-2.804 A (M06-2X/Def2-TZVP), 2.691-2.802 A (B3PW91/Def2-TZVP),
and 2.673-2.795 A (B3LYP/LANL2DZ+dp). For RTI=BiR, the TI=Bi triple bond length for
small ligands is predicted to be 2.707-2.859 A (M06-2X/Def2-TZVP), 2.698-2.812 A
(B3PW91/Def2-TZVP), and 2.679-2.822 A (B3LYP/LANL2DZ+dp).

2. It is apparent from Tables 1-5 that an acute bond angle #E;5=Bi=R (close to 90°) in the
triply bonded molecule RE;3=BiR is favored. The reason for this can be attributed to the
“orbital nonhybridization effect,” also known as the “inert s-pair effect” [65-68], as
discussed previously. Accordingly, these phenomena strongly indicate that mode (B)
(Figure 1) is preferred in the RE=BiR molecule, for which bent geometry is favored.

3. The Wiberg bond orders (WBOs) [63, 64] on the substituted RE,3=BiR compounds are also
given in Tables 1-5. For all the triply bonded RE;3=BiR molecules with small substituents,
their WBOs were computed to be less than 2.0, except for the cases of HB=BiH and (SiH3)
B=Bi(SiH;). These WBO values imply that the bonding structure of RE;3=BiR may be due
to the resonance structures, [I] and [II]. That is to say, the E13=Bi bond could be either
double or triple bonds. From Tables 1-5, it seems that the resonance structure [II] prevails
for the small ligands on the substituted RE;3;=BiR species studied in this work. Indeed,
since it is known that the electronegativities decrease in the order B (2.051) > Bi (2.01) > Tl
(1.789) > Ga (1.756) > In (1.656) > Al (1.613) [69], the bonding mode of RE;3=BiR should
prefer to adopt resonance structure [II] (Scheme 2).
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With regard to the stability of RE;3BiR, the results of theoretical calculations on the energy
surface of the model RE;3BiR (R=F, OH, H, CHj;, and SiH;) system are depicted in Figures 2-6.
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Figure 2. Relative Gibbs free energy surfaces for RB=BiR (R = F, OH, H, CHj;, and SiHj). Energies are in kcal/mol,
calculated at M06-2X/Def2-TZVP, B3PW91/Def2-TZVF, and B3LYP/LANL2DZ+dp levels of theory. For details see the text
and Table 1.
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Figure 3. Relative Gibbs free energy surfaces for RAI=BiR (R = F, OH, H, CHj, and SiH;). Energies are in kcal/mol,
calculated at M06-2X/Def2-TZVF, B3PW91/Def2-TZVP, and B3LYP/LANL2DZ+dp levels of theory. For details see the text
and Table 2.

This system exhibits a number of stationary points, including local minima that correspond to
RE15=BiR, RyE15=Bi:, :E;5=BiR,, and the saddle points connecting them. The transition struc-
tures that separate the three stable molecular forms involve a successive unimolecular 1,2-shift
TS1 (from RE3=BiR to R,E3=Bi:) and a 1,2-shift TS2 (from RE3=BiR to :E;3=BiR;). As shown in
Figures 1-5, these theoretical studies using the M06-2X, B3PW91, and B3LYP levels show that
the RE13=BiR species are local minima on the singlet potential energy surface, but they are
neither kinetically nor thermodynamically stable for small substituents, except for the case of
(S5iH3)B=Bi(SiHs;). As a result, these triply bonded structures RE;3=BiR seem to be unstable on
the singlet energy surface and undergo unimolecular rearrangement to the doubly bonded
isomer. In brief, these triply bonded molecules (RE;5=BiR) possessing the small substituents are
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predicted to be a kinetically unstable isomer, so these could not be isolated in a matrix or even
as transient intermedjiates.
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Figure 4. Relative Gibbs free energy surfaces for RGa=BiR (R = F, OH, H, CHj, and SiH3;). Energies are in kcal/mol,
calculated at M06-2X/Def2-TZVP, B3APW91/Def2-TZVP, and B3LYP/LANL2DZ+dp levels of theory. For details see the text
and Table 3.

3.3. Large ligands on substituted R'E;3=BiR’

According to the above conclusions for the cases of small substituents, it is necessary to
determine whether bulky substituents can destabilize R,E;5=Bi: and :E;3=BiR, relative to
RE;3=BiR (E;3 = B, Al, Ga, In, and TI), due to severe steric overcrowding. From Figure 7, it is
easily anticipated that the presence of extremely bulky substituents at both ends of the
RE15=BiR compounds protects its triple bond from intermolecular reactions, such as polymer-
ization. In order to examine the effect of bulky substituents, the structures of R'E;3=BiR'
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optimized for R' = Tbt, Ar*, SiMe(SitBus),, and SiiPrDis, (Scheme 1) at the BBLYP/LANL2DZ
+dp level. Selected geometrical parameters, natural charge densities on the central group 13
elements and bismuth (Qgi3 and Qp;), binding energies (BE), and Wiberg bond order (BO)
[69, 70] are summarized in Tables 6-10.
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Figure 5. Relative Gibbs free energy surfaces for RIn=BiR (R = F, OH, H, CHj;, and SiHj;). Energies are in kcal/mol,
calculated at M06-2X/Def2-TZVP, B3PW91/Def2-TZVP, and B3LYP/LANL2DZ+dp levels of theory. For details see the text
and Table 4.

The computational results given in Tables 6-10 estimate that the E;5=Bi triple bond distances
(A) are about 2.117-2.230 (E;3 = B), 2.461-2.562 (E;3 = Al), 2.576-2.580(E 13 = Ga), 2.615-2.779
(E13 = In), and 2.789-2.833 (Eq3 = Tl), respectively. Again, these theoretically predicted values
are much shorter than the available experimentally determined E;5=Bi single bond lengths
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[36, 70-72]. This strongly implies that the central group 13 element (E;3) and bismuth in the
R'E13=BiR' (R' = Tbt, Ar*, SiMe(SitBus),, and SiiPrDis,) species are triply bonded. Indeed, as
shown in Tables 6-10, the R'E;5=BiR' molecules accompanied by bulky ligands can effectively
produce the triply bonded species. That is, the WBOs in Tables 6-10 (with larger ligands)
are apparently larger than those in Tables 1-5 (with smaller ligands). Additionally, from
Tables 6-10, the central E;3=Bi bond lengths calculated for R' = Tbt and Ar* are an average
0.095A longer than those calculated for R' = SiMe(SitBug), and SiiPrDis,, respectively. The
reason for these differences is that the Tbt and Ar* groups are electronegative, but the SiMe
(SitBus), and SiiPrDis; ligands are electropositive. Further, the short length of the E;5=Bi bond
in the R'E=BiR' species can be understood by noting that both SiMe(SifBus), and SiiPrDis, are
more electropositive than the small substituents, as mentioned earlier.
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Figure 6. Relative Gibbs free energy surfaces for RTI=BiR (R = F, OH, H, CHj;, and SiHj). Energies are in kcal/mol,
calculated at M06-2X/Def2-TZVF, B3PW91/Def2-TZVP, and B3LYP/LANL2DZ+dp levels of theory. For details see the text
and Table 5.
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Figure 7. The optimized structures of R'E13=BiR' (E13 =B, Al, Ga, In, and T]; R' = Tbt, Ar*, SiMe(SitBus), and SiiPrDis,) at
the BBLYP/LANL2DZ+dp level of theory. For details see the text and Tables 6-10.

Similar to the small ligands, these DFT results demonstrate that all the R'E;3BiR" molecules that
possess bulky substituents (R') adopt a bent geometry, as illustrated in Figure 7. Our theoret-
ical computations show that model (B), given in Figure 1, still predominates and can be used to
interpret the geometries of the R'E;3=BiR’ systems that bear bulky substituents.

As shown in Tables 6-10, the R'E;;=BiR' molecules can be separated into two fragments in
solution, when the substituent R' becomes bulkier. The BE that is essential to break the central
E15=Bi bond was computed to be at least > 32 kcal/mol for R' = Tbt, Ar*, SiMe(SitBus),, and
SiiPrDis,, for the BSLYP/LANL2DZ+dp method, as given in Tables 6-10. These BE values
show that the central E;3 and bismuth elements are strongly bonded and R'E;3=BiR' molecules
that contain bulky substituents do not dissociate in solution. Namely, the larger the dissocia-
tion energy of the E;3=Bi bond, the shorter and stronger the E;5=Bi triple bond.

As predicted previously, bulky groups destabilize the 1,2-R' migrated isomers because they
crowd around one end of the central E;5=Bi bond. As a consequence, the bulky substituents
(R') can prevent the isomerization of R'E;3=BiR' compounds, as outlined in Scheme 3 and
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Tables 6-10. The B3LYP/LANL2DZ+dp calculations indicate that the R'E;3=BiR' species with
Tbt, Ar*, SiMe(SitBus),, and SiiPrDis, substituents (AH; and AH,) are at least 56 kcal/mol more
stable than the 1,2-R' shifted isomers, respectively. These theoretical results suggest that both
doubly bonded R',E;5=Bi: and :E;5=BiR'; isomers are kinetically and thermodynamically unsta-
ble, so they rearrange spontaneously to the global minimum R'E;3=BiR' triply bonded mole-
cules, provided that significantly bulky groups are employed.

Theoretical values from the natural bond orbital (NBO) [63, 64] and natural resonance theory
(NRT) [73-75] analyses of the R'E{3=BiR' molecules, computed at the BSLYP/LANL2DZ+dp
level of theory, are summarized in Table 11 (E;3 = B), Table 12 (E,5 = Al), Table 13 (E;3 = Ga),
Table 14 (E13 = In), and Table 15 (E,5 = Tl).

rE =B
‘Ey=BIT E_
—_
AH; AH-
{keal f mol ) (keal f mol )
R E"=E|“ { 0.0 kcal / mal )
e
(Ex=B Al Ga,ln,andTl)
(R = Tot , Ar* , SiMe{SilBus); . and SitPrDis; )
R' Tht Ar* SiMe(SitBus), SiiPrDis,
B=Bi (A) 2.230 2214 2117 2.131
ZR'—B—Bi (°) 177.3 110.3 112.9 113.6
£B—Bi—R' (°) 115.6 115.5 112.5 114.3
ZR'—B—Bi—R' (%) 173.7 172.3 170.4 175.3
Qs ® -0.4310 -0.1711 -0.3251 -0.4742
Qp: @ 0.2915 0.3004 0.1426 0.1071
BE (kcal mol ™) ©® 37.58 41.68 36.25 51.07
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R' Tht Ar* SiMe(SitBus), SiiPrDis,
Wiberg BO @ 2.385 2.249 2.640 2.701
AH; (kcal mol™) @ 62.6 61.04 76.52 77.24
AH, (kcal mol™) © 98.51 88.38 68.72 78.13

Notes: (1) The natural charge density on the central boron atom. (2) The natural charge density on the central bismuth
atom. (3) BE = E (triplet state of B-R) + E (triplet state of Bi-R') — E(R'B=BiR"). (4) Wiberg Bond Orders for the B-Bi bond,
see Refs. [63, 64]. (5) AH; = E(:B=BiR',) — E(R'B=BiR'); see Scheme 3. (6) AH, = E(R',B=Bi:) — E(R'B=BiR'); see Scheme 3

Table 6. Geometrical parameters, nature charge densities (Qg and Qg;), binding energies (BE), and Wiberg bond order
(BO) of R'B=BiR' at the B3LYP/LANL2DZ+dp level of theory. Also see Figure 7.

R' Tht Ar* SiMe(SitBus), SiiPrDis,
Al=Bi (A) 2.562 2.561 2.463 2.461
ZR'—Al—Bi (°) 178.0 113.6 1154 1133
2Al—Bi—R' () 113.4 1155 112.2 109.0
ZR'—Al—Bi—R' (°) 167.1 165.8 1732 174.7
Qu® 0.4171 0.4111 0.2173 0.1585
Q@ 0.0773 0.2208 -0.1031 -0.1862
BE (kcal mol™) © 38.62 66.78 33.65 31.76
Wiberg BO @ 2.092 2.023 2204 2.259
AH; (kcal mol™) @ 64.52 63.77 77.71 73.68
AH, (kcal mol™) © 57.43 67.81 71.86 76.62

Notes: (1) The natural charge density on the central aluminum atom. (2) The natural charge density on the central bismuth
atom. (3) BE = E (triplet state of Al=R') + E (triplet state of Bi=R') - E(R'AI=BiR"). (4) Wiberg Bond Orders for the Al=Bi
bond, see Refs. [63, 64]. (5) AH; = E(:Al=BiR';) — E(R'AI=BiR'"); see Scheme 3. (6) AH, = E(R',Al=Bi:) — E(R'AI=BiR'); see
Scheme 3.

Table 7. Geometrical parameters, nature charge densities (Qa1 and Qg;), binding energies (BE), and Wiberg bond order
(BO) of R'AI=BiR" at the B3LYP/LANL2DZ+dp level of theory. Also see Figure 7.

All the NBO values listed in Tables 11-15 demonstrate that there exists a weak triple bond, or
perhaps a bond between a double and a triple, in the ethyne-like R'E;3=BiR' molecule. For
instance, the B3SLYP/LANL2DZ+dp data for the NBO [63, 64] analyses of the B=Bi bonding in
SiMe(SitBus),=B=Bi=SiMe(SitBus),, which shows that NBO(B=Bi) = 0.615(2s2p°>**)B + 0.789
(6s6p'*7?)Bi, strongly suggests that the predominant bonding interaction between the B=SiMe
(SitBug), and the Bi=SiMe(SitBug), fragments originates from 2p(B) « 6p(Bi) donation. In other
words, boron’s electron deficiency and m bond polarity are partially balanced by the donation
of the bismuth lone pair into the empty boron p orbital. This, in turn, forms a hybrid 7 bond.
Again, the polarization analyses using the NBO model indicate the presence of the B=Bi
bonding orbital, 38% of which is composed of natural boron orbitals and 62% of natural
bismuth orbitals. There is supporting evidence in Table 11 that reveals that the B=Bi triple
bond in SiMe(SitBus),=B=Bi=SiMe(SitBus), has a shorter single bond character (5.8%) and a
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R' Tbt Ar* SiMe(SitBus), SiiPrDis,
Gas=Bi (A) 2,578 2,576 2.580 2.579
£R'—Ga—Bi (°) 178.1 113.4 115.2 112.1
2Ga—Bi—R' (°) 113.4 115.7 112.0 110.1
/R'—Ga—Bi—R' (%) 167.9 164.1 175.4 178.5
Qca @ 0.240 0.196 0.069 0.012
o 0.120 0.261 -0.055 -0.140
BE (kcal mol™!) ©® 43.73 39.28 35.54 32.92
Wiberg BO @ 2.091 2.181 2.262 2.313
AH; (kcal mol™") ® 68.10 69.08 61.74 58.83
AH, (kcal mol™) © 78.07 71.28 77.43 64.13

Notes: (1) The natural charge density on the central gallium atom. (2) The natural charge density on the central bismuth
atom. (3) BE = E (triplet state of Ga=R') + E (triplet state of Bi=R') - E(R'Ga=BiR'). (4) Wiberg bond orders for the Ga=Bi
bond, see Refs. [63, 64]. (5) AH; = E(:Ga = BiR',) — E(R'Ga=BiR’); see Scheme 3. (6) AH, = E(R';Ga=Bi:) - E(R'Ga=BiR'); see
Scheme 3.

Table 8. Geometrical parameters, nature charge densities (Qg, and Qg;), binding energies (BE), and Wiberg bond order
(BO) of R'Ga=BiR' at the B3LYP/LANL2DZ+dp level of theory. Also see Figure 7.

R' Tbt Ar* SiMe(SitBus), SiiPrDis,
In=Bi (A) 2.737 2.779 2,615 2.678
ZR'—In—Bi (°) 178.7 111.7 110.0 110.9
2In—Bi—R' (°) 1125 113.0 110.6 111.7
ZR'—In—Bi—R' (°) 170.7 174.6 164.3 162.0
Qm® 0.299 0.345 0.179 0.101
Qi @ 0.066 0.293 -0.126 -0.132
BE (kcal mol™) ©® 63.45 45.97 36.20 37.05
Wiberg BO @ 2.052 2.153 2211 2.304
AH; (kcal mol™) © 64.06 60.17 55.72 62.99
AH, (kcal mol™!) © 79.38 61.44 56.03 67.61

Notes: (1) The natural charge density on the central indium atom. (2) The natural charge density on the central bismuth
atom. (3) BE = E (triplet state of In=R") + E (triplet state of Bi=R') - E(R'In=BiR’). (4) Wiberg Bond Orders for the In=Bi bond,
see Refs. [63, 64]. (5) AH; = E(:In = BiR';) - E(R'In=BiR’); see Scheme 3. (6) AH, = E(R',In=Bi:) — E(RTn=BiR'"); see Scheme 3.

Table 9. Geometrical parameters, nature charge densities (Q, and Qg;), binding energies (BE), and Wiberg bond order
(BO) of RIn=BiR" at the BALYP/LANL2DZ+dp level of theory. Also see Figure 7.

shorter triple bond character (40.1%) but a larger double bond character (54.1%), because the
covalent part of the NRT bond order (1.49) is shorter than its ionic part (0.78). The same can
also be said of the other three R'B=BiR' molecules, as shown in Table 11 as well as other
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R'E13=BiR' compounds represented in Tables 12-15. These theoretical evidences strongly sug-
gest that these R'E13=BiR' species have a weak triple bond.

R' Tbt Ar* SiMe(SitBus), SiiPrDis,
TI=Bi (A) 2.816 2.833 2.820 2.789
ZR'—TI—Bi (°) 1482 146.7 164.4 152.4
£T1—Bi—R' (°) 1165 121.4 114.1 125.1
ZR'—T1—Bi—R () 169.5 171.4 176.3 175.8
Qn® 0.3323 0.4221 0.1504 0.1282
Qg @ -0.0921 -0.0652 -0.3925 -0.3491
BE (kcal mol™!) ® 41.66 37.59 36.66 51.07
Wiberg BO @ 2.081 2.052 2.105 2.128
AH; (kcal mol™") ® 68.66 64.52 63.67 72.12
AH, (kcal mol™) © 61.54 58.19 68.73 64.61

Notes: (1) The natural charge density on the central thallium atom. (2) The natural charge density on the central bismuth
atom. (3) BE = E (triplet state of TI=R') + E (triplet state of Bi=R') - E(R'TI=BiR’). (4) Wiberg bond orders for the TI=Bi bond,
see Refs. [63, 64]. (5) AH; = E(:T1 = BiR';) - E(R'TI=BiR'); see Scheme 3. (6) AH, = E(R',T] = Bi:) - E(R'TI=BiR'); see Scheme 3.

Table 10. Geometrical parameters, nature charge densities (Qr and Qg;), binding energies (BE), and Wiberg bond order
(BO) of R'TI=BiR' at the BSLYP/LANL2DZ+dp level of theory. Also see Figure 7.

R’B=BiR’ WBI NBO analysis NRT analysis
Occupancy Hybridization Polarization Total/covalent/ Resonance
ionic weight
R'=Tht 239 0=195 0:0.7870 B (sp”®°) + 0.6170 Bi 61.93% (B)  2.01/1.24/0.77 B=Bi: 12.58%
9.90:
5P 38.07% (Bi) B=Bi: 53.81%
n=1.93 m: 0.5938 B (sp" ) + 0.8046 Bi 35.26% (B) B=Bi: 33.61%
1.00
) 64.74% (Bi)
R'=Ar* 225 o0=19% 0: 0.8058 B (sp®”*) + 0.5922 Bi 64.93% (B)  1.95/1.30/0.65 B=Bi: 6.78%
19.46
5P 35.07% (Bi) B=Bi: 62.97%
=190 m: 0.5587 B (sp””*) + 0.8294 Bi 31.22% (B) B=Bi: 30.25%
(Sp64.69)
68.78% (Bi)
R’ =SiMe 264 0=196 0:0.7812 B (sp™*°) + 0.6242 Bi 61.03% (B)  2.27/1.49/0.78 B=Bi: 5.77%
SitB 10.68
(SitBus)> 5P 38.97% (Bi) B-Bi: 54.1%
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R’B=BiR’ WBI NBO analysis NRT analysis
Occupancy Hybridization Polarization Total/covalent/  Resonance
ionic weight
n=1.89 m: 0.6146 B (sp®**%) + 0.7889 Bi 37.77% (B) B=Bi: 40.11%
(Sp19.73)
62.23% (Bi)
R'=SiiPrDis, 2.7 0=183 0:0.6502 B (sp**°) + 0.7598 Bi 4227% (B)  2.31/1.52/0.79 B=Bi: 6.01%
1.07
sp™7) 57.73% (Bi) B=Bi: 54.39%
=180 m: 0.5606 B (sp'7%) + 0.8281 Bi 31.43% (B) B=Bi: 39.96%

(Sp4.99)

68.57% (Bi)

(1) The Wiberg bond index (WBI) for the B=Bi bond and occupancy of the corresponding o and m bonding NBO: see Refs.

[63, 64], and (2) the natural resonance theory (NRT): see Refs. [73-75].

Table 11. Selected results for the natural bond orbital (NBO) and natural resonance theory (NRT) analyses of R'B=BiR'
compounds that have small substituents, at the BALYP/LANL2DZ+dp level of theory [1-8, 76-80].

R’Al=BiR’ WBI NBO analysis NRT analysis
Occupancy Hybridization Polarization Total/covalent/  Resonance
ionic weight
R’ =Tbt 209 0=198 0:0.7538 Al (sp”') +0.6571 Bi  56.83% (Al)  2.12/1.10/1.02 Al=Bi: 12.76%
22.99
(5p™) 43.17% (Bi) AL=Bi: 75.36%
n=1.93 m: 0.4709 Al (sp™®) + 0.8822 Bi 22.17% (Al) Al=Bi: 11.88%
1.00
5P 77.83% (Bi)
R = Ar* 202 o0=184 :0.7806 Al (sp°) + 0.6250 Bi 60.93% (Al)  2.07/1.01/1.06 Al=Bi: 19.33%
28.77:
(5P 39.07% (Bi) Al=Bi: 74.20%
n=194 m: 0.4960 Al (sp*®®®) +0.8673 Bi  24.60% (Al) Al=Bi: 6.47%
(Spl5.43)
75.40% (Bi)
R’ =SiMe 22 0=19 0:0.7169 Al (sp™*®) +0.6971 Bi  24.70% (Al)  2.24/1.38/0.86 Al=Bi: 11.69%
SitB 21.26
(SitBu)z (5P 75.30% (Bi) Al-Bi: 84.51%
m=1.89 7 0.8678 Al (sp'®?") +0.4970 Bi  37.77% (Al) Al=Bi: 3.80%
16.37
(5P 62.23% (Bi)
R'=SiiPrDis, 226 o0=1.86 0:0.7184 Al (sp®*%) + 0.6956 Bi 51.61% (Al)  1.91/1.35/0.60 Al=Bi: 12.68%

29.72;
)

(sp

48.39% (Bi)

Al=Bi: 83.75%



Triple Bonds between Bismuth and Group 13 Elements: Theoretical Designs and Characterization
http://dx.doi.org/10.5772/67220

R’AI=BiR’ WBI NBO analysis NRT analysis
Occupancy Hybridization Polarization Total/covalent/  Resonance
ionic weight
m=1.90 m: 0.4430 Al (sp™®7) +0.8965Bi  19.63% (Al) Al=Bi: 3.57%
(Sp35.38)

80.37% (Bi)

(1) The Wiberg bond index (WBI) for the Al=Bi bond and occupancy of the corresponding o and 7 bonding NBO: see Refs.
[63, 64], and (2) the natural resonance theory (NRT): see Refs. [73-75].

Table 12. Selected results for the natural bond orbital (NBO) and natural resonance theory (NRT) analyses of R'Al=BiR'
compounds that have small substituents, at the BALYP/LANL2DZ+dp level of theory [1-8, 76-80].

R’'Ga=BiR’ WBI NBO analysis NRT analysis
Occupancy Hybridization Polarization Total/covalent/  Resonance
ionic weight
R’ =Tbt 209 0=178  0:0.7338 Ga(sp'®)+0.6794Bi  53.85% (Ga) 2.09/1.36/0.73  Ga=Bi: 11.42%
31.81
(sp™) 46.15% (Bi) Ga=Bi: 87.53%
m=194 104586 Ga (sp"®)+0.8886Bi  21.04% (Ga) Ga=Bi: 1.05%
1.00
(sp™7) 78.96% (Bi)
R = Ar* 218 0=193 0:0.8142 Ga (sp”'?) + 0.5806 Bi  66.29% (Ga) 2.05/1.30/0.75 Ga=Bi: 10.87%
40.52:
5P 33.71% (Bi) Ga=Bi: 88.05%
=184 m: 0.4810 Ga (sp™%) +0.8767 Bi ~ 23.13% (Ga) Ga=Bi: 1.08%
(sp14.17)
76.87% (Bi)
R’ =SiMe 226 =180 0:0.7393 Ga (sp”¥) + 0.6733 Bi  54.66% (Ga) 2.11/1.35/0.76 Ga=Bi: 11.84%
SitB 27.39
(SitBus)z P 67.33% (Bi) Ga-Bi: 82.11%
n=186 7: 0.4937 Ga (sp*>7%) +0.8696 Bi ~ 24.38% (Ga) Ga=Bi: 6.05%
( S pl 7.00)
75.62% (Bi)
R’ =SiiPrDis, 231 0=1.90 0:0.7462 Ga (sp”°%) + 0.6657 Bi ~ 55.68% (Ga) 1.93/1.40/0.53 Ga=Bi: 12.93%
58.99
5P 44.32% (Bi) Ga=Bi: 80.74%
=184 7: 0.4201 Ga (sp?®®?) +0.9075 Bi  17.65% (Ga) Ga=Bi: 6.33%
(Sp99.99)
82.35% (Bi)

(1) The Wiberg bond index (WBI) for the Ga=Bi bond and occupancy of the corresponding ¢ and m bonding NBO: see
Refs. [63, 64], and (2) the natural resonance theory (NRT): see Refs. [73-75].

Table 13. Selected results for the natural bond orbital (NBO) and natural resonance theory (NRT) analyses of R'Ga=BiR'
compounds that have small substituents, at the BALYP/LANL2DZ+dp level of theory [1-8, 76-80].
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R'In=BiR’ WBI NBO analysis NRT analysis
Occupancy Hybridization Polarization Total/covalent/  Resonance
ionic weight
R’ =Tbt 205 o0=178 0:0.7626 In (sp™%) + 0.6469 Bi 58.15% (In) ~ 2.10/1.15/0.95 In=Bi: 14.33%
50.74
(sp™") 41.85% (Bi) In=Bi: 76.37%
n=194 7 0.4230 In (sp?®%) + 0.9061 Bi ~ 17.85% (In) In=Bi: 0.93%
( S 95.23)
P 82.11% (Bi)
R'=Ar* 215 0=197 0:0.7145 In (sp™%) + 0.6996 Bi 51.05% (In) ~ 2.11/1.04/1.07 In=Bi: 11.10%
21.13
P75 48.95% (Bi) In=Bi: 85.07%
=194 T 0.4774 In (sp®®*%) + 0.8787Bi 22.79% (In) In=Bi: 3.83%
( S 9999)
P 77.21% (Bi)
R’ =SiMe 221 o0=174 0: 0.7433 In (sp”?) + 0.6690 Bi 55.25% (In)  2.14/1.22/0.92 In=Bi: 14.20%
. 35.62:
(SitBus)> (sp™) 44.75% (Bi) In-Bi: 81.22%
=188 7 0.4468 In (sp*™™°) + 0.8696 Bi ~ 19.96% (In) In=Bi: 4.58%
( Sp12411)
80.04% (B)
R =SiiPrDis, 23 0=1.92 0:0.7341 In (sp™?) +0.6790 Bi ~ 46.11% (In)  1.88/1.27/0.61 In=Bi: 15.31%
0.98
5p™) 53.89% (Bi) In=Bi: 81.02%
n=178 m: 0.4357 In (sp®®*©) +0.9001 Bi ~ 18.99% (In) In=Bi: 3.67%
(

81.01% (Bi)

Notes: (1) The Wiberg bond index (WBI) for the In=Bi bond and occupancy of the corresponding o and  bonding NBO:
see Refs. [63, 64], and (2) the natural resonance theory (NRT): see Refs. [73-75].

Table 14. Selected results for the natural bond orbital (NBO) and natural resonance theory (NRT) analyses of R'In=BiR'
compounds that have small substituents, at the BALYP/LANL2DZ+dp level of theory [1-8, 76-80].

R'TI=BiR’ WBI NBO analysis NRT analysis
Occupancy Hybridization Polarization Total/covalent/  Resonance
ionic weight
R’ =Tbt 208 0=196 0:0.8268 Tl (sp*’) + 0.5625 Bi 68.36% (TI) ~ 2.15/1.81/0.34 TI=Bi: 18.71%
99.99
5P 31.64% (Bi) Tl = Bi: 71.54%
n=194 7:0.4315 In (sp?®%) + 0.9021 Bi ~ 18.61% (In) TI=Bi: 9.75%
(sp99.99)
81.37% (Bi)
R'=Ar* 205 0=197 0:0.8159 Tl (sp”®) +0.5782 Bi  66.57% (T1)  2.11/1.70/0.41 TI=Bi: 21.11%
99.99
5P 33.43% (Bi) T1 = Bi: 70.15%
n=1.95 7:0.4788 In (sp”®?) + 0.8779 Bi  22.92% (In) TI=Bi: 8.74%
p

99.99:
)

(sp

77.08% (Bi)
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R'TI=BiR’ WBI NBO analysis NRT analysis
Occupancy Hybridization Polarization Total/covalent/  Resonance
ionic weight
R'=SiMe 21 o0=198 0:0.7986 T1 (SpO'OZ) +0.6019 Bi 63.77% (T1)  2.21/1.40/0.81 TI=Bi: 16.13%
(SitBu3)2 (sp™) 36.23% (Bi) Tl = Bi: 76.20%
n=192 i 9.3390 Tl (sp”) + 09212 Bi  15.13% (TI) TI=Bi: 7.67%
Gp)

84.87% (Bi)

R'=SiiPrDis2  2.13 o0=198 0: 0.7757 Tl (sp™%%) + 0.6311 Bi 60.17% (T1)  1.85/1.23/0.62 TI=Bi: 20.21%

(
23.28
6P 39.83% (Bi) TI=Bi: 74.69%
=191 7 0.4149 Tl (sp®®) + 0.9099 Bi ~ 17.22% (T1) TI=Bi: 5.10%
(Sp99,99)
82.78% (Bi)

Notes: (1) The Wiberg bond index (WBI) for the TI=Bi bond and occupancy of the corresponding ¢ and m bonding NBO:
see Refs. [63, 64], and (2) the natural resonance theory (NRT): see Refs. [73-75].

Table 15. Selected results for the natural bond orbital (NBO) and natural resonance theory (NRT) analyses of R'TI=BiR'
compounds that have small substituents, at the BALYP/LANL2DZ+dp level of theory [1-8, 76-80].

4. Overview of RE;5=BiR (E = B, Al, Ga, In, and TI) systems

This study of the effect of substituents on the possibilities of the existence of triply bonded
RE;3=BiR allows the following conclusions to be drawn (Scheme 4):

1.

The theoretical observations strongly demonstrate that bonding mode (B) is dominant in
the triply bonded RE;3=BiR species, since their structures are bent to increase stability, due
to electron transfer (denoted by arrows in Figure 1) as well as the relativistic effect [65-68].

= 0™
R—Ef_.—\E Bi
by
< | 20F "1
4
Eiz = B, Al, Ga, In, and TI

. {I-’,!JH.{'F[-. H, and SiH
Tht, Ar*, SiMe({5irBus)e, and S5 rlis:

The theoretical evidence shows that both the electronic and the steric effects of substitu-
ents are crucial to making the E;3=Bi triple bond synthetically accessible. Based on the
present theoretical study, however, these E;5=Bi triple bonds should be weak, not as
strong as the traditional C=C triple bond. From our theoretical study, both bulky and
electropositive substituents, such as the silyl groups demonstrated in Scheme 1, have a
significant effect on the stability of E,3=Bi triply bonded compounds.
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Abstract

Porphyrazines and phthalocyanines belong to porphyrinoids, which are macrocyclic
compounds consisting of four pyrrole or indole rings, respectively. The aromatic rings
of porphyrazines and phthalocyanines are fused together by azamethine bridges (meso
nitrogen atoms) in place of methine bridges present in porphyrins. The physicochemical
properties of these macrocycles can be modified in two ways. The first is by substitu-
tion of metal cation in the core, whereas the second relies on peripheral modification
with various substituents. Porphyrazines and phthalocyanines can be modified inside
the macrocyclic core with various transition metal cations, including iron(II/III), which
impacts their electrochemical properties and influences potential applications in redox
reactions. Due to their unique optical and electrochemical properties, porphyrazines
and phthalocyanines found many potential and practical applications in medicine and
technology. They were mainly researched as photosensitizers in photodynamic therapy,
as sensors in biomedical and analytical applications or as building blocks for materials
chemistry. This chapter presents physicochemical properties and catalytic applications
of iron porphyrazines and phthalocyanines. The first part summarizes the influence of
peripheral and axial substituents of iron(II/III) porphyrazines and phthalocyanines on
their spectral properties, whereas the second focuses on the electrochemical properties
of these molecules. The third part covers the activity of selected iron(II/III) porphyr-
azines and phthalocyanines of potential value for diverse applications including cata-
lytic reactions.
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1. Introduction to porphyrinoids

Porphyrinoids are macrocyclic compounds consisting of four pyrrole rings usually linked
together through methine or azamethine bridges. Porphyrins (Ps) are planar and aromatic
with nominally 227-electrons of which 18m-electrons are engaged in a conjugative path.
Porphyrins can be substituted at the peripheral 3 and methine meso positions. Chlorins and
bacterichlorins possess similar structure to porphyrins, and they are defined as dihydro or
tetrahydro derivatives of porphyrins. Corrole macrocycle constitutes an 18m-electron system
with the characteristic feature being the lack of a methine bridge between the A and D pyr-
role rings. In addition, corolles carry inside the macrocyclic core three NH protons, which is
different from porphyrins and chlorins, which carry two NH protons. It is worth noting that
structurally related corrins with the key natural product cobalamine (vitamin B,,) are not
aromatic and contain only one NH proton inside the macrocyclic core. Porphyrazines (Pzs)
and phthalocyanines (Pcs) commonly known as tetraazaporphyrins belong to synthetic por-
phyrinoids. Methine bridges are replaced by azamethine (with nitrogen atoms) as the most
notable feature of their structure. In addition, Pcs are tetrabenzo tetraazaporphyrins, which
have annulated benzene rings in comparison with the Pz core. Formally, in phthalocyanines,
unlike in porphyrazines, the azamethine bridges combine four indole instead of pyrrole rings,
respectively (Figure 1). The derivatives of Pcs can be obtained by substitution of fused benzo-
rings at peripheral (2,3 or ) and nonperipheral positions (1,4 or a). The tetraazaporphyrins
possess unique physicochemical properties due to the presence of a conjugated system of

_methine bridges

[ peripheral
positions

~>__ [} peripheral
- positions

.
N
(d) :;methirﬁ/ - Non- Perlpheral
bridges positions
(e)

Figure 1. Structures of porphyrins (a), chlorins (b), corroles (c), porphyrazines (d), and phthalocyanines (e).
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7t electrons, bulky periphery and an ability to coordinate various metal cations inside macro-
cyclic core. The chelation reaction of the inner NH protons with various metal ions leads to
metal chelates, which is a common feature for all porphyrinoids [1-6].

Many natural porphyrins and chlorins, for example, heme in hemoglobin and chlorophyll,
reveal various vital functions and are responsible for many biochemical processes. Nowadays,
porphyrinoids possess potential applications in science and technology, for example, syn-
thetic derivatives of porphyrins as well as phthalocyanines found many applications in the
dye industry and revealed potential for medicine (photodynamic therapy and photodynamic
diagnosis) and technology (artificial enzymes, catalysts). Many tetraazaporphyrins have also
been studied as analytical indicators, structural elements in materials chemistry, in optical
data drivers and microchips, as well as photovoltaic cells. In addition, there is a possibility
to utilize porphyrazines and phthalocyanines as catalysts in various organic synthesis reac-
tions due to their ability to coordinate transition metal cations inside macrocyclic core or in
the periphery. Lately, tetraazaporphyrins have also been considered as building blocks in
nanotechnology due to their self-assembly and self-organization ability (Figure 2) [3, 6-19].

Tetraazaporphyrins can be modified using two approaches. The first relies on the introduc-
tion of various alkyl and/or aryl substituents with sulfur, nitrogen or oxygen atoms into por-
phyrazine (3 peripheral positions of pyrrole rings and phthalocyanine a nonperipheral and/
or {3 peripheral positions of indole rings. The second concerns removal or exchange of cen-
tral metal cation present in macrocyclic core. By using all of these modification approaches,
there is a possibility to obtain macrocyclic compounds of altered physicochemical properties,
for example, extended thermal and photochemical stability, increased solubility in organic
solvents, improved luminescence and spectroscopic, magnetic, electrochemical properties,
photoconductivity and surface activity [1, 2]. Incorporation of iron(II/III) cations into the por-
phyrinoid core allowed the application of these compounds as catalysts in redox reactions.
There is a great interest in the catalytic properties of iron(Il/III) tetraazaporphyrins, which
dates back to the 1980s. These macrocyclic systems were considered as potential electron

FHOTOSENSITIZERS

BUILDING BLOCKS

Figure 2. The main practical and potential applications of tetraazaporphyrins, M—metal ion.
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and/or molecule carriers. For example, iron(Ill) octaphenylporphyrazine pyridine adduct
developed by Stuzhin was found to be a molecular oxygen carrier [20]. Theoretical calcula-
tions using density functional theory (DFT) and experimental studies indicated that there
are significant differences between metalated tetraazaporphyrins and porphyrins. The dif-
ference in the core size and shape of the macrocycle has a substantial effect on the electronic
structure and properties of the overall system. DFT calculations indicated on differences in
bond lengths between pyrrole/indole nitrogen atoms and coordinated iron(II) cation in por-
phyrins, phthalocyanines and porphyrazines, which were 1.98; 1.93 and 1.90 A, respectively.
The smaller coordination cavity results in a stronger ligand field in Pzs than in porphyrins.
However, the benzo annulation in phthalocyanines produces a surprisingly strong destabiliz-
ing effect on the metal-macrocycle bonding [21, 22]. The calculations also showed how the dif-
ferences in porphyrinoid (Ps, Pcs and Pzs) structures influence the axial ligand coordination
of pyridine and CO to the iron(II) complexes [22].

2. Physicochemical properties of iron porphyrazines and phthalocyanines

2.1. Low solubility and tendency to form aggregates hampering utilization

Applications of porphyrazines and phthalocyanines in science and technology are limited by
their low solubility in water and organic solvents and their tendency to form aggregates. These
unwelcome features are the result of their likelihood to molecular interactions based on m-7t
stacking. Unfavorable common feature of iron(Il/Ill) porphyrazines and phthalocyanines to
form aggregates is mainly related to their conjugated, extended system of m-electrons and an
ability of iron cation to coordinate compounds with heteroatoms. Annulation of a porphyrazine
macrocyclic system with four benzene rings leads to a phthalocyanine with four indole rings of
enhanced aggregation properties. Most of the iron(Il/III) tetraazaporphyrins form two types of
aggregates: |-type aggregates (head to tail) or H-type aggregates (face to face) [23, 24]. In addition,
it was also observed that an incorporation of bulky substituents into iron(Il) porphyrazine ring,
which resulted in the separation of molecules at the distance of ca. 11 A in the X-ray structure,
did not prevent its tendency to form aggregates in solution [25].

Generally, the unsubstituted tetraazaporphyrins possess low solubility. For this reason, the
most effective method applied for increasing their solubility is peripheral functionalization.
Peripheral functionalization of these compounds with ester groups is able to increase their sol-
ubility in many organic solvents. For example, magnesium(Il) porphyrazine with 4-hydroxy-
butylthio substituents was subjected to esterification reaction with 4-biphenylcarboxylic acid
and further metalated with Fe* salt toward 1 (Figure 3). Unlike the parent demetalated por-
phyrazine, the metalated porphyrazines functionalized with eight ester groups were soluble
in common organic solvents, such as chloroform, dichloromethane, tetrahydrofuran, acetone,
and toluene and were insoluble in water and n-hexane [23].

Peripheral functionalization of iron(II/Ill) porphyrazines and phthalocyanines with halo-
gen electron withdrawing groups (like -F or -CF,) was found to improve their solubility in
polar solvents like methanol or ethanol, ionization potential and their stability in catalytic
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Figure 3. Structures of porphyrazine 1 and phthalocyanines 2 and 3.

oxidation reactions [24, 26]. For example, iron(Il) phthalocyanine with peripheral 4-fluoro-
phenoxy groups 2 (Figure 3), which was synthesized using microwave-assisted cyclotetra-
merization (much faster in comparison to classical method), revealed very good solubility in
various organic solvents, thus allowing solvatochromic measurements. Unfortunately, this
phthalocyanine formed H-aggregates as compared to demetalated phthalocyanine and other
metalated phthalocyanines (CuPc, Li,Pc), especially in polar solvents [24].

Over the years, many methods have been developed in order to obtain soluble tetraazapor-
phyrins and to utilize them in aqueous media. This was a big challenge because as presented
above these macrocycles are known for their aggregation properties. For this reason, a study
was performed aiming to incorporate macrocycles into larger structures like B-cyclodextrines
(B-CDs). For example, such complexes of 3-CDs and iron(II) phthalocyanine 3 with peripheral
quaternary pyridinium salt substituents were obtained in Kobayashi group (Figure 3) [27].
It is worth noting that the quaternization reaction was performed to enhance water solubil-
ity. The addition of 3-CD to the aqueous solution of 3 disturbed the monomer-dimer equi-
librium, as was seen by an increase in the monomer band and a decrease in the dimer band
absorbance in the UV-Vis spectrum. This inclusion complex was deposited on a glassy carbon
electrode. In the cyclic voltammetry studies in aqueous solution, 3 revealed very good ability
toward oxygen reduction reaction (ORR) at low potential values. It indicates that the “host”
compound (B-cyclodextrine) has no influence on physicochemical properties of the “guest”
compound (macrocycle).

2.2. Advanced physicochemical features

Iron cation coordinated inside a macrocyclic core of porphyrazines and phthalocyanines can
be involved in redox reactions and influence their electrochemical properties. By changing
the valence of central iron(II/III) metal cation in tetraazaporphyrins, it is possible to transfer
electrons on diverse molecules. This feature concerns also axially coordinated compounds,
which form enhanced complexes and can be divided into two types. To the first group
belong small ions or molecules with heteroatoms in their structure, like pyridine, pyrazine
or hydroxyl and bisulfate anions. The obtained complexes are formally named as the axial
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complexes. To the second group belong dimers with single atom bridging groups between
two iron macrocycles. In both cases, the obtained molecules have modified optical and elec-
trochemical properties [28, 29].

A coordination of iron cation with proper ligand results in the formation of five- or six-coordi-
nated macrocyclic complexes, which were subjected to broad study by Stuzhin et al. [28]. The
coordination of iron(Il) tetraazaporphyrins with axial ligands leads to the oxidation of iron(II)
to iron(III). In this way, iron(II) octaphenylporphyrazine coordinated axially with F-, CI", Br-,
I" and HSO, anions was transformed to five-coordinated iron(Ill) complex 4 (Figure 4) [28, 30].
The spin state of the iron in this type of complex, which was evidenced for chloride complex,
depended mainly on the nature of both the macrocyclic and axial ligands. In addition, when
iron porphyrazine was coordinated with pyridine, the macrocyclic ligand adopted an interme-
diate structure between common porphyrins and phthalocyanines [30]. Iron(II) porphyrazines
reversibly bind a variety of neutral ligands such as THF, nitrogenous bases, and carbon mon-
oxide. This fact can be related to the higher m acidity of the porphyrazine ligand as compared
to the porphyrin ligand. Iron(Il) porphyrazine demonstrates no affinity for molecular oxygen,
which can be a result of positively shifted III/II redox couple potential [31].

Another group of complexes, six-coordinated iron(Il) complexes called bisaxial complexes
also constitute a large group of compounds. DMSO, pyridine and pyrazine are one of the
most often utilized molecules for coordination of iron cation, thus forming adducts as it
was studied for iron(Il) tetrakis(thiadiazole)porphyrazine 5 in Ercolani and Stuzhin groups
(Figure 4) [32]. Coordinated bidentate molecules, for example, pyrazine, can be used as link-
ers between two or more macrocycles forming bridged complexes. What is more, the axial
ligation of metalated Pz derivative with chloride influenced the Q-band absorption, which
was the result of change in the symmetry from D, to C, [23]. FT-IR studies of iron(II) porphy-
razine complex 5 axially coordinated with DMSO showed that two Fe-O coordination bonds

Figure 4. Chemical structures of iron(III) octaphenylporphyrazine 4, iron(Il) tetrakis(thiadiazole)porphyrazine 5, crystal
structure of 6, phthalocyanine trinuclear molecular wire 7 and iron(III) porphyrazine 8.
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were formed. However, in phthalocyanines, analogical process was based on Fe-5 coordina-
tion bond formation. It indicates that porphyrazine 5 is stronger mt-acceptor [32].

Iron(II) phthalocyanines demonstrate the ability to form coordination assemblies with large
structures like neutral and negatively charged fullerenes. An interesting example is crystal
of 6 (Figure 4) obtained by cocrystallization from n-hexane and composed of fullerenes C,
and unsubstituted iron(Il) phthalocyanines axially ligated with pyridines. In the structure
of 6, there are m-mt stacking interactions, which do not affect the geometry of iron(II) phtha-
locyanine [33]. Thus, metal phthalocyanines can be involved simultaneously in molecular
complexes with fullerenes as coordination assemblies and with the addition of axial ligands.
Another example is trinuclear complex 7 (Figure 4) involving two isocyanoferrocene ligands
axially coordinated to iron(II) phthalocyanine. The structure 7 forms a molecular wire between
iron cation from phthalocyanine and two iron ions from ferrocenes. However, there is weak
electronic communication present between two iron centers of the ferrocene ligands despite a
relatively large distance (11.5 A) [34].

An improvement in synthetic methods from the late 1980s allowed the obtaining of iron(II/III)
porphyrazine and phthalocyanine complexes able to form dimers of macrocycles bridged
by oxygen, nitrogen or carbon atoms (p-oxo, p-nitrido and p-carbido dimers, respectively).
Electrochemical studies demonstrated that macrocyclic ligand can influence the redox
behavior of the binuclear complex. According to Colomban et al., dimer consisting of two
porphyrazines possesses intermediate properties between corresponding porphyrin and
phthalocyanine dimers [29]. This statement is based on the observation that the values of
half-waved oxidation potentials of porphyrazine dimer were in the middle between similar
phthalocyanine and porphyrin potentials, and for this reason, oxidation potentials in por-
phyrazine-based complexes are closer to phthalocyanines than porphyrins. Cyclic voltam-
metry of monomeric iron(Ill) porphyrazine axially ligated with 2-chloroethoxy substituent
8 (Figure 4) and its p-oxo dimer demonstrated in DMF/TBAP three and six redox processes,
respectively. Thus, the redox behavior of p-oxoporphyrazine dimer differs significantly not
only from that of the small ring system of p-oxoporphyrin dimer, but also from that of the
large-ring based p-oxo dimer of phthalocyanine [35]. Compound 8 was also used for thin
film formation utilizing Langmuir-Schaefer (LS) technique (horizontal lifting) following the
study presented by Garramone et al. [36]. In aqueous solution, the p-oxo dimer was formed
as a predominant component (prevalent molecular building block) of LS films. The obtained
LS-Fe films showed remarkable changes in the UV-Vis spectra, which are consistent with a
significant p-oxo dimer to monomer conversion [36]. The studies on p-oxo iron phthalocya-
nine dimer demonstrated that according to the reaction conditions, it is possible to obtain bent
or linear Fe-O-Fe structures (with Fe-O-Fe angle up to 300°). These two forms were identified
by FT-IR signals from Fe-O antisymmetric stretching vibration. Moreover, it was possible to
transform bent into linear form by applying the following reaction conditions: (i) by adding
of 2-propylamine to compound suspended in chloronaphthalene or (ii) by the mixing the
compound in the saturated H SO, solution in the presence of oxygen [37].

In comparison with well-known classic alone atop the other dimer structures, there is an
example of significantly different “side-by-side” dimer structure 9 (Figure 5), which was con-
sidered as a novel molecular QCA (quantum-dot cellular automata) cell [38]. This dimer has
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Figure 5. Structure of side-by-side dimer 9 and homonuclear and heteronulear dimers 10 and 11.

pentyloxy substituents in the periphery, which results in its high solubility in organic sol-
vents. The investigation of the redox properties of 9 in electrochemical study indicated that its
oxidized and reduced mixed-valence complexes were stable [38]. Another of two tetraazapor-
phyrin macrocycles conjugated peripherally by 4,4'-[1,1-methylenebis-(naphtalene-2,1-diyl)]
bis(oxy)diphthalo-nitrile linker constitutes homonuclear (Fe-Fe) 10 and heteronuclear (Fe-Cu)
11 ball-type compounds (Figure 5). In both compounds, two phthalocyanine units were rig-
idly bound at two sides with four linking arms to form intramolecular cofacial coupling in
which the splitting of the classical monophthalocyanine redox processes was observed in a
cyclic voltammetry study. Moreover, the nature of the metal centers affected the distance
between two Pc units in both ball-type complexes and thus the extent of the mentioned intra-
molecular cofacial interactions between them [39, 40].

3. Catalytic activity and electrochemical properties of iron porphyrazines
and phthalocyanines

The presence of iron(II/Il) cation in the coordination center of porphyrazine and phtha-
locyanine macrocycles determines the possibility of using them as catalysts of the oxida-
tion-reduction reactions. Research studies carried out for several years showed that the iron
tetraazaporphyrins are efficient catalysts as compared to the structurally similar porphyrin
compounds. Porphyrinoid catalysts, also called biomimetic catalysts, are also more effec-
tive in carrying out the oxidation reactions of organic compounds, in comparison with other
catalysts. It is related to the increased influence of the electron-donor effect of the ferric cat-
ion, which is conjugated to the m-electron system of the macrocyclic ring. The advantages of
iron(Il/III) porphyrazines and phthalocyanines as catalysts include high selectivity, mild and
environmentally friendly reaction conditions and low energy consumption during cataly-
sis [41]. In an early 1990s, Fitzgerald et al. provided various studies indicating significant
differences in physicochemical properties of Ps, Pcs and Pzs possessing the same periph-
eral substituents and iron(lll) cation inside a macrocyclic core [42]. It was suggested that
porphyrazines are stronger o-donors and mt-acceptors than porphyrins. The electrochemical
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studies indicated that similarly to phthalocyanines, porphyrazines have positively shifted
redox potential of 400 mV in comparison with their porphyrin analogues. Moreover, Pzs are
more soluble in organic solvents than structurally relevant Pcs and can split the d orbitals of
coordinated metal to a greater extent than Ps. In conclusion, it was suggested that, due to the
high solubility in organic solvents, accompanied by coordination of metal ions with unusual
spin states, and positively shifted redox potentials, Pzs can be considered as more efficient
catalysts in comparison with Ps and Pcs [42]. Taking all this into account, iron(II/III) tetraaza-
porphyrins became an object of intense studies aimed at obtaining macrostructures with
increased catalytic abilities. For instance, large structures like porphyrin-phthalocyanine pen-
tads composed of five fused macrocyclic compounds 12 were even synthesized by Kobayashi
et al. (Figure 6) [43]. Noteworthy is that the bimetallic Fe-Cu complexes, like metal-linked
face-to-face porphyrazine dimer 13 with an increased strong metal-metal spin coupling, were
obtained by Barrett, Hoffman and their coworkers [44].

Iron(II/III) porphyrazines and phthalocyanines are active in redox reactions and, therefore,
reveal high electrochemical activity. This feature was confirmed by cyclic voltammetry (CV)
and square wave voltammetry (SWV) studies, which show, in most cases, four reversible
or quasi-reversible oxidation and reduction peaks. The origin of the two peaks was attrib-
uted to reactions associated with the presence of iron cation, whereas the other two are the
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Figure 6. Structures of pentad 12, bimetallic complex 13, iron(lI) phthalocyanine 14 and porphyrazine 15, iron(II)
naphthalocyanine 16, iron(IlI) porphyrazine 17 and iron(III) phthalocyanines 18 and 19.



110 Recent Progress in Organometallic Chemistry

result of the electronic processes within the macrocyclic ring [45]. However, there are some
exceptions to this rule. For example, in the CV study performed in organic solvents for
iron(II) phthalocyanine 14 (Figure 6), the presence of six oxidation-reduction processes was
observed. Two of them were identified as reversible and irreversible reductions, while the
other two were found to be quasi-reversible oxidation reactions [46]. In contrast to other iron
porphyrazines, cyclic voltammetry study of water-soluble iron(II) porphyrazine 15 revealed
no peaks observed for the Fe'/Fe' couple, probably as a result of slow heterogeneous electron
transfer kinetics for this couple. Moreover, replacing of water in the coordination sphere of
15 by N-donor ligands increases the extinction coefficients of both the Q and Soret bands
with a blue shift of the first one [47].

Electrochemical properties of iron(II/Ill) porphyrazine and phthalocyanine complexes are
influenced by the periphery of the macrocycle, which can lead to an increase or a decrease of
their electrochemical activity. An increase in activity is related to the presence of the periph-
eral substituents with lone pairs of electrons or mt-electron systems, which are able to increase
the coupling of electrons around the macrocycle. The decrease in activity is observed in the
presence of electrochemically inactive substituents, for example, tert-butyl groups, as was
found for iron(II) naphthalocyanine 16 (Figure 6) [48].

An axial coordination of molecules to the central metal ion can cause a shift of the oxidation
potential of the macrocycle or a split of peaks belonging to oxidation process. The rationale for
this may be connected with the coordination of solvent molecules to Fe** cation in the center
of the oxidized macrocyclic compound [49]. It is known from the literature that there are dif-
ferences in the values of oxidation-reduction potentials of iron phthalocyanines, when one or
two solvent molecules are attached or released from the iron(II/III) cation [50].

Electrochemical studies with iron porphyrazines and phthalocyanines were also carried
out using the modified electrodes with tetraazaporphyrins deposited on their surface. One
example is the use of iron(Ill) porphyrazine 17 (Figure 6) as an azide and nitrate(IIl) anions
sensor [51]. This porphyrazine was deposited onto a matrix with PVC, and the selective elec-
trode membrane revealed a shorter electrode response time, greater tolerance within a wide
range of pH at high analyte concentration and a high selectivity toward the targeted ions [51].
Another example is iron(III) phthalocyanine with four peripheral coumarin 18 or chromone
19 substituents (Figure 6) deposited by the electropolymerization on the Pt-working elec-
trodes and applied as electron mediators in the electrocatalytic oxidation of nitrates(III) [52].

Studies concerning catalytic properties of iron porphyrazines and phthalocyanines have
been conducted over the last 20 years, and they concerned mostly the potential applications
in oxidation reactions of linear and cyclic alkenes as well as photocatalytic degradation of
organic dyes. However, unsubstituted iron(Ill) phthalocyanine was widely used to catalyze
the reaction of both the incorporation of amino substituents and the hydroxylation of aryl
and alkyl molecules [53, 54]. Moreover, this compound was also used as a catalyst in the
oxygen reduction reactions and revealed good stability for potential use in fuel cells or bat-
teries [55, 56]. Some studies assessed the ability of iron(ll/III) tetraazaporphyrins and their
dimers in decomposition and removal of organic pollutants from industrial wastes. So far
the most successfully applied photocatalytic reaction was the degradation of Rhodamine B,
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which was considered as a model compound in studies on environmental contamination with
organic substances. The most commonly used catalysts applied were symmetrical iron sul-
fanylporphyrazines 20, 21 and 22, as well as unsymmetrical 23 (Figure 7). They were used
either as homogeneous or heterogeneous catalysts, after deposition on the carrier, which was
very often ion exchange resin (e.g., Amberlite CG400). It was shown that the deposition of the
catalyst on this kind of support increases the efficiency of catalytic reactions due to an increase
in the concentration of catalysts on the resin surface. Therefore, the molecules of the substrate
are present in high concentration in the vicinity of the catalyst, facilitating the oxidation and
reduction reactions. In addition, it was shown that the iron(Il) porphyrazine —resin system
is active even in the dark, without activation of macrocycle by irradiation with proper wave-
length [57]. Noteworthy, some oxygen atom donors (OAD) like molecular oxygen and hydro-
gen peroxide were added to the reaction mixture to form an active oxygen species, which
allowed the oxidative degradation of substrates. The highest reaction rate and yield were
achieved with H,O, [58]. It was also noticed that the modification of peripheral groups of the
macrocycle by introducing hydroxymethyl substituents demonstrated an increased solubility
of the catalyst in water and in organic solvents [41]. In order to improve the catalytic proper-
ties, the structure of the macrocycle was equipped with electron donor methyl moieties [59].

Another sulfur iron(Il) porphyrazine 24 (Figure 7) was used in the catalytic oxidation reac-
tion of organic compound, that is, X3B dye (Reactive Brilliant Red). The reaction was provided
with hydrogen peroxide as OAD and with simultaneous exposure to light. The catalyst was
active in a broad temperature and pH range, with the best yield at pH=2, and at the higher
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Figure 7. Chemical structure of iron(Il) sulfanylporphyrazines 20-24.
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temperature. Lower catalytic ability was observed in the absence of light. It has been shown
that the use of H,O, as a source of oxygen resulted in the production of hydroxyl radicals as
reactive oxygen species responsible for degradation of the substrate in the catalytic reaction.
This process was called catalytic wet hydrogen peroxide oxidation (CWPO) and has potential
for treatment of waste water [60]. As a result of research by Su et al. [61] and Theodoridis et al.
[62], it was found that for the application of H,O, as a commonly used oxygen atom donor in
oxidation reactions catalyzed by iron(Il) porphyrazine results in the hydroperoxo complex of
iron(Ill) Pz formation. According to the reaction conditions there are two competitive redox
routes: heterolysis (involving transfer of 2 electrons) and homolysis (1 electron transfer) lead-
ing to O-O bond cleavage (Figure 8). At acidic conditions, proton is utilized in heterolysis of
O-ODbond and transient high-valence iron-centered oxidizing species Pz**Fe™=0 is generated
as the reactive oxygen species (ROS). Of note is that the electronic structure of N4-ligand
complexes allows for the stabilization of transient high-valent intermediates. For this reason,
high-valence state iron species are often identified as ROS in biomimetic catalysis. On the
other hand, homolysis of O-O bond in neutral and alkaline pH conditions leads to hydroxyl
radical species formation as ROS, whereas the hydroperoxo complex of porphyrazine is trans-
formed to porphyrazine radical Fe™=0O* [61].

Another important objective for the application of iron phthalocyanines and porphyrazines
as catalysts of the oxidation reactions of organic compounds is their use in chemical synthesis,
which leads to new derivatives without using classical synthetic routes. The presence of Fe(Il/
III) tetraazaporphyrins with the use of suitable oxygen donors permits one or two electron
oxidation reactions. As the result, various derivatives containing epoxy groups or hydroxyl,
carbonyl and carboxyl substituents can be obtained. In the study aiming to assess catalytic
properties of iron porphyrazines and phthalocyanines, cyclohexane was considered as a
reference compound. In various studies, there were applied iron(Il) phthalocyanine deriva-
tives 25-27 and iron(III) phthalocyanine 28 as catalysts (Figure 9) and also diverse sources
of oxygen: fert-butylhydroperoxide (TBHP), hydrogen peroxide, chloro-peroxybenzoic acid
(m-CPBA), molecular oxygen and oxone. It was concluded that with an increase in tempera-
ture and catalyst concentration, an increase in reaction yield was observed. The source of
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Figure 8. The heterolytic and homolytic mechanisms of O-O bond cleavage in the hydroperoxo complex of iron(III)
porphyrazine following [61].
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Figure 9. Structures of iron(Il/III) phthalocyanine derivatives 25-30, and cyclic tetramer 31.

oxygen influenced the structures of obtained products. In all experiments monitored by the
UV-Vis spectra, the degradation of the catalysts, manifested by a decrease of their Q-band
absorption, was observed. However, in most cases, the catalytic processes proceeded, even
after catalyst degradation, which can indicate the influence of other oxidation mechanisms,
for example, Fenton reaction [63-66].

Lately performed study with iron(Il) phthalocyanine, 29, 30, and the cyclic tetramer consist-
ing of iron(Il) phthalocyanine linked to 3,4,9,10-perylenetetracarboxylate, tentatively named
FePPOP 31 (Figure 9) indicate the possibility to use these compounds toward catalytic oxida-
tion reaction of benzyl alcohol. In the case of tetramer, it was found that 31 exhibited high
stability and also exhibited the large turnover number of the reaction reaching the value of
960 [67-69]. However, in the initial phase of the experiment, the catalyst 31 acted much slower
in comparison with the other compounds [69]. In addition, heterogeneous catalysts consisting
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of unsubstituted iron(Il) phthalocyanines deposited on the electrodes by electropolymeriza-
tion were applied in oxidation reactions of organic compounds. Such reactions were carried
out in two kinds of systems: (i) phenolic resin/unsubstituted iron(II) phthalocyanine or (ii)
the phenolic resin/structurally branched iron(Il) phthalocyanine [70, 71]. In another study,
various thiol derivatives (e.g., 2-mercaptoethanol) were applied as substrates in electrooxida-
tion reaction toward disulfides. Transparent indium tin oxide electrodes were modified with
iron(II) tetraaminophthalocyanine [72, 73].

4. Summary

The iron(II/III) porphyrazines and phthalocyanines have interesting electrochemical proper-
ties, which were demonstrated in many valuable studies performed during the last 30 years.
Moreover, many applications of these macrocycles were presented in medicine, in biomedical
and analytical fields, in materials chemistry as well as in chemical synthesis. It clarifies why
catalytic abilities of iron(II/III) tetraazaporphyrins became an object of intense studies. This
chapter aimed to summarize the influence of peripheral substituents of iron(II/III) porphyr-
azines and phthalocyanines on their spectral and electrochemical properties. Electrochemical
properties of iron(II/III) porphyrazine and phthalocyanine complexes are significantly influ-
enced by the periphery of the macrocycle, which can lead to an increase or a decrease of their
electrochemical activity. Similarly, an axial coordination of molecules to the central metal
ion causes a shift of the oxidation potential of the macrocycle or splits peaks belonging to
oxidation processes. Selected studies on iron(Il/Ill) porphyrazines and phthalocyanines were
found not only to present their interesting physicochemical features but also further perspec-
tive applications, and thus, they were discussed in more detail. What is of immense value for
further applications of these molecules in materials chemistry and nanotechnology is that
some macrocycles demonstrated an ability to form coordination assemblies alone or with
nanostructures, including fullerenes, and molecular wires. Especially interesting are binu-
clear complexes based on iron(Il/Ill) porphyrazine and phthalocyanine bridged by oxygen,
nitrogen or carbon atoms. Interesting modification of classical redox processes was observed
in novel potential molecular quantum-dot cellular automata cells in which phthalocyanines
were connected “side-by-side” or by forming ball-type dimers in which there were utilized
sophisticated linkers binding two phthalocyanine units at two sides rigidly with four linking
arms. Porphyrinoid catalysts also have the designation by biomimetic catalysts, this being
because they are more effective in carrying out the oxidation reactions of organic compounds
to other catalysts. It is related to the increased electron-donor effect of the ferric cation, which
is conjugated to the m-electron system of the macrocyclic ring. The advantages of iron(II/III)
porphyrazines and phthalocyanines as catalysts include high selectivity, mild and environ-
mentally friendly reaction conditions and low energy consumption during catalysis. Studies
of catalytic properties or iron(II/IIl) Pzs and Pcs concerned mostly with their potential applica-
tions in oxidation reactions of linear and cyclic alkenes as well as photocatalytic degradation
of organic dyes. Some studies assessed the ability of iron(II/IIl) tetraazaporphyrins and their
dimers in decomposition and removal of organic pollutants from industrial wastes. A huge
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area for further application of these macrocycles results from the electrochemical studies in
which iron Pzs and Pcs were deposited on the surface of electrodes and further applied as
selective anions sensors. To sum up, iron(Il/Ill) tetraazaporphyrins appear to present many
interesting perspectives for biomedical and technological applications.
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Abstract

This study dealt with the development of a bismuth-silver bimetallic nanosensor for
differential pulse adsorptive stripping voltammetry of platinum group metals (PGMs)
in environmental samples. The nanosensor was fabricated by drop coating a thin bis-
muth-silver bimetallic film onto the active area of the screen-printed carbon elec-
trodes. Optimization parameters such as pH, dimethylglyoxime (DMG) concentration,
deposition potential and deposition time, stability test and interferences were also
studied. In 0.2 M acetate buffer (pH =4.7) solution and DMG as the chelating agent, the
reduction signal for PGMs ranged from 0.2 to 1.0 ng L™. In the study of possible inter-
ferences, the results have shown that Ni(II), Co(II), Fe(III), Na*, SO,*, and PO,* do not
interfere with Pd(I), Pt(I), and Rh(III) in the presence of DMG with sodium acetate
buffer as the supporting electrolyte solution. The limit of detection for Pd(II), Pt(II),
and Rh(III) was found to be 0.07, 0.06 and 0.2 ng L, respectively. Good precision for
the sensor application was obtained with a reproducibility of 7.58% for Pd(Il), 6.31%
for Pt(Il), and 5.37% for Rh(III) (n = 10).

Keywords: adsorptive stripping voltammetry, bismuth-silver bimetallic, platinum
group metals, dimethylglyoxime, screen-printed electrode

1. Introduction

Nowadays, the pollution of surface waters with chemical contaminants is one of the most
crucial environmental problems. These chemical contaminants enter rivers and streams
resulting in tremendous amount of destruction to the aquatic ecosystem [1]. Heavy and plati-
num group metal (PGM) contaminations at trace levels in water resources present a major
current environmental threat, so the detection and monitoring of these metal contaminants
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result in an ever-increasing demand [2, 3]. According to El Mhammedi et al. [4], heavy metal
analysis has been carried out in laboratories with time-consuming sampling, transportation
and storage steps. Spectroscopy instrumentation was used for the simultaneous analysis of
metal ions in water and, sediment biota samples. For the detection of trace metals, electro-
chemical analysis has always been recognized as a powerful tool [5-7].

In electroanalysis, much attention has been dedicated to the development of mercury-free
sensors the last decade [8, 9]. Various materials have been used as working electrodes
for heavy metal analysis [10, 11]. One of these working electrodes is bismuth film elec-
trodes (BiFEs) and has been widely explored as a replacement for the toxic hanging drop
mercury electrodes and films [12]. In differential pulse adsorptive stripping voltammetry
(DPAdSV), nanoparticles play also a very important role. Due to their unique electronic,
chemical, mechanical and thermal properties of nanoparticles make them extremely attractive
for heavy metal electrochemical sensors in comparison with conventional materials [13]. In
comparison with traditional macro-electrodes, nanoparticle electrodes show a decreased
influence of the solution resistance, an increased mass-transport rate, and a higher signal-
to-noise ratio [14].

Rahman et al. [15] use gold-silver bimetallic nanoparticles for the sensing of an environ-
mental toxin, pyrene. These bimetallic nanoparticles were prepared by chemical reduction
method involving the reduction of AgNO, and HAuCl, in aqueous solution of 2% hydra-
zine as reducing agent, cetryl trimethyl ammonium bromide as the capping agent, deion-
ized water as the solvent and iso-octane as a co-precipitator. In another study, Mailu et al.
[16] used overoxidized-polypyrrole/Ag-Au bimetallic nanoparticles for the determination of
anthracene, using square wave voltammetry as technique. Bimetallic nanoparticles have been
mainly used for the construction of biosensors and electrochemical sensors for determination
of PGMs [17], arsenic [18], glucose and ascorbic acid [19], nitrite [20], carcinogenic organic
compounds [21] and antidepressant drug [22].

This study focuses on the development of a new working electrode, such as bismuth-silver
bimetallic nanoparticles for heavy metal analysis. The work done by Van der Horst et
al. [23] describes the development of a DPAdSV procedure for the determination of plat-
inum in environmental samples. In this procedure, a glassy carbon electrode modified
with a bismuth film (GCE/Bi-AgF) was constructed. The optimization of several stripping
voltammetric parameters such as dimethylglyoxime (DMG) concentration, composition of
supporting electrolyte, pH, deposition potential and deposition time was performed. In
this study, the results obtained showed low detection limits of 0.2 ng L' for Pt(II). These
bismuth-silver bimetallic nanoparticles have been utilized for the determination of Pd(II),
Pt(Ill), and Rh(III) [17] and Pt-Rh and Pd-Rh complexes [24] and the improved detection
of ascorbic acid [25].

The main aim of the work described in this chapter was to investigate the construction and
application of a disposable screen-printed carbon electrode (SPCE) that utilizes bismuth-
silver bimetallic nanomaterials for PGMs determination. The electrochemical behavior of
PGMs in road dust and roadside soil samples was investigated by voltammetry, and the opti-
mum instrumental conditions were defined by DPAdSV measurements. The bismuth-silver
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bimetallic screen-printed nanosensor was further successfully applied for the analysis of
PGMs in environmental samples.

2. Materials and methods

2.1. Reagents

Sodium acetate (NaOAc), ammonia (NH,) (25%), ammonium chloride (NH,Cl), hydrochloric
acid and nitric acid were supplied by Merck (South Africa). All precious and heavy metal
standards (1000 mg L™ AAS), dimethylglyoxime (DMG) were purchased from Sigma-Aldrich
(South Africa). Glacial acetic acid (95%), ethanol (95%), hexamethylenetetramine (HMTA),
dichloromethane, hydrazine sulfate, and formaldehyde solution were supplied by Kimix
(South Africa). Poly(vinyl) alcohol (PVA) was also obtained from Sigma-Aldrich (South
Africa). Next, 0.5-20 ug L™ solutions of platinum group elements were prepared by diluting
the corresponding standard stock solutions. A 0.01 M ammonia buffer solution (pH = 9.0)
was prepared by mixing ammonium chloride with concentration ammonia and served as
the supporting electrolyte. A 0.2 M sodium acetate buffer (pH = 4.7) was prepared by mixing
sodium acetate with acetic acid and deionized water. The 0.01 M DMG solution was prepared
in 95% ethanol and served as the chelating agent. All solutions were prepared by Milli-Q
(Millipore 18 M Ohm cm) water.

2.2. Instrumentation

Differential pulse adsorptive stripping voltammetric measurements were performed using
PalmSens® portable potentiostat/galvanostat, with the PS Trace program and accessories
(PalmSens® Instruments BV, 3992 BZ Houten, The Netherlands). The portable potentiostat
was connected to a microcomputer controlled by PS 2.1 software for data acquisition and
experimental control. All the DPAdSV measurements were performed in a conventional
electrochemical cell of 20.0 mL, employing the screen-printed carbon electrode modified
with bismuth-silver nanoparticles (SCPE/Bi-Ag) with 4 mm diameter provided by Dropsens
(Oviedo, Spain) as working electrodes [26-28]. All experiments were performed at ambient
temperatures [29].

2.3. Preparation of the bismuth-silver bimetallic film

The Bi-Ag bimetallic nanoparticles were dispersed through ultrasonic vibration in a solution
of N,N-dimethylformamide (DMF) to form a suspension. A defined quantity of the suspen-
sion was applied to a clean surface of SPCE and dried at room temperature to get a thin film
on the SPCE surface [30-32]. After each voltammetric cycle, the cleaning of the Bi-Ag bimetal-
lic nanofilm was performed by holding the potential of the electrode at +1.0 V. Traces of the
remaining DMG complexes on the electrode surface were reduced and quickly desorbed at
this potential. A short cleaning period of 30 s was required to refresh the electrode surface
completely [33].
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2.4. Procedure for the determination of PGMs

A 10 mL of 0.2 M acetate buffer (pH = 4.7) solution containing 1 x 10° M DMG was used as
electrolyte in the cyclic and stripping voltammetric procedures. The SPCE/Bi-Ag nanosensor
was immersed into the solution and an accumulation potential of -0.7 V (vs. Ag/AgCl) for
Pd(II) and -0.6 V (vs. Ag/AgCl) for Pt(Il), and 0.7 V (vs. Ag/AgCl) for Rh(IIl) was applied,
while the solution was stirred. A 30 s quiet time was used, and the voltammogram was
scanned from +0.8 to -1.4 V (vs. Ag/AgCl) at a scan rate of 60 mV s™ for cyclic voltammetry
measurements, while scanning was performed from —0.8 to -0.1 V (vs. Ag/AgCl) for adsorp-
tive differential pulse stripping voltammetry measurements.

For dust or soil extracted solution, 1 mL aliquot of both extracted solutions was added to 9 mL
of 0.2 M sodium acetate buffer (pH = 4.7) solution, containing 1 x 10° M DMG and 0.5 ug L™
PGM standard, respectively, to give a final volume of 10 mL. The determination of Pd(II), Pt(II),
and Rh(III) was performed using both adsorptive differential pulse stripping voltammetry
(AdDPSV) [34]. The PGMs were introduced into the solution after the background voltammo-
gram was recorded. All the experiments were performed in the presence of oxygen and at room
temperature [35, 36].

3. Results and discussion

3.1. Electrochemical behaviors of Bi-Ag bimetallic modified electrode

The preliminary investigation of the electroactivity of the bismuth-silver bimetallic nanofilm
electrode (Bi-AgFE) was done by using cyclic voltammetry (CV) and differential pulse adsorp-
tive stripping voltammetry (DPAdSV) measurements. To obtain optimal conditions, it is very
important to study the influence of supporting electrolyte, dimethylglyoxime concentration,
deposition potential, deposition time, and stability test in DPAdSV mode. In this study, dif-
ferent electrolytes such as 0.1 M hydrochloric acid, 0.2 M sodium acetate (pH = 4.7), 0.1 M
phosphate (pH =7.0), and 0.1 M phosphate (pH = 9.0) buffers were tested as supporting elec-
trolytes using the bismuth-silver bimetallic nanofilm electrode (Bi-AgFE). The cyclic voltam-
mograms (CVs) of the resulting electrode obtained in the four different buffer solutions (not
shown) showed that the redox response peak height was improved in the presence of 0.2 M
sodium acetate buffer solution. Thus, for voltammetric measurements, a solution of ace-
tic acid and sodium acetate was used as the optimal buffer solutions. The results obtained
showed anodic peaks at —0.2 and -0.6 V (vs. Ag/AgCl) and cathodic peaks at +0.1 and +0.4 V (vs.
Ag/AgCl). On closer inspection the CV results for Bi-AgFE sensor at a scan rate of 50 mV s,
it is seen that redox couples for Bi*/Bi**and Ag'/Ag are present.

3.2. Effect of reagent concentration

In differential pulse adsorptive stripping voltammetric (DPAdSV) analysis, the ligand con-
centration in solution has a profound effect on the voltammetric peak height. Palladium has
a definite adsorption voltammetric peak in acidic medium if dimethylglyoxime (DMG) is
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used as complexing agent. Dimethylglyoxime is suggested by Georgieva and Pihlar [37] as
the complexing agent if sodium acetate is used as supporting electrolyte. In this investiga-
tion, the effect of DMG concentrations on the PGMs (Pd, Pt, Rh) peak currents was exam-
ined in the range from 5 x 10 to 5 x 10° M (Figure 1). The effect of DMG concentration on
Pd(II), Pt(II), and Rh(III) peak currents in 0.2 M sodium acetate buffer (pH = 4.7) solution has
shown that concentration of 1 x 10° M DMG gave the best results for the SPCE/Bi-AgF sensor,
and it was decided to conduct all other stripping experiments using this DMG concentration.
Figure 1 presents the results for the current responses of PGMs complexes ((e.g., PdA(HDMG),,
Pt(HDMG),, Rh(HDMG),) and the evaluated potentials in different concentrations of DMG.

3.3. Deposition potential and time studies

In electroanalytical chemistry, differential pulse voltammetry (DPV) is used as an effective
and common technique when the content of analyte is very low due to its sensitivity [38].
The influence of deposition potential (E,) and time (t,) is always important factors on the
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Figure 1. Effect of varying dimethylglyoxime (DMG) concentrations on the peak current results for PGMs at a SPCE/
Bi-AgFE sensor. The solutions consisted of 0.2 M acetate buffer, (pH = 4.7) containing: (A) 1 ng L™ Pd(II) with deposition
time of 30 s V; (B) 1 ng L Pt(Il) with deposition time of 30 s; and (C) 1 ng L™ Rh(III) with deposition time of 30 s. Three
different concentrations of DMG were employed as demonstrated in the graphs.
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sensitivity and detection limit in DPV methods. To enhance the electroanalytical perfor-
mance of the Bi-Ag bimetallic sensor, the deposition potential and time were optimized. The
dependence of deposition potential on the variation of stripping peak current for 1 ng L™
Pd(II), Pt(II), and Rh(III) at the bismuth-silver nanosensor surface (Figure 2A). The optimiza-
tion of deposition potential was done by varying the potential from -0.4 to +1.0 V (vs. Ag/
AgCl). In the optimization results for deposition potentials have shown that for Pd(Il) and
Pt(Il), a steady increase in the peak current responses was observed up to a E, value of -0.7
and -0.9 V (vs. Ag/AgCl). In the case for Rh(IIl), a sharp increase in peak current was observed
at-0.9V (vs. Ag/AgCl). Optimum deposition potential for Pd(II), Pt(Il) and Rh(IIl) determina-
tion in 0.2 M acetate buffer (pH = 4.7) solution is in the range from —0.7, 0.9 and -0.8 V (vs.
Ag/Ag(l), respectively.

The dependence of deposition time on the stripping peak current of Pd(II), Pt(I) and Rh(III) was
investigated using the bismuth-silver bimetallic nanosensor (Figure 2B). In adsorptive stripping
voltammetry (ASV), complexing agent in the electrolyte solution, after reaction, forms complex
ions in the solution, and the complex is accumulated onto the sensor surface in the amount pro-
portional to the deposition time [39]. The dependence of deposition time on the stripping peak
current for Pd(II) and Rh(Ill) decreases almost linearly with longer deposition times. A deposi-
tion time at 30 s was chosen as the optimum deposition time in this investigation. In the case
for Pt(Il), stripping peak current increases with the increasing in the deposition time between
30 and 90 s and became nearly constant above 90 s due to the surface saturation of the bismuth-
silver bimetallic nanosensor. In this study for all subsequent Pt(Il) measurements, deposition
time of 90 s was employed due to surface saturation of the bimetallic sensor.

Table 1 illustrates a summary of the optimized working conditions for the adsorptive dif-
ferential pulse stripping voltammetric (AdDPSV) determination of a series of standard (or
model) solutions of Pd(II), Pt(Il), and Rh(III) metal ions. It was observed that Pd(IT) and Rh(III)
have the same deposition time with different deposition potentials. Other optimized working
conditions such as DMG concentration, supporting electrolyte and potential window was the
same for of Pd(II), Pt(II), and Rh(III) throughout the study.
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Figure 2. Results obtained for the effect of: (A) varying deposition potential (E,) upon adsorptive stripping voltammetric
responses for 1 ng L™ Pd(Il), Pt(I) and Rh(Ill); and (B) varying deposition times (t,) upon adsorptive stripping
voltammetric responses for 1 ng L™ PA(II), Pt(I) and Rh(III) at the SPCE/Bi-AgFE sensor. The solutions used consisted
of 0.2 M acetate buffer (pH = 4.7) containing 1 x 10° M DMG concentration.



Voltammetric Analysis of Platinum Group Metals Using a Bismuth-Silver Bimetallic Nanoparticles Sensor
http://dx.doi.org/10.5772/68132

Stripping step Determinant Pd(HDMG), Pt(HDMG), Rh(HDMG),
pH 4.7
Reduction potential ~ -0.7 -0.9 -0.8
)
Deposition time (s) 30 90 30
Supporting 0.2 M NaOAc
electrolyte
Measurement Measurement DPSV
technique
Potential window 01to-0.6V
Supporting 0.2 M NaOAc
electrolyte

DMG concentrations ~ Current (UA)

M)

5x10° -2.038 -2.278 -4.600
1x10° -2.950 -2.784 -5.660
5x10° -1.511 -1.856 -2.290

Table 1. Summary of optimum stripping voltammetry conditions for the determination of Pd(II), Pt(II) and Rh(III) with
the constructed GC/Bi-AgFE bimetallic nanosensor [40].

3.4. Analytical features of the adsorptive stripping procedure

According to the literature, the determination of palladium by DPAdSV at the surface of the
hanging mercury drop electrode (HMDE) was first described by Wang and Varughese [41].
Dimethylglyoxime was used as the complexing ligand in slightly acidic media (pH = 5.15) for
the deposition of palladium-dimethylglyoxime complex (Pd-(HDMG),). In the present study,
the determination of Pd-(HDMG), was done in 0.2 M acetate buffer (pH = 4.7) solution at the
surface of a bismuth-silver bimetallic nanosensor. The DPAdSV current of the Pd-(HDMG), com-
plex at optimal conditions yielded well-defined peaks, in the concentration range 0.4-1.0 ng L™
shown in Figure 3A. The five concentrations used yielded a linear response and the equation of
the linear calibration curve is y = 0.773x + 0.6151 with a correlation coefficient of 0.9911.

The differential pulse adsorptive stripping voltammetric (DPAdSV) current for the
Pt-(HDMG), complex was measured at optimal conditions using a bismuth-silver bime-
tallic nanosensor in Figure 3B. In these measurements, a series of Pt-(HDMG), complex
concentrations ranging from 0.2 to 0.8 ng L™ in 0.2 M acetate buffer (pH = 4.7) solution
with 30 s deposition time was used. The peaks observed in the differential pulse voltam-
mograms are well defined and the five concentrations used yielded a linear response, and
the equation of the linear calibration curve is y = 0.690x + 0.718 with a correlation coefficient
of 0.9881.

The determination of the Rh-(HDMG), complex in 0.2 M acetate buffer (pH = 4.7) solu-
tion was performed by DPAASV analysis under optimized working conditions, and the
voltammograms are shown in Figure 3C. Well-defined stripping peaks were observed at
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Figure 3. Differential pulse adsorptive stripping voltammetry results for increasing concentrations of (A) 0.4-1.0 ng L™
Pd(IT) with E, =-0.7 V (vs. Ag/AgCl), (B) 0.2-0.8 ng L™ Pt(Il) with E, =-0.9 V (vs. Ag/AgCl) and t, =120 s, (C) 0.2-0.8
ng L™ Rh(IIl) with E, =-0.7 V (vs. Ag/AgCl) and ¢, 30 s at a SPCE/Bi-AgFE sensor, (D) corresponding calibration curves
for the obtained DPAdSV curves. The electrolyte used consisted of 0.2 M acetate buffer (pH = 4.7) containing 1 x 10° M
DMG concentration.

the bismuth-silver bimetallic nanosensor in the concentration ranging from 0.2 to 0.8 ng
L™. The results indicated that dimethyglyoxime (DMG) can greatly promote the deposition of
the Rh-(HDMG), complex at the bismuth-silver bimetallic nanosensor and significantly
increase the sensitivity of the determination of the Rh-(HDMG), complex. The inset in
Figure 3C showed that the DPAdSV peak currents have a linear response for the five concen-
trations evaluated, and the equation of the linear calibration curve is y = 3.9527x + 0.5798, with
a correlation coefficient of 0.9703.

3.5. Interference and stability studies

In differential pulse adsorptive stripping voltammetry (DPAdSV), several trace metals can
interfere with the determination of platinum group metals (PGMs) absorbing competitively
onto the bismuth-silver bimetallic film electrode (Bi-AgFE) surface. They also complexing
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competitively with DMG producing signals close to that of the different PGMs or completely
suppress the peaks. A number of metal ions that could potentially interfere with these PGMs
were investigated such as Ni(II), Co(Il), Fe(Ill), and Na+. The sulfates and phosphates were
also investigated, and 1 ng L™ of these interfering ions was added to the model solutions.
These ions were chosen because they might reasonably be expected to exhibit redox activity
at the SPCE/Bi-AgF sensor and exist in real samples. The behavior of Pd(Il), Pt(II), and Rh(III)
at concentrations of 0.5-1.5ng L™ in the presence of these cations and anions was investigated.
This study showed that these ions have not interferes on the determination of Pd(II), Pt(II)
and Rh(III).

The stability of the fabricated bismuth-silver bimetallic nanosensor was investigated for the
peak current after every 7 h over a period of 28 h. The electrode was kept in deionized water
after each measurement. Using the above optimized conditions, the bismuth-silver bimetallic
nanosensor was utilized for the determination of 1 ng L™ concentration of the PGMs evaluated.
It was found that the peak current intensities decreased only slightly for the bismuth-silver
bimetallic nanosensor, indicating that the nanosensor has good stability and repeatability
(data not shown).

3.6. Analysis of environmental samples

The determination of PGMs was conducted in road dust and roadside soil samples collected
in the Western Cape Province at Bottelary Road close to Stellenbosch and Old Paarl Road
close to Klapmuts, outside Stellenbosch using the SPC/Bi-AgFE nanosensor. The bioavailability
of the PGMs in the road dust and roadside soil samples was determined by subjecting the
samples to a three-step sequential extraction procedure [42, 43].

The two sets of results obtained for road dust and roadside soil samples are shown in Table 2.
The results for the dust and soil samples have shown that the method was successfully
applied using the SPC/Bi-AgFE nanosensor. Relatively good results were obtained for

DPAdSV

Carbonate bound Organic bound Fe-Mn bound
Sample Pd(ID) (ng LY Rh(III) (ng L) Pt(II) (ng L)
BOT1* 433+0.21 4.39+0.28 1.68 +0.07
BOT2* 3.68 +0.15 216 +0.27 0.90 +0.01
BOT3* 3.85+0.20 12.68 +0.31 1.28 +0.01
BOT#4* 4.25+0.38 1.87+0.38 0.56 +0.53
or1* 2.56 +0.04 0.71+0.10 1.54+0.14
or2? 3.05+0.31 1.58 £0.08 2.39£0.05
oP3* 2.74+0.06 0.78+0.10 8.78 +0.61

or4* 4.29+0.07 1.82+0.32 2.96 +0.97
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DPAdSV

Carbonate bound Organic bound Fe-Mn bound
BOT1 4.87+0.22 5.98 £0.26 1.84+0.12
BOT2' 3.68+0.23 3.02+£0.29 1.18+0.28
BOT3' 3.55+0.42 15.93 £ 0.76 2.35+0.26
BOT4 455+0.24 7.10 £ 0.45 1.23£0.04
Oor1’ 2.82+0.08 1.12+0.07 2.17 +£0.03
or2’ 3.87+0.20 1.49+0.15 2.57+0.13
or3’ 3.22+0.37 1.40+0.14 5.09+0.55
or4 453+0.14 4.09 +0.54 1.08 £ 0.44

BOT, Bottelary Road; OP, Old Paarl Road.
“ Roadside dust.

" Roadside soil.

Table 2. Results obtained for the determination of PGMs concentrations using a SPC/Bi-AgFE nanosensor in dust and
roadside soil samples collected from roads near Stellenbosch, Western Cape Province.

using the DPAdSV method. For high accuracy and sensitivity, only single PGM analysis was
determined in all experiments using the constructed electrochemical sensor. These results
indicate that the constructed SPC/Bi-AgFE nanosensor is more sensitive toward the determi-
nation of Pd(II), Pt(IT) and Rh(III) in dust and soil samples.

3.7. Comparison of calculated results for different sensor platforms

To calculate the limit of detection (LOD), the formula 30/slope was employed, where o is the
standard deviation of the blank. The LODs of Pd(II), Pt(I), and Rh(IIl) obtained under the
optimized conditions of these method were 0.7 ng L™ for Pd(Il), 0.06 ng L™ for Pt(Il), and
0.2 ng L™ for Rh(Ill) for the SPC/Bi-AgFE nanosensor. In this study, the developed SPCE/
Bi-AgFE nanosensor showed lower limit of detection than previously reported sensors based
on the detection of PGMs in environmental samples. To illustrates the repeatability of the
sensor, the relative standard deviation (RSD) was calculated and found to be 7.58% for Pd(II),
6.31% for Pt(II), and 5.37% for Rh(III) (1 = 10). The reproducibility was evaluated using three
different electrodes and a solution containing 1.0 ng L™ of each metal ion with a RSD of 6.81%
for Pd(II), 5.11% for Pt(Il), and 5.97% for Rh(III).

The analytical performance of the SPC/Bi-AgFE nanosensor was compared with those
obtained by other electrochemical sensors described in the literature for the determination of
PGMs and illustrated in Table 3 [35, 36, 44]. From the studies of modified electrodes, this SPC/
Bi-AgFE nanosensor revealed lower limits of detection compared to the reported electrodes
for PGMs determination. This developed procedure also reveals high sensitivity and faster
response time for PGMs analysis in the presence of DMG, using acetate buffer (pH = 4.7) solu-
tion as the supporting electrolyte.



Voltammetric Analysis of Platinum Group Metals Using a Bismuth-Silver Bimetallic Nanoparticles Sensor
http://dx.doi.org/10.5772/68132

Electrode Method Linear range LOD References
SPC/Bi-AgFE AdDPSV Pd(II): 0.4-1.0 ng L Pd(II) - 0.07 ng L™ This work
P(Il): 02-0.8ng L' Pt(Il) - 0.06 ng L™
Rh(II): 0.2-0.8 ng L Rh(IIT) - 0.2 ng L*
GC/Bi-AgFE AdDPSV Pd(Il): 0.2-1.0ng L'  Pd(I[)-0.19 ng L! [17]
Pt(Il): 0.2-1.0ng L Pt(Il) - 0.20 ng L!
Rh(ITl): 04-1.0ng L' Rh(IT) - 0.22 ng L
SPC/BiFE AdDPSV PA(I): 0-0.1 ug L' Pd(I)-0.008 ug L' [35]
Pt(Il): 0.2-0.1 pg L Pt(IT) - 0.006 pg L
Rh(ITI): 0-0.08 ug L Rh(II) — 0.005 pg L
GC/BiFE AdDPSV PA(I): 0-20 ug L' Pd()-0.19 ugL"  [36]
Pt(IT): 0-35 pg L' PHIT)—0.20 ug L
Rh(II): 0-3.0 ug L' Rh(IIT) - 0.22 pg L-*
CGMDE CAdSV Pt(1I): 2.0-80.0 ug L Pt(IT) — 0.60 pig L-! [44]
Rh(TTI): 1.0-160.0 Rh(III) - 0.20 pg L
pgL”
CGMDE CAdSV Pt(II): 5.0 x 102 to 1.5  Pt(II) - 0.03 pg L™ [39]
x 10 mol L™
Hg(Ag)FE csv PA(I):1-50 ug L' Pd(I)-0.15pugL*  [45]

Table 3. Comparison of results obtained in present work with other modified stripping voltammetric procedures for the
determination of PGMs in model standard solutions and environmental samples are listed.

4, Conclusion

In conclusion, the construction, optimization, and practical application of the SPC/Bi-AgFE
nanosensor, which were prepared by drop-coating onto a screen-printed carbon electrode,
have been presented. The important DPAdSV parameters were optimized, and well-defined
peaks were obtained for Pd(II), Pt(Il) and Rh(IIl) in model standard solutions. To illustrate
the practical application of the developed SPC/Bi-AgFE nanosensor, the sensor was tested for
the detection of PGMs in road dust and roadside soil samples, collected from the Bottelary
and Old Paarl Roads near Stellenbosch in the Western Cape Province. The results obtained
for the developed nanosensor provide an alternative sensor platform to replace toxic mercury
electrodes and can be used for routine determination of PGMs in road dust and roadside soil
with high sensitivity.
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