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ABSTRACT 

 

This study describes the isolation, characterization, and applications of new dithiophosphonate salts and 

their ability to facilitate metal complex formation. A variety of dithiophosphonate salts, including 

zwitterionic compounds, was obtained from the reaction of  2,4-bis(4-methoxyphenyl)- and 2,4-

diferrocenyl -1,3-dithiadiphoshetane disulfide precursors, (RP(S)S)2 (R= 4-C6H4OMe or FeC10H9). 

A green (solventless) and mechanochemical synthetic approach to the formation of dithiophosphonic acids 

and their corresponding Ni(II), Zn(II), Cd(II) complexes is described. The new green synthetic approach 

was applied in the formation of a series of known compounds in order to compare the new green approach 

with traditional methods. In total, 4 ligands and 12 complexes were prepared in a green manner. This study 

found that the green method was far more advantageous for the following reasons: i)  it is a simple and 

facile process, ii) reaction time is short, taking less than 5 minutes to reach completion, iii) solvents and 

thus waste are eliminated, and iv) heating steps are avoided. Combined, this process led to less time, cost 

and energy to be expended, all with a high yield of product formation. It was found that in select cases, 

metal chloride precursors could be added directly to the acid, leading to product formation, with the 

formation of HCl, either driven off as a gas or dissolved in small amount of water, filtration and separation 

steps are thus not needed. All new ligand acids- or salts and corresponding metal complexes were 

characterized by 1H, 31P NMR, and FTIR. Bulk purity was confirmed by either ESI-MS or elemental 

analysis and crystal structures were obtained in select cases using single crystal X-ray crystallography.  

The formation, characterization, and dye sensitized solar cell application of new ferrocenyl 

dithiophosphonate salts and their complexes were also investigated.  The ligand was synthesized by the 

reaction of water and ferrocenyl Lawesson’s reagent (FcLR) in a stoichiometric ratio leading to a 

multidentate ligand with possibilities of employing its S, S’ and O donor atoms in coordination. Nickel(II), 

cadmium(II), and zinc(II) complexes were formed from the ligand in different metal-to-ligand ratios leading 

to a multiferrocenyl and multimetallic assemblies. The application of ferrocenyl dithiophosphonate 
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complexes in this work promises to be potentially high efficiency co-sensitizer in dye-sensitized solar cells. 

After overall co-sensitization of the state-of-the-art ruthenium dye, N719, the overall conversion efficiency 

of the cell co-sensitized with Zn(II) complex/N719 dye (η=8.30 %) and Cd(II) complex/N719 dye (η=7.78 

%) were compared to that of ordinary N719 dye (η=7.14%) under the same experimental conditions. The 

cells containing N719 co-sensitized with zinc(II) and cadmium(II) ferrocenyl dithiophosphonate complexes 

showed improved performance above the efficiency of free N719 dye. The DSSC were characterized using 

UV-Vis, cyclic voltammetry, electrochemical impedance spectroscopy, and photovoltaic measurements (I-

V curves) 

The synthesis, characterization, optical properties, and antimicrobial studies of zwitterionic 

dithiophosphonate salts and their Ni(II), Zn(II) and Cd(II) complexes were also investigated. This type of 

zwitterion-dithiophosphonate ligand was obtained from the reaction between Lawesson’s reagent and 

amino alcohols (instead of the conventional alcohols) leading to a ligand having space-separated opposite 

charges on the same compound (zwitterion), with notably a negative charge localized on a S atom, and a 

positive charge on the quaternary N atom. Optical (UV-Vis and photoluminescence) properties of 

structurally characterized complexes were investigated with two of the complexes showing luminescence 

properties.  

Finally, antibacterial susceptibility tests showed the bacteria Methicillin-Resistant Staphylococcus aureus 

(MRSA), Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Bacillus subtilis, Shigella 

dysenteriae, Pseudomonas aeruginosa, Klebsiella oxytoka, and Salmonella sp are susceptible to most of 

the compounds studied at various concentrations. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 BACKGROUND 

There has been an upsurge of knowledge in the chemistry of transition metal complexes containing sulfur-

based ligands. This is reflected in the recent increase of publications on novel complex syntheses, especially 

in the field of bioinorganic chemistry and on the formation of interesting organometallics, such as sulfur 

containing carbene ligands. The present research work is centered on dithio-organophosphorus which are 

also a major class of sulfur-containing ligands.  

Dithio-organophosphorus chemistry has been investigated for more than a century and has a long history 

in inorganic chemistry. Dithio-organophosphorus, including dithiophosphates and -phosphinates, 

dithioimidodiphosphinates, and mixed thio-oxo analogs, as well as dithioarsinates, have been at the center 

of inorganic and organometallic research interest for decades. These are versatile ligands, yielding a great 

diversity of molecular and supramolecular structures and showing a variety of coordination patterns when 

complexed with metals. The phosphor-1,1-dithiolate ligands are an important example of dithio-

organophosphorus compounds and provide the basis for the present study. Lawesson's reagent and its 

precursor phosphorus pentasulfide (Berzelius reagent), have both proven important starting materials in the 

synthesis of phosphor-1, 1-dithiolato ligands.1,2  

1.2 PHOSPHORUS-SULFUR HETEROCYCLES 

The reaction of alcohols, alkenes, and cycloalkenes with phosphorus pentasulfide has been reported since 

1943 in US patents.3,4  The products of these reactions have interesting properties as oil additives. Following 

this,5 investigations into similar reactions of cyclohexene prompted Lecher et al6 to channel their interests 

into aromatic compounds including benzene, o-xylene, and anisole, to name a few. Each of these products 

showed the dithiadiphosphetane structure, a four-membered ring with alternating phosphorus and sulfur 
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atoms. This class of compounds was first reported in 1952 by Fay and Lankelma, 5 who investigated the 

reaction of phosphorus pentasulfide (structurally: P4S10) with cyclohexene, forming a dimer (A) (Figure 

1.1). The synthetic procedure and characterization of dimer A, however, was not reported until 1962 by 

Newallis et al7 which entailed bubbling H2S gas into PhP(S)Cl2 at a temperature of 210 °C and resulted in 

the desired product formation along with large amounts of corrosive HCl by-product. 

 A significant improvement came in 1978 when Lawesson and co-workers reported8 the reaction between 

the electron-rich aromatic anisole and P4S10 which led directly to the formation of dimer 2,4-bis(4-

methoxyphenyl)-1,3-dithiadiphosphetane-2,4-disulfide, 9 albeit with the release of stoichiometric amounts 

of H2S gas, but without the release of HCl (Scheme 1.1).  Anisole serves as both the solvent and reactant 

and this dimer has become known as Lawesson’s Reagent (B) in the vernacular of dithiophosphonates, it is 

commercially available and its general chemistry has been extensively reviewed.10 It was noted that the 

reaction between anisole and P4S10 could be performed easily and a high yield product could be obtained.                                                                                        

 

Scheme 1.1: Reaction scheme for synthesis of dimer A and B 
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1.3 LAWESSON’S REAGENT 

Lawesson's reagent and its analogs (Figure 1.1) are all cyclic dimers commonly known as diphosphetane 

disulfides.11  The reaction of P4S10 with differing aryl substrates yield a wealth of diphosphetane disulfides, 

via a convenient and relatively simple synthesis.8   These reaction products are high yielding and can be 

used as a thionation agent in a variety of reactions.  The most commonly known member of this class of 

compounds known as Lawesson’s Reagent (LR).12-13
  Lawesson's reagent (B) and the generally more 

soluble phenetole analogue (C) are both readily prepared by the reflux of P4S10 in anisole for (B) or 

phenetole for (C) (Figure 1.1). The synthesis of a ferrocenyl derivative (D) requires the reflux of P4S10 in 

a suspension of ferrocene and xylene. This ferrocenyl Lawesson's reagent (FcLR) was first reported by 

Woollins and co-workers and was of great interest due to the incorporation of an organometallic moiety 

into the ligand.14  

 

Figure 1.1. Dithiadiphosphetane disulfide dimers based on the Lawesson’s Reagent (B) motif. 
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Since 1978, Lawesson’s Reagent has become one of the thionating reagents of choice because it gives high 

yields, is easy to handle, simple to synthesize and only decomposes in solution at temperatures in excess of 

110°C.15 As with all sulfur-based phosphorus compounds, it gradually hydrolyses and/or becomes oxidized 

in the presence of either moisture or air (oxygen), replacing S atoms for O atoms. In that sense, the final 

fate of all P/S compounds reported in this thesis, including the metal complexes, is the formation of 

phosphoric acid, H3PO4 as the main (thermodynamic) product. Reactions with transition metal complexes, 

transformations of alcohols to thiols and the synthesis of thiacage compounds confirm that LR is an all-

purpose reagent for novel sulfur-containing compounds. Lawesson's reagent has a long history of 

application in organic chemistry but has only fairly recently shown great promise in the reaction between 

Lawesson’s reagent and alcohols (especially primary and secondary alcohols) to yield the 

dithiophosphonate class ligands, and to be investigated in coordination chemistry with transition metals.2 

Although the conversion of ketones into thiones still occupy the largest share of LR’s utility, alcoholysis 

of dithiadiphosphetane dimers, including LR, yields the corresponding dithiophosphonic acid.16 A wide 

variety of alcohols are now known to be utilized in this manner, including unsaturated (allyl), sterically 

demanding (adamantyl), and quasi-strained (cyclopentyl), in addition to the reaction of LR with silanols 

and trialkyl silanols.2 Although the release of H2S is not usually recommended in chemical synthesis, it is 

noteworthy to point out that reactions which slowly release H2S are now actively pursued in medicinal 

chemistry. For example, the generation of H2S from the phosphinodithioates slow-release donor GYY4137 

has been investigated and the key decomposition products formed during hydrolysis have been identified, 

as well as the mechanism by which H2S is generated.17 
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1.4 PHOSPHOR-1,1-DITHIOLATE LIGANDS   

 

1.4.1 Classes of Phosphor-1,1-dithiolate Ligand 

This class of compounds is subdivided into three subclasses: the dithiophosphates, dithiophosphinates and 

the dithiophosphonates and are characterized by having the S2P functionality. A preference for IUPAC 

names is usually avoided due to cumbersome systematic nomenclature when referring to ligands in this 

class.  Mostly in literature, two naming systems are frequently used in the case of phosphor-1,1-dithiolato 

ligands. The preferred IUPAC name (PIN) for phosphor-1,1-dithiolate compounds (Figure 1.2) are 

phosphorodithioates, phosphonodithioates and phosphinodithioates which correspond to the commonly 

used dithiophosphates (I), dithiophosphonates (II) and dithiophosphinates (III) respectively. The latter 

naming system has been used consistently throughout this study18. 

 

 

Figure 1.2. Classes: (I) dithiophosphato; (II) dithiophosphonato; (III) dithiophosphinato 

The dithiophosphates and dithiophosphinates have been studied extensively with complexes of the main 

group and transition metals being far more abundant in literature than those of the dithiophosphonates 

probably due to the comparative convenience of ligand preparation.19,20 However, the literature showed a 

distinct scarcity of metal dithiophosphonate complexes compared to other phosphor-1,1-dithiolate 

ligands.19 The dithiophosphonato ligand, III, may be described as a hybrid of ligand I and II and represents 

the major ligand type that is the basis of this work.1 For various reasons, the dithiophosphonato ligand, 18- 

is the main focus in the present study.  The following are possible reasons why the ligand [S2 PR (OR)]¯, 

is worthy of investigation:  a) it can still be considered relatively new in the chemical literature and indeed 
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for the majority of main- and transition metals simply non-existent; b) from the reaction between a common 

precursor (usually Lawesson’s Reagent or a derivative thereof), and any compound that contains a 1° or 2°  

alcohol functionality, a tremendous number of new and varied derivatives can be obtained in a facile 

manner; c) the ligand design could be controlled through the synthetic methodology (with respect to 

solubility and materials properties, and steric effects, etc.) to perform reactions and yield new products in 

both organic (and potentially aqueous) phases; d) the asymmetric nature of the ligand allows for an 

additional challenge in that complex isomers can be formed, a feature not possible for the symmetrical 

dithiophosphinates, [S2PR2]¯ or dithiophosphates, [S2P(OR)2]¯ and e) solution and solid state 31P NMR 

spectroscopy is a valuable tool to obtain mechanistic and structural information.21  The dithiophosphonates 

can coordinate to virtually all main group and transition metals, giving rise to a wide variety of coordination 

patterns, with the closely related dithiophosphates providing a good precedent.19  

There has been inconsistency for several decades in the application of nomenclature for metal 

dithiophosphonates. In this regard phosphonic acid, HPO(OH)2, is the parent acid of the phosphonate anion, 

[HPO3]2− from which all title ligands in the thesis are derived. The IUPAC systematic name for commonly 

known phosphonic acid HPO(OH)2 is Dihydroxyphosphine oxide, and these systematic names are thus 

rarely used, but “preferred IUPAC names” (PIN) are used instead. A PIN is a name that is preferred among 

two or more IUPAC names, but “the existence of preferred IUPAC names does not prevent the use of other 

names”.18  This implies since no single correct form currently exists and as long as there is no ambiguity, 

the reader being addressed must be considered in the type of nomenclature that is used. In addition, there 

was no guidance as to the naming of a phosphonate derivative containing a P-C bond and thio infix 

according to 1990, 2001, and 2005 IUPAC recommendations of Nomenclature of Inorganic Chemistry (Red 

Book).22-23 According to another recommendation in Nomenclature of Organic Chemistry (Blue Book), 

published in 1979, 1993 and 2004 draft Recommendations, the acid R(OR’)P(S)(SH) is named a 

phosphonodithioic acid, and anions are named by changing the ‘ic acid’ ending to ‘ate’, i.e. 
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phosphonodithioate and neutral salts and esters are both named using the name of the anion derived from 

the name of the acid.18, 24 

 In this thesis, usually in the context of the deprotonated acid, dithiophosphonato will be used when 

describing a ligand as a formal coordination entity, and dithiophosphonate when referring to an anion. The 

symmetric cleavage of diphosphetane disulfide dimers, such as Lawesson's reagent [(4-MeOC6H4P(S) S) 2] 

or its ferrocenyl analogue [(4-EtOC10H9P(S)S)2], by two stoichiometric equivalents of primary or secondary 

alcohol, produces dithiophosphonic acids [HS2PR(OR')]. Similarly attempted reactions with tertiary 

alcohols have been shown to result in an elimination reaction rather than the formation of the desired 

dithiophosphonic acid. Deprotonation of the acid by a weak base such as ammonia yields the 

dithiophosphonate salt NH4[S2PR(OR')] which is shown in Scheme 1.2. A variation of this procedure using 

sodium alkoxide salts to circumvent the use of ammonia has been reported.17 Variation in the alcohol, as 

well as the phosphetane dimer used, offers a wide scope for an investigation into a multitude of new 

dithiophosphonate derivatives, and selective variation of either reactant, delivers control in ligand design 

with respect to steric and electronic properties. In this thesis, we investigated new dithiophosphonate ligand 

derivatives by varying the alcohol to using water as a protic source, the latter is ironically hardly ever used 

in this context. The study also looked into the design of a green and sustainable synthetic route to the new 

and existing dithiophosphonate ligands. 
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Scheme 1.2. Synthetic route to ammonium dithiophosphonate salt related to this study (R=Aryl/alkyl 

group) 

1.4.2 Resonance and Coordination Modes Phosphor-1,1-Dithiolate Ligands 

Dithiophosphonate ligands have displayed a variety of coordination patterns towards metal atoms during 

complexation. This is as a result of variation in resonance (Figure 1.3) structures which the S2P moiety 

may adopt. The ligand may coordinate by either monodentate binding or bidentate binding.  When the 

negative charge resides exclusively on either sulfur atom on the ligand, monodentate coordination will 

possibly result. Bidentate coordination is more common when delocalization of the charge is across the S-

P-S atoms of the ligand, and when steric effects around the metal centre allow for it. Resonance also 

accounts for the different binding modes in mononuclear or multinuclear complexes depending on the 

nature of the metal centre to which it is bonded. Typical binding modes common to this class of ligand are 

shown in Figure 1.4. 
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Figure1.3. Typical resonance structures of the dithiophosphonate anion 

  

The ligand resonance is best explained with the understanding of Hard and Soft acid-base (HSAB) theory 

which refers to Lewis acids and bases species as “Hard”  because they have a small atomic radius, high 

charge states and are not easily polarized 25 while the reverse is the case for species termed “Soft”. In 

general, hard acids react, though not exclusively but preferentially with hard bases and soft species tend to 

share a similar affinity for one another.25 Hard or soft properties depend on the system in which they are 

placed and the relative hardness or softness of other species within the same system. The dithiophosphonate 

ligand class are Lewis bases and are largely classified as soft species but are flexible in their behaviour as 

either soft or hard species. This is largely dependent on the Lewis acid (the metal ion) to which they are 

bound. The co-ordination system shown in Figure 1.4 have all been observed for P/S type ligands.19,18  
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Figure 1.4: Typical binding modes to form metal-dithiophosphonate complexes 
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1.5 COMPLEXES RELEVANT TO THIS STUDY 

Woollins and co-workers26-27 have previously reported similar metal complexes of interest in this study but 

we present new derivatives and more importantly, for the first time, a green solventless and 

mechanochemical approach to the synthesis of dithiophosphonate acids and complexes. The conventional 

reaction steps reported to date for the complexation reactions are relatively simple but not green and 

sustainable as it involves the use of hazardous solvents (waste). Traditionally, stoichiometric equivalents 

of both ligand and metal were stirred together in a solvent and the formation of a precipitate showed 

successful complexation, followed by filtration to isolate the solid product, heating of the reaction was 

conducted when deemed necessary. Woollins and co-workers also reported studies where metal salts are 

reacted stoichiometrically and directly with sodium alkoxides of the appropriate alcohol, leading to direct 

complex formation. But the disadvantage is that it still required heating for the duration of the reaction, 

followed by filtration steps and the alcohol need to be in liquid state (ie simple alcohols). In this study we 

present a synthesis of ligand and complexes without solvents, filtration steps, or heating, thus improving 

yields and reducing waste.  

1.5.1 Group 10: Nickel  

Nickel(II) complexes are by far the most widely reported26-30 dithiophosphonate complexes amongst all 

metals in this ligand class, however, a few other group 10 metals Pd(II) and Pt(II) have also been reported.31-

32 The synthesis of first Ni(II) dithiophosphonate complex [Ni{S2PPh(OEt)}2], and the crystal structure was 

reported in 1967.28 Typical Ni(II) complexes of this class is mononuclear and neutral and generally, adopts 

a square planar geometry (Figure 1.5a).  It usually exhibits an isobidentate binding mode, which is proved 

by equal P-S bond lengths in the solid state.30, 33 The use of diols of the type HO(CH2)nOH (n = 2–4) has 

shown to become a popular alternative and has displayed the formation of dinuclear metal complexes.34 

Formation of ferrocenyl moieties has been described by replacing aromatics in complexes of the type 

[Ni{S2PFc(OR’)}2] where R’ = Et, iPr, etc.27, 35 The demonstration of neutral Ni(II) complexes linked 

together with a variety of N-donor ligands such as pyridinyl-alkyne and pyridyl tetrazine and bipyridine or 
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pyridinyl-1,4 diamine combinations 36 resulting in the formation of 6-coordinate Ni(II) polymeric type 

complexes was reported by Aragoni et al.37as shown in Figure 1.5b   

 

Figure 1.5:  (a) A 4-coordinate Ni(II) complex. (b)  A 6-coordinate Ni(II) polymeric complex containing a 

pyridyl-trisulfide linker 

Cationic Ni(II) complexes with one dithiophosphonate ligand and a neutral triaza macrocycle were reported 

by Lopez and co-workers.38 Monoanionic Ni(II) complexes of the type[Ni{S2PAr(OMe)}{C6F5}2]¯ has 

also been reported39 using an anionic pentafluorophenylate ligand. Likewise, dianionic complexes of the 

type [Ni{S2P(O)(Et)}2]2−,[Ni{S2P( O)(Ar)}2]2− and the Fc derivative [Ni{S2P(O)(Fc)}2]2− are found in the 

literature.40-42 Formation of a neutral Ni(II) dithiophosphonate complex (Figure 1.6) containing both a 

chelating and monoconnective S donor atom is known, with further coordination by a 2,4,6-tris(2-pyridyl)-

1,3,5-triazine-N, N,N ligand.43 
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Figure 1.6. Example of a neutral Ni(II) complex containing both a chelating and monoconnective  S bound 

dithiophosphonato ligand 

 

The asymmetric nature of the dithiophosphonato ligand has given rise to its formation of isomers. 

Generally, the formation of trans isomer is the exclusive isomer (in solid state) to dithiophosphonate 

complexes but only for Ni(II) exceptions has been observed with the occurrence of a cis isomer, commonly 

under rare circumstances, such as extensive hydrogen bonding.44 The Ni(II) complexes with square planar 

geometry has shown to take on two different isomeric configurations, trans with the ferrocenyl groups on 

the opposite side of  the square plane and cis with the ferrocenyl groups on the same side of the square 

plane27; there is a proof to show that the isomerization takes place via a cis-ML2(solv)2 intermediate, see 

Scheme. 1.3.  Formation of 6-coordinate Ni(II) complexes of the type [Ni{S2PAr(OMe)}2(py)2] with py 

ligands opposite (trans) to each other in a virtual octahedral geometry has been described by adding pyridine 

to trans-[Ni{S2PAr(OMe)}2].45-46 
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Scheme 1.3. Interconversion between cis/trans isomers in a square planar Ni(II) complex 

There has been reports on structures with a hydroxyl group in the complex, of the type [Ni{S2PAr(OH)}2]47. 

The first related structure with a hydroxyl/ferrocenyl moiety is reported in this thesis (Chapter 3). A phenol 

derivative in a complex of the type [Ni{S2PAr(O-2,4-C6H3(tBu)2)}2],48 and an alkyl group bound directly 

to the P atom in type [Ni{S2PEt(OCH(CH3)2)}]49 are also known. Generally, the majority of Ni(II) 

complexes are mononuclear but an exception of an interesting tetranuclear complex (Figure 1.7) was 

reported by Rothenberger et.al. and the first such complex with the corresponding ferrocenyl moiety is 

reported in this thesis (Chapter 3).  
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Figure 1.7. A tetranuclear Ni(II) complex containing 4- and 6-coordination around the metal center 

A variety of new nickel(II) complexes are described in this work and they are all in agreement with 

binding modes that have all been observed for P/S type ligands. All our nickel complexes from the 

traditional route are conformable to those synthesized via a green route where there are less expended cost 

and time together with the elimination of hazardous waste. 

1.5.2 Group 12: Zinc and Cadmium  

The reported dithiophosphonate complexes of Zn(II) (Figure 1.8) are typically seen with similar 

coordination mode,34,50-52 and mostly embrace a 4-coordinate pattern with both a chelating and bridging 

mode, simultaneously. They all exhibit 4-coordinate geometry and are dinuclear in nature with an 

anisobidentate bonding mode in all cases. The only exception to these complexes are two monoconnective 

S-bound moieties as well as derivatized bipyridine ligands that formed complexes with zinc(II) and led to 

the formation of a mononuclear coordination polymer.53  
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Figure 1.8. A typical 4-coordinate Zn(II) dithiophosphonate complex 

The cadmium(II) complexes are very similar to zinc(II) in terms of coordination and structural geometry. 

Both cadmium(II) and zinc(II) complexes are generally dinuclear, but because cadmium contains a larger 

atom size, the metal can accommodate larger coordination numbers. Few dinuclear 4-coordinate complexes 

of cadmium(II) has been reported54 however, the majority are 5-coordinate aniso- bidentate binding of 

Cd(II) containing two S-P-S chelates and a triconnective mode with an S-atom bridging two metal 

centers.55-57 Limited examples where two S-P-S chelating bipyridine derivatives led to the formation of 

mononuclear 6-coordinate coordination polymers has also been described.58-59 The general difference in 

their coordination mode may largely be due to Cd(II) being a soft Lewis acids, while Zn(II) is an 

intermediate Lewis acid/base and the dinuclear characteristics of the complexes generally result in the 

formation of an eight-membered ring comprising of two metal atoms, two phosphorus atoms, and four 

sulfur atoms.  

We report the synthesis of series of group 12 metal (zinc and cadmium) complexes in this work and they 

all conform to coordination modes that have all been observed for P/S type ligands. There is a deviation in 

the case where ligand to metal ratio was changed and coordination polymers resulted. All our zinc and 
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cadmium products from the traditional route are in agreement with those synthesized via a green route 

leading to less expended cost and time and also the elimination of hazardous waste. 

 

1.6 GREEN SYNTHESIS APPROACH TO PHOSPHOR-1, 1-DITHIOLATO LIGANDS, AND 

COMPLEXES 

Green chemistry is the design of chemical products and processes that lower or eradicate the generation of 

hazardous substances and waste.60 This concept of Green Chemistry was first developed at early 1990s61  

and the Environmental Protection Agency’s (EPA) efforts to speed the adoption of this revolutionary and 

diverse discipline have led to significant environmental benefits, innovation, and a strengthened economy.62 

The term Green Chemistry was first used by the EPA in the USA during the early 1990s.63,64 Since then, 

the methodology to pursue ‘environmentally friendly chemistry’ has greatly increased and green chemists 

are now investigating environmentally benign chemical processes that are simple, economical and able to 

reduce or eliminate risk to the environment.65  

Today, almost all manufacturing, research and processing industries—automotive, electronics, pulp and 

paper, chemical, mining, food, and cleaning depend on the extensive use of solvents. To satisfy this 

dependency, almost 15 billion kilograms of organic and halogenated solvents are produced worldwide each 

year.67 The solvents are used as process aids, cleaning agents, dispersants and as a solvent during synthesis, 

and these solvents inevitably end up leaching into our ecosystems68. In global efforts to reduce generated 

hazardous waste, “green” chemistry and chemical processes are continuously being integrated with modern 

developments in science and industry69.  

Dithio-organophosphorus compounds, used extensively in this study, are phosphorus-based and phosphorus 

is a critical element for our food production systems, manufacturing industries, and general economic 

growth. The current phosphorus (P) consumption rate is over 20 x 1012 g phosphorus per year70 while future 

demand is anticipated to be very high as illustrated in Figure 1.9. Therefore increasing use and demand for 
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dithio-organophosphorus compounds which are multiplying daily must be accompanied by green synthetic 

methods for it to be sustainable.   

 

 

Figure 1.9: Typical applications of phosphorus and phosphorus-based compound in our society71 

 

Unfortunately, a more immediate environmental problem is the widespread leakage of P to water bodies 

where it causes algal blooms, loss of aquatic biodiversity, and increased risk to human health.72 Phosphorus 

is therefore both a critical element and a pollutant and must be produced and used more efficiently and 

sustainably.73 Achieving long-term sustainability of phosphorus production and use in society will require 

insights from a variety of emerging approaches, including “green chemistry”. 



19 

 

The most vital aspect of green chemistry is the idea of design and all about the careful planning of chemical 

formation and molecular design to reduce the adverse effect on the environment.  The twelve principles of 

green chemistry are ‘‘design rules’’ to assist green chemists to realize their goal of sustainability.74 The 

Twelve Principles of Green Chemistry were first advocated by Anastas and Warner65 and are a globally 

accepted general set of criteria for assessment of the environmental acceptability of processes for the 

synthesis of chemical products. These principles are stated below:65 

 It is better to prevent waste than to treat or clean up waste after it is formed. 

 Synthetic methods should be designed to maximize the incorporation of all materials used in the 

process into the final product. 

 Wherever practicable, synthetic methodologies should be designed to use and generate substances 

that possess little or no toxicity to human health and the environment. 

 Chemical products should be designed to preserve the efficiency of the function while reducing 

toxicity. 

 The use of auxiliary substances (e.g. solvents, separation agents, etc.) should be made unnecessary 

wherever possible and, innocuous when used. 

 Energy requirements should be recognized for their environmental and economic impacts and 

should be minimized. Synthetic methods should be conducted at ambient temperature and pressure. 

 A raw material of feedstock should be renewable rather depleting wherever technically and 

economically practicable. 

 Unnecessary derivatization (blocking group, protection/deprotection, and temporary modification 

of physical/chemical processes) should be avoided whenever possible. 

 Catalytic reagents (as selective as possible) are superior to stoichiometric reagents. 

 Chemical products should be designed so that at the end of their function they do not persist in the 

environment and break down into innocuous degradation products. 
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 Analytical methodologies need to be further developed to allow for real-time, in-process 

monitoring and control prior to the formation of hazardous substances. 

 Substances and the form of a substance used in a chemical process should be chosen so as to 

minimize the potential for chemical accidents, including releases, explosions, and fires. 

Clark report in 1999 that in chemical synthesis,75 the ideal concept will be a combination of a number of 

environmental, health and safety, and economic goals which are illustrated in Figure 1.10. 

 

Figure 1.10 The ideal synthesis75 

It has recently been shown that while conventional synthesis methods have been greatly successful, they 

are inherently wasteful and make use of organic solvents which are toxic to the environment. As raw 

materials become more limited, it is essential that we strive to make synthetic chemistry more efficient.66 

Therefore, Chapter 2 of this thesis reports the green synthesis of dithio-organophosphorus ligand and 

complexes which are also based on the above principles of green chemistry. The aim was to ensure 
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prevention of waste, achieved full atom efficiency, achieved a one-step and faster synthetic route and 

eliminate solvent usage by grinding two reactants to obtain our product. Also, minimization of expended 

thermal energy, reduction of derivatives, and safer chemistry for accident prevention were all achieved. 

 

1.7 APPLICATIONS RELATED TO THIS STUDY 

Dithiophosphonate applications include, but are not limited to anti-wear additives in lubricant oils,76-78 

flotation reagents in the mining industry,78 and pesticides in agriculture.79 Research have also been 

channeled into the use of dithiophosphonates in making thin layers by chemical vapour deposition (CVD). 

In this study, we report a dye-sensitized solar cell application of dithiophosphonate complexes of interest 

as well as their biological application as an anti-bacterial.  Optical and theoretical studies on the new 

dithiophosphonate and complexes are also reported in this study. 

1.7.1 A Dye-Sensitized Solar Cell (DSC) Application of Ferrocenyl Dithiophosphonate 

Complexes  

The world’s demand for energy is expected to double by the year 2050 and triple by the end of the century.80 

A supply of inexhaustible energy is unavoidable for global political, economic and environmental stability. 

Global warming and environmental pollution caused by high consumption rate of fossil fuels have led to a 

greater focus on renewable energy sources and sustainable development. The development of carbon-free 

sources of energy that are scalable to meet increasing societal demands is, therefore, one of the major 

scientific challenges of this century. Hence, to replace fast depleting fossil fuels and its hazards arising from 

increasing global energy demands, the search for clean alternative energy sources is required. Solving this 

problem has placed solar cells, also called photovoltaic cells, at the centre of an ongoing research effort to 

utilize and exploit clean and renewable energy.81-87  

The development of dye-sensitized solar cells (DSC) based on nanocrystalline TiO2 thin films pioneered 

by O’Regan, Grätzel, and co-workers have gathered tremendous attention in the field of photovoltaics.86, 88-
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89. This interest emanated from the capacity of these devices to convert sunlight into electricity and this has 

proven to come with low fabrication cost, unlike traditional silicon-based solar cells.86 The major challenge 

scientists are facing in order to completely replace the conventional Si-based solar cells is in the area of cell 

efficiency improvements. Numerous approaches have been employed to enhance the photovoltaic 

performance of DSC in order tackle the problems of efficiency. These include, but are not limited to, the 

replacement of the commonly used liquid electrolyte with a solid or quasi-solid electrolyte,90-91use of 

nanocellulose-based electrolyte which can enhance the photocurrent by multiplanar scattering,90 the use of 

scattering photoanodes as described by Lu and co-workers.92 Turri and co-workers described the 

deployment of a luminescent external polymeric coating material,93 and finally co-sensitization, which may, 

in turn, be the most effective of all approaches to enhance DSC device performance. Co-sensitization is a 

way of employing a combination of two or more dyes on the same semiconducting film (usually titania), 

which can, as a result, extend the light-harvesting spectrum of the device and in turn enhance the 

photocurrent of the DSC. Records of high cell efficiency as result of co-sensitization are found in the 

literature. For example, up to 14.7% cell efficiency have been described by using the carbazole/alkyl-

functionalized oligothiophene/alkoxysilyl-anchor ADEKA-1 as a photosensitizer co-sensitized with the 

carboxy-anchor dye LEG-4.94 Also, cell efficiency of about 7% was achieved by employing NIR dyes as 

co-sensitizers as reported by Nazeeruddin.95-97 Porphyrin dyes was also mentioned in a few reports as co-

sensitizers for increasing the efficiency of individual cells.98-99  Organic dyes as co-sensitizers has also been 

found to enhance the performance of the ruthenium-based state-of-the-art dye abbreviated N719.100-106  

Investigations have shown that the majority of the research on improving DSC performance have been 

generally focussed on the selection of appropriate co-sensitizer and sensitizer combinations that can 

maximize the light-harvesting spectrum in order to enhance the photovoltaic efficiency of the device. In 

recent time, some d10 metal–organic complexes were developed into DSCs as co-sensitizers and were 

described to show promising cell performance.107-113 However, researchers are still confronted with the 

challenges of competitive light absorption which can affect the performance of DSC,114 such as the 
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conventional redox mediator, Iˉ/I3ˉ,115-116 the dyes’ aggregation,117-118 and the recombination of charge.119 

Therefore, it is necessary to not only look into maximizing the spectral absorption of the dye mixture but 

also to model co-sensitizers that can deal with the challenge of competitive light absorption by the Iˉ/I3ˉ 

redox couple, hence, the elimination of dye aggregation. 

Kumar and co-worker have shown that ferrocene can be utilized as an antenna in DSC120 and have  described 

the light-harvesting properties of the homo- and heteroleptic complexes of ferrocenyl dithiocarbamates,121-

124 π-conjugated derivatives of ferrocene with different anchors, like hydroxyl, carboxyl and aldehyde, as 

well as quinoxaline derivatives of the biferrocenyl moiety with different anchors.125 They recently reported 

results of an investigation related to ferrocenyl dithiocarbamates as a possible co-sensitizer to be 

implemented in DSCs.104, 120 Ferrocenyl-substituted triphenylamine-based donor–acceptor dyes for use in 

dye-sensitized solar cells was also recently reported by Misra et al.126 The electronic absorption band of 

ferrocenyl systems at around 450 nm127-128 has demonstrated their capability to compensate for weak 

absorbance of  the state-of-the- art-dye, N719, which is found at a lower wavelength region. It has also been 

reported that N719 is capable of accepting the photoluminescent energy of ferrocenyl complexes and 

expanding its spectral output as a result of d10 transition metal complexes of ferrocenyl ligand having 

excitation at around 450 nm exhibiting photoluminescence that overlaps with the absorption spectrum of 

N719.129  

Taking this into consideration, we report in Chapter 5 of this thesis the first co-sensitization applications 

of transition-metal ferrocenyl dithiophosphonates in dye-sensitized solar cell. Ni(II), Zn(II) and Cd(II) 

ferrocenyl dithiophosphonate complexes were co-sensitized with a state-of-the-art-dye (N719) and great 

improvement in the DSC performance resulted. 
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1.7.1 Antibacterial Studies of New Phosphor-1, 1-Dithiolate Ligands, and Complexes 

Microorganisms have existed on the earth for more than 3.8 billion years and exhibit the greatest genetic 

and metabolic diversity amongst all species147. In the 1670s, Antoni van Leeuwenhoek identified bacteria 

for the first time with the aid of the microscope he invented for the observations of muscle fibres, bacteria, 

spermatozoa, and blood flow in capillaries.148-149 But the connection of these bacteria with the disease was 

not discovered until the nineteenth century. Robert Koch, a scientist in 1880's discovered the 

microorganisms that are responsible for diseases such as tuberculosis, cholera, and typhoid.149-150 In 1904, 

Paul Ehrlich, a Nobel Prize winner, developed a field which he defined as chemotherapy— the use of 

chemicals against infection, meaning chemicals at concentrations permitted by the host could interfere with 

the proliferation of microorganisms.149 A purely synthetic antimicrobial drug, known as salvarsan, an 

arsenic-containing compound, demonstrated to be viable against the protozoal malady dozing disorder 

(trypanosomiasis), and the spirochaete ailment of syphilis was developed by Ehrlich in 1910.151 Until the 

discovery of penicillin in the 1940s by Florey and Chain, an outstanding agent in terms of safety and 

efficacy which saved several lives of infected soldiers during World War II.149, 152-153  Disease-causing types 

of microorganisms have put up resistance to constant bombardments which sought to deprive them of their 

host using antimicrobial agents.154 Many antibacterial agents have been developed to combat bacterial 

diseases such as syphilis, tuberculosis, bubonic epidemic, diphtheria, typhoid, gas gangrene, tetanus, 

gonorrhea, and leprosy.149 Presently, resistance to antimicrobial agents among bacteria, parasites, viruses 

and other disease-causing organisms has become public health challenges worldwide.153 A major setback 

in the development of antibiotics and their application to clinical medicine has been the enhancement of 

bacterial resistance towards antibacterial drugs. This may be largely due to constant use of antibiotics which 

in turn increases selective pressure in the bacteria population, thereby permitting the survival of the resistant 

bacteria and eradication of the susceptible ones.155 The mechanisms, as well as the chemical nature of the 

antimicrobial agents, play a key role in bacterial resistance development.154 Mechanisms by which 
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antibacterial agents act can be categorized based on the bacterial structure or the function that is affected 

by the chemotherapeutic agents,154, 156 includes:  

 Inhibition of cell metabolism  

 Inhibition of nucleic acid transcription and replication.  

 Inhibition of the bacterial cell divider amalgamation.  

 Inhibition of ribosome function.  

 Inhibition of folate metabolism.  

Because antimicrobial resistance is fast becoming a global concern with the rapid increase in multidrug-

resistant bacteria,157 this has led to a continuing search for new antimicrobial compounds, including 

coordination complexes of biologically important molecules.158-159 This makes the activity of 

dithiophosphonate complexes of great interest.160  Although there are many dithiophosphonate derivatives, 

only a few antibacterial activity studies relative to this class of compounds are present in literature.161-163 

In Chapter 6 of this thesis, we report antibacterial susceptibility tests on the following bacteria:  

Methicillin-Resistant Staphylococcus aureus (MRSA), Escherichia coli, Staphylococcus aureus, Klebsiella 

pneumoniae, Bacillus subtilis, and Shigella dysenteriae, Pseudomonas aeruginosa, Klebsiella oxytoka, and 

Salmonella sp using our new dithiophosphonate compounds at various concentrations.  
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1.8 AIMS AND OBJECTIVES OF THE STUDY 

The main aims of the study are as follows: 

Synthesis and characterization of new dithiophosphonate acids and salts to be used as ligands. 

Synthesis and characterization of new Ni(II), Cd(II) and Zn(II) dithiophosphonate complexes.  

The investigation into the dye sensitized solar cell and antibacterial applications of selected complexes.  

The research objectives are as follows: 

 The design of a green and sustainable (solventless) route to the synthesis of new dithiophosphonate 

ligand and metal complexes and comparing the advantages of such with traditional methods. 

 Synthesis and characterization of new dithiophosphonate ligand systems based on Lawesson’s 

reagent and ferrocenyl derivative of Lawesson’s reagent (FcLR) using water, aliphatic alcohols, 

and amino alcohols. 

 Synthesis and characterization of new metal (Zn, Cd, Ni) complexes of water, aliphatic alcohols 

and amino alcohols derivatives of dithiophosphonate ligand. 

 Full characterization of all new compounds isolated using NMR spectroscopy (1H, 31P, 13C), FTIR 

spectroscopy and mass spectrometry.  

 Investigate representative X-ray crystallographic studies of new ligands and complexes. 

 Investigate novel optical (solid-state luminescence and UV) studies on dithiophosphonate 

complexes derived from this work. 

 Perform computational/theoretical studies on crystallographic structures of dithiophosphonate 

complexes obtained in this work. 

 Carry out dye sensitized solar cell (DSC) investigations of new ferrocenyl dithiophosphonate 

complexes.  

 Carry out antibacterial studies on selected metal complexes of dithiophosphonate ligands.  
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1.9 OVERVIEW 

This thesis is divided into 8 chapters and below is a summary of the contents of each chapter. 

Chapter 1: The present chapter gives a broad literature overview of the main topics touched upon in this 

thesis. It starts with a general introduction to the phosphor-1,1-dithiolate class of ligands, and the 

dithiophosphonate ligand class in particular, as well as the role of diphosphetane disulfide dimers as 

important starting materials for ligand synthesis. The major synthetic routes to dithiophosphonates and the 

need for green and sustainable synthetic routes. The DSC application is outlined with respect to the 

improvement of the device’s efficiency. The antibacterial application is summarized with respect to solving 

antibacterial agent resistant challenges.  The chapter also contains the main aims, objectives, and overview 

by a chapter of the thesis. 

 

Chapter 2: This chapter describes green and modified conventional route to the synthesis of new 

dithiophosphonate ligand systems and Ni(II), Cd(II), and Zn(II) complexes. It also presents characterization 

and experimental data pertaining to the new ligands and complexes which are synthesized in this study. A 

summary of the discussion on characterization data result contained in this chapter include, NMR (31P, 13C, 

1H) spectroscopic data, selected IR bands, mass spectroscopic result, crystallographic data percentage yield 

and melting points. 

 

Chapter 3: This chapter contains a synthesis of new ferrocenyldithiophosphonate ligand and transition metal 

complexes. It also contains characterization and experimental data pertaining to the new synthesized ligand 

and complexes. A summary of the discussion on characterization data result contained in this chapter 

include, NMR (31P, 13C, 1H) spectroscopic data, selected IR bands, mass spectroscopic result, UV, 

crystallographic data, percentage yield and melting points. 
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Chapter 4: This chapter contains a synthesis of new zwitterionic dithiophosphonate ligands and their Ni(II), 

Cd(II), and Zn(II) complexes. It also contains characterization and experimental data associated with the 

new synthesized ligands and complexes. A summary of the discussion on characterization data result 

contained in this chapter include, NMR (31P, 13C, 1H) spectroscopic data, selected IR bands, mass 

spectroscopic result, UV, crystallographic data, percentage yield and melting points. 

 

Chapter 5: Contains a dye sensitized solar cell application of new ferrocenyl dithiophosphonate complexes 

studied in this work. The discussion of data results contained in this chapter centers around the photovoltaic 

parameters of the cells, electrochemical impedance spectroscopic data, and cyclic voltammetry data.  

Comparison of solar efficiency measurement of the state-of–the-art dye (N719) with those sensitized with 

ferrocenyl dithiophosphonate complexes from this work is reported in this chapter. 

 

Chapter 6: This chapter contains antibacterial susceptibility testing on new dithiophosphonate ligands and 

complexes investigated in this work. The susceptibility test against Gram-negative and Gram-positive 

human pathogenic bacteria are reported in this chapter. 

 

Chapter 7: This chapter conclude by summarizing the main findings of the study contained in this thesis 

and highlight potential future works along the same topic 
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CHAPTER 2 

 

SOLVENT-FREE MECHANOCHEMICAL SYNTHESIS OF 

DITHIOPHOSPHONIC ACIDS AND CORRESPONDING TRANSITION 

METAL COMPLEXES 

 

2.1 BACKGROUND 

Dithio-organophosphorus compounds are used in diverse and important areas of the chemical and allied 

industries. Applications range from anti-oxidant additives in the oil- and petroleum industry,1 zinc 

dithiophosphates, in particular, have been used as a lubricant additive (antioxidant) for the past 60 years.2 

There has also been a drive toward so-called green lubricants,3 agricultural pesticide derivatives,4 and metal 

ore extraction reagents as well as flotation agents in the mining industry.5 Within the realm of green 

chemistry, Anastas and co-workers recently suggested a structural modification in organophosphorus 

compounds to reduce toxicity could be achieved by replacing the present oxono analogues as 

acetylcholinesterase (AChE) inhibitors by the less reactive thiono analogues.6 Additionally, there has been 

a call to observe the sustainability of global phosphorus (P) use, which is emerging as a major societal goal 

to secure future food, energy, and water security for a growing population – the so-called greening of the 

phosphorus cycle.7 While there is an initiative to become more aware of solvents from nature,8 conventional 

synthesis methods still greatly rely on inherently wasteful organic solvents which are toxic to the 

environment. Solvent-free methods are therefore considered more beneficial.6  Solvents are commonly used 

as process aids, cleaning agents, dispersants and in R&D synthesis which typically ends up leaching into 

surrounding ecosystems.9 The phosphor-1, 1 dithiolate class of compounds is varied and include, amongst 

others, the dithiophosphates A, dithiophosphinates B, and dithiophosphonates C, shown in delocalized form 

across the S-P-S bonds in Figure 2. 1. The dithiophosphonato ligand, C, which is the focus of the present 

study, may be described as a hybrid of A and B.10 The literature reveals that11 type C acids were slow to 
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develop compared to the better established [HS2PR2] and especially [HS2P(OR)2] counterparts. A reason 

for this may be the unavailability of key starting materials, but this impediment changed with the 

development of dimers of the type [RP(µ-S)S]2 (R= aryl) which have traditionally been used by organic 

chemists to convert ketones into thiones.12  

 

 

Figure 2.1: Different types of the most common phosphor-1, 1,-dithiolates 

 

The preparation and characterization of the phenyl-derived dimer [PhP(µ-S)S]2 was first described in 1962 

but the procedure is decidedly the very antithesis of a green chemistry methodology and requires the use of 

wasteful excess and toxic H2S gas introduced sub-surface at elevated temperature (>210°C) with  the release 

of copious amounts of corrosive HCl as by-product.13-14 A significant improvement came in 1978 when 

Lawesson and co-workers reported15 the reaction between the electron-rich aromatic anisole and P4S10 

which leads directly to the formation of dimer 2,4-bis(4-methoxyphenyl)-1,3-dithiadiphosphetane-2,4-

disulfide, [(4-MeOC6H4)P(µ-S)S]2, albeit with the release of stoichiometric amounts of H2S gas, but without 

the release of HCl, Scheme 2.1. Anisole serves as both the solvent and reactant and this dimer has become 

known as Lawesson’s Reagent (LR) in the vernacular of dithiophosphonates, it is commercially available 

and its general chemistry has been comprehensively reviewed.16 
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Scheme 2.1: Synthesis of the dimer [PhP(µ-S)S]2 (above) and below the greener version in Lawesson’s 

Reagent (LR). 

 

Although the conversion of ketones into thiones still occupy the largest share of LR’s utility, alcoholysis 

of dithiadiphosphetane dimers, including LR, yields the corresponding dithiophosphonic acid.17 A wide 

variety of alcohols are now known to be utilized in this manner, including unsaturated (allyl), sterically 

demanding (adamantyl), and quasi-strained (cyclopentyl), in addition to the reaction of LR with silanols 

and trialkyl silanols. Although the release of H2S is typically discouraged in chemical synthesis, it is 

noteworthy to point out that reactions which slowly release H2S are now actively pursued in medicinal 

chemistry. For example, the generation of H2S from the phosphinodithioate slow-release donor GYY4137 

has been investigated and the key decomposition products formed during hydrolysis have been identified 

as well as the mechanism by which H2S is generated.18 

This thesis investigated phosphor-1,1-dichalcogenates of the late-transition metals (Groups 10 & 12),19, and 

report i) an entirely green and solvent-free synthesis method for dithiophosphonic acids at 100% atom 

economy and ii) using the unmodified acid ligands directly in the formation nickel and zinc (II) complexes.  
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2.2     RESULTS AND DISCUSSION 

2.2.1 Synthesis of Dithiophosphonic Acids 

The conventional synthesis methodology used to form dithiophosphonic acids, HS2PR(OR’), typically starts 

with the anisolyl derived Lawesson’s Reagent (LR), although the phenetolyl11  and even ferrocenyl20 

versions of the dimer have also been successfully utilized. LR is placed in a Schlenk tube and heated to 

~80℃ using an oil bath followed by the slow addition of the appropriate alcohol. A small amount of inert 

solvent such as toluene is added to give the magnetic stirrer bar mobility. The addition of solvent 

immediately leads to a dilution effect, which in turn results in more time needed for the reaction to proceed 

to completion.  Afterward, the acid needs to be separated from the solvent, which requires further heating 

for distillation, and loss of yield is inevitable. The acid is generally very viscous and difficult to manipulate 

but can be precipitated as an ammonium salt by bubbling ammonia through the solution in an ice bath at 

0℃ which turns it into a free-flowing powder upon drying. 

By contrast, the green synthesis methodology described in the present study circumvents many of these 

obstacles.  LR is placed in a Schenk tube and is covered under a blanket of nitrogen to avoid hydrolysis, 

vide infra.    At room temperature, 2 molar equivalents of mono-hydroxy alcohols (ie simple alcohols such 

as MeOH, EtOH, etc.) are dripped directly onto LR; higher alcohols such as diols (ethylene glycol), 

pentaerythritol, etc. would require different molar ratios, see Figure 2.2. Mechanochemical synthesis in 

general terms refers to reactions induced by the input of mechanical energy, usually grinding.21-22  Once the 

alcohol is added, the mixture is gently ground, Scheme 2.2. This process appears very deceptive because 

initially, it seems that no reaction is taking place. It is suggested that it is for this reason that previous 

attempts at mechanochemical synthesis for this system had been prematurely abandoned. But the reaction 

dynamics changes quite dramatically in less than 5 minutes when the mixture turns viscous, subsequently 

identified as the acid product. This highlights another advantage of the green method, namely the reaction 

both starts and finishes at room temperature, giving no opportunity for any alcohol to evaporate through 
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extensive heating during the reaction.  By contrast, conventional methods require much longer (>30 min.) 

reaction times.  

 

 

Scheme 2.2. Comparison between the Traditional and Green chemistry method for the formation of 

dithiophosphonic acids. 

 

 

 

 

 

 

 

 

 

Figure 2.2.  Photographs demonstrating the progress of the green synthesis of 

dithiophosphonic acids. (Left): In a ~2 cm diameter Schlenk tube, under a blanket of 

nitrogen, two molar equivalents of water or simple alcohols are dripped slowly via a 

disposable syringe onto yellow Coloured solid Lawesson’s Reagent. (Middle): After 

addition of liquid, the mixture is gently ground with a glass rod at room temperature. 

(Right): In less than 15 minutes for 1, and less than 5 minutes for 2-4 the dithiophosphonic 

acid forms (shown in close-up) as a viscous liquid.   
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Theories to comprehensively explain the reaction chemistry at the solid-liquid interface during solvent-free 

mechanochemical processes are lacking. Following from work by Paul and Curtin23  Bala and Coville 

reviewed different scenarios for melt reactions24 (a sub-class of solvent-free reactions) most commonly 

observed for solid-solid and solid-gas reactions that can be described as binary systems with a minimum 

eutectic temperature. In this study, the focus is on a solid-liquid interface system which appears to be a rare 

example to both starts and finish at room temperature. We focused on alcohols in liquid form as one reagent 

which was all very efficient for this particular transformation; we also attempted materials with alcohol 

functionalities in solid forms, such as cholesterol etc., but they were less efficient and require further 

optimization. 

2.2.2 Preparation of Ni(II), Cd(II) and Zn (II) Dithiophosphonate Complexes 

Once the dithiophosphonic acids 1-4 could be routinely formed, the investigation moved to their use as 

ligands to form metal complexes. Here the goal was not to produce new metal complexes through 

conventional solvent-based methods, but instead to show a new green and sustainable synthesis 

methodology. We started from the hexahydrate NiCl2‧ 6H2O (distinct green colour) and formed Ni(II) 

dithiophosphonates which have a distinctly purple colour, allowing for simple colorimetric means to detect 

product formation. The most abundant metal complexes reported containing the dithiophosphonato ligand 

is that of Ni(II) yet to date they were all formed by traditional means. Zn(II) and Cd(II) dithiophosphonate 

complexes were subsequently formed in a similar manner. This new methodology departs from the 

conventional methods in a number of ways: i) we found no need to first convert the ligands to their  

respective ammonium or sodium salts, but used the ligands in acid form directly, ii) this had the advantage 

that no filtration step (to remove NH4Cl and/or NaCl) was later needed, iii) the reaction proceeded without 

solvent and at room temperature, and iv) there was no need to first isolate the ligand before commencing 

to complex formation, since the ligand formed in >98% yield in step 1, without unwanted side-products, 

complex formation was immediate by adding the Ni(II), Cd(II) and Zn(II) precursor. The yields for the 

acids were all exceptionally high that we attribute to i) the 100% concentration of the reactants in intimate 
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contact with each other (no solvents, no dilution effects) and ii) the oxophilic nature of the P atom which 

would always prefer P-O binding to P-S binding, the former providing a continuous driving force for the 

reaction to reach completion. The yields for the nickel, cadmium, and zinc(II) complexes were slightly 

lower but still much higher than could be achieved by synthesis through conventional means, which we 

ascribe to the absence of salt formation as a by-product, negating extraction and filtration steps.  The 

reaction is shown below in Figure 2.3 and Scheme 2.3.  

 

Figure 2.3. .Photographs demonstrating the immediate colorimetric change by reacting neat viscous 

dithiophosphonic acid (left) with solid NiCl2‧ 6H2O (green, not shown), followed by gentle grinding 

resulting in the distinct purple coloured [Ni{S2P(OR)(4-MeOC6H4)}2] complexes forming within seconds 

(right). 

 

 

 

 

 

Scheme 2.3.A synthetic method for the formation of Ni(II) complexes (representative scheme). 
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Again, as is the case for the acids, we propose mechanochemical synthesis for this system had been 

overlooked due to the preconceived notion that the reaction always requires a solvent. For example in 1997, 

Verani and co-workers reported25 a number of [Ni{S2P(OR)(4-MeOC6H4)}2] (R = Me, Et, iPr) complexes 

similar to those in the present study. A typical synthesis started in a favorable green manner by adding 

equivalent amounts of nickel(II) chloride and LR but then turned conventional by suspending the solids in 

a huge excess (100 mL) of the appropriate alcohol, ROH. The stirred reaction mixture was refluxed for 1–

3 h, then filtered and the solvent was removed under vacuum. In the present study, we hope to demonstrate 

the excess alcohol is not required, thus negating additional reflux, filtration, and solvent and waste removal 

steps.  

We are aware of only two examples where Ni(II) had previously been used in a solvent-free system for any 

ligand, the one was obtained by mechanochemical and the other by thermochemical means. The use of 

dimethylglyoxime (H2dmg) as a chelating agent for the gravimetric analysis of Ni(II) was discovered by 

Tschugaeff in 1905.26 Yet the mechanochemical preparation of [Ni(Hdmg)2] and [Ni(H2dmg)2]2+ from 

nickel halides and H2dmg was only reported a century later.27 Thermochemical work by Fabrizzi and co-

workers focused28 on a nickel(II) bis(diamine) complex having a pink-red nitro isomer and a blue coloured 

nitrito isomer. The facile reversible thermally induced nitro–nitrito interconversion for the design of 

thermochromic devices was studied.   

 

2.2.3 Characterization 

This study reports the first series of characterized dithiophosphonic acids by green methods. Due to the 

viscous nature of the acids, we did not attempt to measure the boiling points. The melting points for the 

Ni(II), Cd(II) and Zn(II) complexes were determined and complexes 7 and 8 were within 1℃  from identical 

complexes previously reported.25 Together with satisfactory elemental analysis (see Table 2.1) bulk purity 

was satisfactory. The melting point for complex 6 differed substantially from the literature value,25 but bulk 

purity was established based on elemental analysis and NMR results which negated the possibility of 
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solvated molecules present in the as-prepared crystal structure.  Complex 5 has no precedent with 2 water 

hydrate molecules; there are related complexes reported with THF solvates, and with much higher melting 

points. Electrospray ionization (negative) mass spectrometry (EI-MS) results were obtained for the acids. 

The EI- mass spectrum for acid 1 showed a peak at m/z 218 corresponding to [(1 – H) +, 15%]. For acid 2 a 

peak at m/z 232 corresponded to [(2-H) +, 100%]. Acid 3 is the only product that did not show an (M-H)+ 

peak at expected m/z 246, but instead a peak at m/z 232 corresponding to the replacement of an S by an O 

atom either before or during the experiment, [(3-H-S+O)+] or [(3-H-O)+] while for acid 4 there was a peak 

at m/z 261 corresponding to [(4-H)+, 65%]. It was further noted that all acids 1-4 showed a peak at m/z 

232.98 of significant intensity, including 1, which has a formula weight below 232. This peak could not be 

assigned with accuracy but presumably, derives from a hydrolysis or oxidation (or both) event either before 

or during the experiment, see NMR results for further discussion.  In the 1H NMR, the S-H peaks for the 

acids 1-4 are the only peculiarity to point out. There are other reports where the S-H proton for acids of the 

related dithiophosphates are not observed or recorded.29 The S-H proton was observed for 1 at δ (ppm) = 

1.76 and for 2 at δ (ppm) = 3.41 whilst no S-H peaks were observed for 3 and 4. Note the distinct upfield 

shift for 1 compared to 2; a similar effect was observed for the corresponding complexes 5 and 6 in the 31P 

NMR, see below. We nevertheless substituted H2O for D2O (1) and MeOH for CD3OD (2) and noted the 

previously observed S-H protons have now both disappeared.  The 31P NMR spectra of all the acids show 

singlet peaks in the range 74 to 89 ppm, but this requires a cautionary note. Initially, we made no attempt 

to keep the reaction in an inert environment because it was reasoned that the product forms rapidly and 

there is not sufficient time for side-products to form. But the 31P NMR spectrum for each acid we obtained, 

under those circumstances, showed two singlet peaks ca. >10 ppm apart, with the upfield peak of lesser 

intensity but growing more intense over time, and with further peaks also developing upfield over time. 

The formed acids are racemic mixtures of (R) and (S) chiral enantiomers, and as such, they cannot be 

differentiated by NMR, Figure 2.4. No attempt was made to separate the enantiomers of the racemic 

mixture. It became clear that additional by-products formed. The appearance of the by-products (see below) 
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could be explained, but it should be pointed out the by-products can easily be avoided by keeping the whole 

system continuously under an inert atmosphere.  

 

 

 

 

Figure 2.4.The products formed are a racemic mixture of S and R chiral enantiomers of 

dithiophosphonic acids. An = anisolyl 

 

 

What was observed with regards to by-product formation was akin to a reported series of elegant hydrolysis 

studies performed by Burn et al.30-32 more than 2 decades ago. They followed the mechanistic and kinetic 

hydrolysis pathway (by 31P NMR) of the zinc(II) dithiophosphate [Zn{S2P(OEt)2}2] in 10-fold water excess 

and at 85℃, and could monitor the replacement of S atoms by O atoms, as well as C-O bond cleavage, 

giving rise to sequential higher upfield shifts, right to the final hydrolysis product, H3PO4, at 0 ppm. It is 

clear from those studies that the ultimate fate of possibly all phosphor-1,1-dithiolate acids, salts, and 

complexes, in the presence of moisture (hydrolysis) and oxygen (oxidation), is phosphoric acid, but this 

can be well avoided by excluding both H2O and O2 from the system.  The 31P NMR of the Ni(II) complexes 

showed singlet peaks for both [Ni{S2P(OH)(4-MeOC6H4)}2] 5 at 58.12 ppm and for [Ni{S2P(OCH3)(4-

MeOC6H4)}2] 6 at 104.40 ppm; a remarkable difference of 46 ppm between seemingly closely related 

complexes, see Figure 2.5. The resonance peak for 5 is in close agreement to the complex [Ni{S2P(OH)(4-

MeOC6H4)}2(THF)2] reported by Rothenberger and co-workers, but in their case they found two resonance 

peaks at  δ (ppm) = 42.3 and 56.9 that they assign to partial decomposition, this study only found one peak.  

It should also be pointed out that the heavily solvated tetranuclear Ni(II) complex 

[Ni2{AnP(O)S2}2(THF)2(H2O)2]2 had a 31P NMR resonance peak at 56.1 ppm.33  
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Table 2.1. Yield, melting points, EI-MS, 31P NMR and elemental analyses data for 1-16. 

 

Entry 

 

%Yield 

 

m.p(℃) 

 

EI-MS 

 

31P NMR 

Elem. anal. /%   

H C 

1a 98 liquid 218 [(M-H)+ 5%] 74.1 N/O N/O 

2 98 liquid 232 [(M-H)+100%] 89.5 N/O N/O 

3 99 liquid 232 [(M-H-O)+ 100%] 86.4(102.9)h N/O N/O 

4 98 liquid 261 [(M-H)+ 65%] 84.2 / 84.3c N/O N/O 

5b 96 125 (N/A) d N/O 58.1 (56.1) e 3.55 (3.24) 32.91(33.82) 

6 96 160 (184)f N/O 104.4(105.7) g 3.77 (3.84) 36.65 (36.59) 

7 97 130 (131) f N/O 101.9(102.2) g 4.29 (4.37) 39.12 (39.08) 

8 97 167 (168) f N/O 97.7 (99.1) g 4.82 (4.85) 41.39 (41.32) 

9 97 131 (N/A) N/O 57.1 3.67(3.20) 33.12 (33.37) 

10 98 169 (N/A) N/O 103.04(105.1)h 3.85 (3.79) 35.99 (36.13) 

11 94 176 (N/A) N/O 99.7(101.3)h 4.21 (4.32) 38.52 (38.61) 

12 93 171 (N/A) N/O 98.8. (98.5)h 4.72 (4.80) 39.98 (40.85) 

13 95 166(N/A) N/O 59.7 3.03 (2.93) 30.12 (30.52) 

14 97 156(N/A) N/O 86.9(109.8)h 3.29 (3.48) 33.02 (33.19) 

15 96 162(N/A) N/O 84.3(106.5)h 4.02 (3.99) 36.12 (35.62) 

16 95 156(N/A) N/O 86.5(104.0)h 4.28 (4.44) 38.01 (37.83) 

Key to table: N/O = not obtained. a = all four acids (1-4) are viscous colourless liquids; b = all four Ni complexes (5-

8) are purple solids; c = in d6-DMSO; d = m.p.for related THF solvated [Ni{S2P(OH)(4-MeOC6H4)}2(THF)2]  and 

[Ni{S2P(OH)(4-MeOC6H4)}2(THF)4] is 195 (decomp.) and 250℃ (decomp.), respectively, after ref. 38; e = 

[Ni2{AnP(O)S2}2(THF)2(H2O)2]2  = 56.1 ppm (An = anisolyl), after ref. 43 ; f = after ref. 34; g = after ref. 44;h= after 

ref. 35 
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The 31P NMR of the Zn(II) complexes share a very close chemical shift with reported values by Woollins 

and co-workers35 though the 31P NMR  for Cd(II) complexes were not very close, their other properties are 

similar to what is found in the literature.  

 

 

 

 

 

 

 

 

  

 

Figure 2.5.The 31P NMR spectrums of [Ni{S2P(OH)(4-MeOC6H4)}2] 5 and [Ni{S2P(OCH3)(4-

MeOC6H4)}2] 6 showing singlet peaks at 58.12 and 104.40 ppm, respectively. Note the large shift of 46 

ppm for two closely related derivatives. 

 

2.2.3.1 Crystal structure 

Although complex 5 was obtained in high yield and had a singlet 31P NMR peak closely related to similar 

compounds (above), the as-prepared material had an unsatisfactory elemental analysis, and we suspected 

the presence of solvate, Table 2.1. This was indeed confirmed through X-ray studies of the complex. The 

starting NiCl2‧ 6H2O (0.5 g) leads to 12.62 mmol of free water (ca. 0.23 mL) upon reaction with the acid 

ligand. This is a sufficient volume to already wet all generated powder of the product, and only requires a 

few additional drops of water to partly solubilize the complex. Amongst all the complexes 5-16 formed, 
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complex 5, 9 and 13 were by far the most soluble in water. X-ray quality single crystals of 5 grew from the 

solution upon slow evaporation of the solvent. This is the first example of a decidedly ‘green structure’ for 

any Ni(II) dithiophosphonate complex reported to date, containing only hydrated waters, all others solvated 

structures contain organic molecules, especially THF.  The structure is shown in Figure 2.6, together with 

2 hydrated water molecules. The molecular structure is unsurprising, containing a 4-coordinate, slightly 

distorted square-planar geometry around the Ni(II) center with water solvate. The bond lengths and angles 

are comparable with related structures and the P-OH groups are in a trans orientation with respect to each 

other, generated by the Ni atom that acts as a crystallographic inversion center. Details of the X-ray data is 

shown in Table 2.2.    
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Figure 2.6. ORTEP molecular structure of Ni(II) complex 5. Notice the two hydrated water molecules 

 

Table 2.2:  Selected bond lengths (Å) and angles (°) 

  Bond lengths (Å) Bond angles (°) 

O(2)-P(1) 1.511(3) C(1)-P(1)-S(2) 107.63(11) 

P(1)-S(1) 2.0434(11) O(2)-P(1)-C(1) 109.88(15) 

P(1)-S(2) 2.0429(11) O(2)-P(1)-S(1) 115.62(11) 

S(1)-Ni(1) 2.2134(8) O(2)-P(1)-S(2) 116.33(11) 

S(2)-Ni(1) 2.2192(8) S(2)-P(1)-S(1) 98.90(5) 

Ni(1)- )-S(2a) 2.2192(8) P(1)-S(1)-Ni(1) 85.05(4) 

C(1)-P(1) 1.802(3) S(1)-Ni(1)-S(1a)   180 

  S(1)-Ni(1)-S(2) 88.93(3) 
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Table 2.3. Crystal data and structure refinement of 5. 

Empirical formula  C14H16NiO4P2S4.2H2O 

Formula weight  533.21 

Temperature/K  100(2) 

Crystal system  Monoclinic 

Space group  C2/c 

a/Å  23.7087(15) 

b/Å  7.4340(4) 

c/Å  13.4003(7) 

α/°  90 

β/°  105.507(4) 

γ/°  90 

Volume/Å3  2275.8(2) 

Z  4 

μ/mm 1  1.398 

F(000)  1168.0 

Crystal size/mm3  0.432 × 0.256 × 0.106 

Radiation  MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.566 to 57.028 

Index ranges  -31 ≤ h ≤ 31, -9 ≤ k ≤ 9, -17 ≤ l ≤ 17 

Reflections collected  21960 

Independent reflections 2888 [Rint = 0.029] 

Data/restraints/parameters 2888/2/150 

Goodness-of-fit on F2  1.031 

Final R indexes [I>=2σ (I)] R1 = 0.0506, wR2 = 0.1349 

Final R indexes [all data] R1 = 0.0524, wR2 = 0.1365 

Largest diff. peak/hole / e Å-3 1.71/-0.78 
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2.2.3.2 Solubility 

Although this thesis describes solvent-free methods to form acids and corresponding complexes, knowledge 

about the solubility of compounds, especially to choose the appropriate solvent for spectroscopic 

measurements, or generally where mechanochemical methods are not possible, is often useful. To this end, 

a series of qualitative solubility tests were performed on all the compounds, 1-16. Results are shown in 

Table 2.4 

Table 2.4. Solubility Data for Compounds 1-16 

Entry Acetone CH3CN EtOH Hexane  Ether    CH2Cl2    Water   THF      

1 I S VS I PS PS VS S 

2 I S VS I PS PS S S 

3 I I VS I PS PS VS S 

4 I S VS I PS PS S S 

5 PS I PS I PS S S VS 

6 PS I PS I PS VS I VS 

7 PS I PS I PS VS I VS 

8 PS I PS I PS VS I VS 

9 PS I PS I PS VS S VS 

10 PS I PS I PS VS I VS 

11 PS I PS I PS VS I VS 

12 PS I PS I PS VS I VS 

13 PS I PS I PS VS S VS 

14 PS I PS I PS VS I VS 

15 PS I PS I PS VS I VS 

16 PS I PS I PS VS I VS 

Key to table: I = Insoluble (the material was quantitatively recovered after filtration); PS = Partly Soluble 

(10% of the material dissolved); S = Soluble (80% of the material dissolved); VS = Very Soluble (a clear 

solution emerged immediately). The solubility data is based on the following experimental criteria: 0.02 g 

of the compound was dissolved in 1.0 mL of the appropriate solvent and was hard shaken for 5-10 

seconds at 23°C 
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A variety of solvents were tested over a wide range of dielectric constants, including protic/aprotic and 

polar/non-polar solvents. Noteworthy is for example how the acids are soluble in protic solvents such as 

water and ethanol, but the corresponding complexes are insoluble in those solvents.  

 

2.3    CONCLUSIONS 

The first mechanochemical synthesis procedure is described for the formation of dithiophosphonic acid 

derivatives by using green chemistry methods with 100% atom economy and essentially 100% atom 

efficiency. The procedure circumvented tedious consecutive steps such as heating, reflux, filtration, and 

solvent removal. In a proof-of-concept experiment, the acids were then used in situ to form Ni(II) 

dithiophosphonate complexes in high yield. The present study focuses on common alcohols in the liquid 

phase under ambient conditions. In future, the more challenging mechanochemical reaction where precursor 

alcohols are in the solid phase should be investigated. 
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2.4 EXPERIMENTAL 

 

2.4.1 Method 

 Mechanochemical grinding was carried out in a dried and clean standard schlenk tube (~2 cm diameter) 

using a ball head glass rod under a blanket of nitrogen. The Schlenk line is critical for this important 

reactions because it requires the minimization of contact with air or other airborne contaminants. 

2.4.2 Materials 

 Lawesson’s reagent was either purchased from Aldrich or prepared from literature procedures.34 All other 

reagents were used as purchased from Aldrich and used as received. Distilled water was used for the 

reaction and in all cases where water is required in this work. All other alcohols were either dried 

over calcium oxide or molecular sieves. 

2.4.3 Characterization Methods 

1H and 31P NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer. NMR data are 

expressed in parts per million (ppm) downfield shift referenced internally to the residual proton impurity 

in the deuterated solvent and are reported as chemical shift position (δH), relative integral intensity, 

multiplicity (s = singlet, d = doublet, t = triplet, sept = septet, and m = multiplet), coupling constant J in Hz, 

and assignment. 31P NMR spectra chemical shifts are reported relative to an 85% H3PO4 in D2O external 

standard solution, all at 298 K. The yields were determined by performing the reaction in a dry pre-weighed 

Schlenk tube, weighing the sample after drying. Mass spectra were recorded with a Waters Micromass LCT 

Premier TOF-MS. The mode of ionization was ESI (electrospray) negative, [M-H]¯. Samples were 

prepared to ~2ppm concentration in the desired solvent and infused into the mass spectrometer. Infrared 

spectra were recorded in the range 4000–380 cm−1 on a Perkin-Elmer Spectrum 100 FT-IR spectrometer. 
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2.4.4 Crystallography 

A crystal of complex 5, [Ni{S2P(OH)(4-C6H4-OMe)}2], with approximate dimensions 0.106 mm x 0.256 

mm x 0.432 mm, was mounted on a glass fibre with epoxy resin. All intensity and geometric data were 

collected on a Bruker APEXII CCD diffractometer equipped with a graphite monochromated Mo-Kα 

radiation (λ = 0.71073 Å). APEXII software was used for preliminary determination of the unit cell.35 

Determination of integrated intensities and unit cell refinement were performed using SAINT.36 The 

SADABS program was used to apply an empirical absorption correction37.The integration of the data 

yielded a total of 21960 reflections to a maximum θ angle of 28.51° (0.74 Å resolution). XPREP determined 

the space group to be C 2/c, with Z = 4 for the formula unit, C14H16NiO4P2S4.2H2O.39 The structure was 

solved with XS40 and subsequent structure refinements were performed with XL.41   A complete listing of 

crystallographic data and parameters are reported in Table 2.3 
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2.4.5 Ligand synthesis 

Hydroxy-4-methoxyphenyldithiophosphonic acid (1) 

Lawesson’s Reagent (1.0 g, 2.48 mmol) was placed in a 

clean and oven dried Schlenk tube, and distilled water (0.1 

mL, 4.90 mmol) was added. The reactants were ground 

together for 15 minutes under dried inert gas (N2). This 

derivative took the longest to complete the reaction 

compared to other alcohols that took <5 minutes. A viscous 

liquid formed. (1.06 g, 98.6 %). 31P NMR (CDCl3) δ: 74.13, 1H NMR (CDCl3) δ: 1.76 (1H, s, SH), 3.71 

(3H, s, ArOMe), 6.83 (2H, dd, 4JPH 2.62 Hz, 3JHH 9.0 Hz, m-ArH), 7.51 (1H, s, OH), 7.78 (2H, dd, 3JPH 13.8 

Hz, 3JHH 9.0 Hz, o-ArH). Selected FT-IR (4000–350 cm-1): 2945(m), 2305 (b), 1595 (s), 1501 (s), 1256 (s), 

1120 (s), 1023(s), 892(b), 803 (w), 612 (w) 526 (m). 

 

(Methoxy)-4-methoxyphenyldithiophosphonic acid (2) 

To a clean and oven dried Schlenk tube, Lawesson’s Reagent 

(1.00 g, 2.48 mmol) and methanol (0.2 mL, 4.9 mmol) was 

added. The reactants were ground together in the dried schlenk 

tube for about 2 minutes with a pestle-like glass rod. A viscous 

liquid resulted. (1.14 g, 98.5 %). 31P NMR (CDCl3)𝛿: 89.54. 1H 

NMR (CDCl3) δ: 3.41 (1H, s, SH), 3.81 (3H, d, 2JHH 8.7 Hz, 

CH3), 3.85 (3H, s, ArOMe), 6.92 (2H, dd, 4JPH 3.51 Hz, 3JHH 9.0 

Hz, m-ArH), 7.88 (2H, dd, 3JPH 14.4 Hz, 3JHH 9.0 Hz, o-ArH).  Selected FT-IR (4000-350 cm-1): 2941 (m), 

2433 (b), 1593 (s), 1498 (s), 1256 (s), 1114 (s), 827 (w), 679 (s) 530 (m). 
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(Ethoxy)-4-methoxyphenyldithiophosphonic acid   (3) 

 To Lawesson’s Reagent (1.00 g, 2.48mmol) in a clean and dried 

Schlenk tube, ethanol (0.3 mL, 4.9 mmol) was added. The 

reactants were ground together for 3 minutes until a viscous liquid 

formed. (1.21g, 98.90%). 31P NMR (CDCl3) δ: 86.56. 1H NMR 

(CDCl3) δ: 1.36 (3H, t, 3JHH 7.1 Hz, CH3), 3.78 (3H, s, ArOMe), 

4.25 (2H, m, 3JHH 7.2 Hz, CH2), 6.92 (2H, dd, 4JPH 3.3 Hz, 3JHH 9.0 

Hz, m-ArH), 7.88 (2H, dd, 3JPH 14.67 Hz, 3JHH 9.0 Hz, o-ArH). Selected FT-IR (4000-350 cm-1):2941 (m), 

2433 (b), 1593 (s), 1498.84(s), 1256 (s), 1114 (s), 827 (w), 679 (s) 530.65(m). 

 

Bis (Isopropoxy)-4-methoxyphenyldithiophosphonic acid   (4) 

To Lawesson’s reagent (1.00 g, 2.48 mmol) in a clean and oven dried 

Schlenk tube with pestle-like glass rod, dried isopropanol (0.4 mL, 

4.9 mmol) was added. The reactants were ground together for 3 

minutes until viscous liquid formed. (1.27g, 98.7%). 31P NMR 

(CDCl3) δ: 84.32. 1H NMR (CDCl3) δ: 1.40 (6H, d, 3JHH 6.0 Hz), 3.82 

(3H, s, ArOMe), 5.08 (1H, sept, 3JHH 6.4 Hz, CH), 6.95 (2H, d, 3JHH 

9.0 Hz, m-ArH), 7.90 (2H, dd, 3JPH 14.61 Hz, 3JHH 9.0 Hz, o-ArH,).  Selected FT-IR (4000–350 cm-1): 

2977(m), 2434 (b), 1595 (s), 1499 (s), 1255 (s), 1111 (s), 961(m) , 828(m), 617(s) 530 (m). 
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2.4.6 Metal Complex Synthesis 

[Ni {S2P(OH)(4-C6H4-OMe)}2],   (5) 

Non-green route: Ammonia gas was bubbled 

into compound 1 (1.00g, 4.54 mmol) and 

NiCl2.6H2O (0.45 g, 1.92 mmol) was added and 

ground together for 5 minutes. The immediate 

formation of a purple complex resulted.                                                                                                                                 

 Green route: Solid NiCl2‧ 6H2O (0.45 g, 1.92 

mmol) was added to acid 1 (1.0 g, 4.54 mmol) and ground together for 5 minutes. The complex was dried 

under vacuum to give a purple solid (1.09 g, 96.3%) which was crystallized by slow evaporation from small 

amounts of water to give purple colored X-ray quality crystals. 31P NMR (DMSO) δ: 58.12. 1H-NMR 

(DMSO) δ: 3.80 (3H, s, ArOMe), 6.95 (1H, d, J = 8.00, 19.3 Hz, m-ArH), 8.25 (1H, d, J=8.00, 17.5 Hz, o-

ArH). Selected FT-IR (4000–350 cm-1): 3109 (m), 2559 (b), 1593 (s), 1499 (s), 1260 (s), 1113 (s), 1028(s), 

937(s), 800 (w), 768(s) 619 (s) 546 (s) 

[Ni {S2P(OMe)(4-C6H4-OMe)}2]  (6) 

 A mixture of NiCl2‧ 6H2O (0.50 g, 2.13 mmol) and 

viscous acid 2 (1.00g, 4.30 mmol) were ground 

together and an immediate purple complex resulted. 

The complex precipitated upon addition of water and 

was then filtered under vacuum to give a dry purple 

solid (1.08 g, 96.8 %).31P NMR (CDCl3) δ: 104.4. 1H 

NMR (CDCl3) δ: 3.87 (3H, s, ArOMe), 3.99 (3H, d, J = 14.77 Hz, CH3), 7.00 (2H, d, J=5.92 Hz, m-ArH), 

7.99 (2H, d, J=5.92 Hz, o-ArH). Selected FT-IR (4000-350 cm-1):2968 (m), 2292 (b), 1593 (s), 1501 (s), 

1259 (s), 1116 (s), 962.38(b), 827 (w), 616 (s) 549 (s). 
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[Ni {S2P(OEt)(4-C6H4-OMe)}2] (7) 

 A mixture of NiCl2‧ 6H2O (0.48 g, 2.02 mmol) 

and viscous acid 3 (1.00 g, 4.0 mmol) was 

ground and an immediate purple complex 

resulted. Workup was performed as for 6 above. 

Dry purple solid (1.09 g, 97.8 %). 31P NMR 

(CDCl3) δ: 100.9. 1H NMR (CDCl3) δ: 1.35 (3H, 

t, J = 7.06 Hz,CH3), 3.8 (3H, s, ArOMe), 4.29 (2H, d, J = 17.13 Hz, CH2), 6.97 (1H, d, J = 8.72 Hz, m-

ArH), 7.91 (1H, dd, J=8.72,  Hz,o-ArH). Selected FT-IR (4000-350cm-1):2971 (m), 2288 (b), 1593 (s), 1498 

(s), 1257 (s), 1112 (s), 1020 (s), 800 (m), 616 (s) 551 (s). 

 

Ni{S2P(OiPr)(4-C6H4-OMe)}2], (8) 

 A mixture of NiCl2‧ 6H2O (0.45 g, 1.92 

mmol) and viscous acid 4 (1.00g, 3.8 

mmol) were ground together and an 

immediate purple complex resulted. 

Workup was performed as for 6 above. 

Dry purple solid (1.07g, 96.7%). 31P NMR 

(CDCl3) δ: 97.8. 1H NMR (CDCl3) δ: 1.41 (6H, d, J=6.16 Hz, (CH3)2), 3.81(s, 3H, ArOMe), 5.22 (1H, d, 

J=1.20 Hz, CH), 7.00 (1H, d, J=5.84 Hz, m-ArH), 8.01 (1H, d, J=5.84 Hz, o-ArH). Selected FT-IR (4000–

350 cm-1): 2967(m), 2274 (b), 1593 (s), 1501 (s), 1260 (s), 1116 (s), 1023(s), 959(m), 800 (w), 616 (s) 550 

(m) 
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[Zn {S2P(OH)(4-C6H4-OMe)}2],  (9)  

 Solid Zn (O2CCH3).2H2O (0.50 g, 2.27 mmol) was added 

to acid 1 (1.00g, 4.54 mmol) and were ground together for 

few minutes. An immediate white complex resulted. The 

complex precipitated upon addition of water was dried 

under vacuum to give a white solid (1.12g, 97.1%).31P 

NMR (DMSO) δ: 56.98, 1H-NMR (DMSO) δ: 3.79 (s, 3H, 

ArOMe), 6.95 (1H, d, J=8.58 Hz, m-ArH), 7.67 (1H, d, 

J=8.58,Hz, o-ArH). Selected FT-IR (4000–350 cm-1): 

3109(m), 2044 (b), 1593 (s), 1499 (s), 1253 (s), 1119 (s), 1080(s), 818(s), 668(s) 559 (s) 

 

 

[Zn {S2P(OMe)(4-C6H4-OMe)}2],  (10)  

 A mixture of Zn(OAc)2·2H2O (0.47 g, 2.14 mmol) and 

viscous acid 2 (1.00 g, 4.30 mmol) were ground 

together and an immediate white complex resulted. 

Workup was performed as for 6 above. Dry white solid 

(1.11g, 98.1%).31P NMR (CDCl3) δ: 103.04. 1H-NMR 

(CDCl3) δ: 3.87 (3H, s, ArOMe), 3.94 (3H, d, J=15.57 

Hz, CH3), 6.99 (2H, d, J=8.76 Hz, m-ArH), 7.98 (1H, 

dd, J=8.76, Hz, o-ArH). Selected FT-IR (4000-350 cm-

1):2836 (m), 2563 (b), 1592 (s), 1498 (s), 1255 (s), 

1113 (s), 1017 (b), 827 (w), 651 (s) 537 (s). 
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[Zn{S2P(OEt)(4-C6H4-OMe)}2] (11)  

 A mixture of Zn(OAc)2·2H2O (0.44 g, 2.00 mmol) 

and viscous acid 3 (1.00 g, 4.00mmol) were ground 

together and an immediate white complex resulted. 

Workup was performed as for 6 above. Dry white  

solid (1.05g,93.5%). 31P NMR (CDCl3) δ: 99.7. 1H-

NMR (CDCl3) δ: 1.42 (3H, t, J=7.04 Hz, CH3), 

3.81(s, 3H, ArOMe), 4.35 (1H, d, J=2.60 Hz, CH), 

6.98 (1H, d, J= 8.78 Hz, m-ArH), 7.98 (1H, d, J=8.78 

Hz, o-ArH). Selected FT-IR (4000-350 cm-1): 

2927.28(m), 2561 (b), 1592 (s), 1499 (s), 1256 (s), 1108 (s), 1019 (vs.), 802 (m), 772 (m) 651 (s), 619 (s) 

536 (s). 

[Zn{S2P(OiPr) (4-C6H4-OMe)}2],  (12)  

 A mixture of  Zn(OAc)2·2H2O (0.42 g, 1.92 mmol) and 

viscous acid 4 (1.00 g, 3.8 mmol) were ground together 

and an immediate white complex resulted. Workup was 

performed as for 6 above. Dry white solid (1.01g, 

90.4%).31P NMR (CDCl3) δ: 96.6. 1H-NMR (CDCl3) δ: 

1.45 (1H, d, J=6.16 Hz, (CH3)2), 3.81(s, 3H, ArOMe), 

5.15 (1H, d, J=2.24 Hz, CH), 6.98 (1H, dd, J=8.76 Hz, 

m-ArH), 7.97 (1H, dd, J=8.78, Hz, o-ArH). Selected 

FT-IR (4000–350 cm-1): 2975(m), 2058 (b), 1593 (s), 

1498 (s), 1253 (s), 1110 (s), 1099(s), 959(m), 828 (s), 

618 (s) 536 (m) 
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[Cd {S2P(OH)(4-C6H4-OMe)}2],  (13) 

 A mixture of CdCl2·2H2O (0.50 g, 2.27 mmol) and 

viscous acid 1 (1.00g, 4.54 mmol) were ground together 

and an immediate white complex resulted. Workup was 

performed as for 6 above. Dry white solid (1.18g, 

95.1%).31P NMR (CDCl3) δ: 89.67. 1H-NMR (CDCl3) δ: 

3.32(s, 3H, ArOMe), 6.37 (1H, dd, J=8.76 Hz, m-ArH), 

7.45 (1H, dd, J=8.78, 14.71 Hz, o-ArH). Selected FT-IR 

(4000–350 cm-1): 2975(m), 2058 (b), 1593 (s), 1498 (s), 

1253 (s), 1110 (s), 1099(s), 959(m), 828 (s), 618 (s) 536 

(m 

 

[Cd {S2P(OMe)(4-C6H4-OMe)}2],  (14) 

 A mixture of CdCl2.2H2O (0.47 g, 2.22 mmol) and 

viscous acid 2 (1.00 g, 4.30 mmol) were ground together 

and an immediate white complex resulted. Workup was 

performed as for 6 above. Dry white solid (1.20g, 

95.1%).31P NMR (CDCl3) δ: 89.54. 1H-NMR (CDCl3) δ: 

3.74(s, 3H, ArOMe), 3.92(3H, d, J=15.57 Hz, CH3), 6.88 

(1H, dd, J=8.76 Hz, m-ArH), 7.83 (1H, dd, J=8.78 Hz, o-

ArH). Selected FT-IR (4000–350 cm-1): 2975(m), 2058 

(b), 1593 (s), 1498 (s), 1253 (s), 1110 (s), 1099(s), 

959(m), 828 (s), 618 (s) 536 (m). 
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[Cd {S2P(OEt)(4-C6H4-OMe)}2], (15)  

 A mixture of CdCl2.2H2O (0.44 g, 2.00 mmol) and viscous 

acid 3 (1.00 g, 4.00mmol) were ground together and an 

immediate white complex resulted. Workup was performed 

as for 6 above. Dry white solid (1.17g, 96%).31P NMR 

(CDCl3) δ: 84.26. 1H-NMR (CDCl3) δ: 1.37 (3H, m, J=7.04 

Hz, CH3), 3.79(s, 3H, ArOMe), 4.28 (1H, d, J=2.60 Hz, 

CH), 6.94 (1H, dd, J=8.76 Hz, m-ArH), 7.89 (1H, dd, 

J=8.78, 12.43 Hz, o-ArH). Selected FT-IR (4000–350 cm-

1): 2975(m), 2058 (b), 1593 (s), 1498 (s), 1253 (s), 1110 (s), 1099(s), 959(m), 828 (s), 618 (s) 536 (m) 

 

[Cd{S2P(OiPr)(4-C6H4-OMe)}2],  (16)  

 A mixture of CdCl2.2H2O (0.42 g, 1.90 mmol) and 

viscous acid 4 (1.00 g, 3.8 mmol) were ground 

together and an immediate white complex resulted. 

Workup was performed as for 6 above. Dry white solid 

(1.14g, 95%).31P NMR (CDCl3) δ: 84.28 1H-NMR 

(CDCl3) δ: 1.37 (1H, d, J=6.16 Hz, (CH3)2), 3.78(s, 

3H, ArOMe), 5.07 (1H, d, J=2.24 Hz, CH), 6.93 (1H, 

dd, J=8.76, 14.71  Hz, m-ArH), 7.88 (1H, dd, J=8.78, 

15.71  Hz, o-ArH). Selected FT-IR (4000–350 cm-1): 

2975(m), 2058 (b), 1593 (s), 1498 (s), 1253 (s), 1110 (s), 1099(s), 959(m), 828 (s), 618 (s) 536 (m) 
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CHAPTER 3 

 

SYNTHESIS OF A NEW FERROCENYL DITHIOPHOSPHONATE 

LIGAND AND ITS NICKEL(II), CADMIUM(II), AND ZINC(II) 

COMPLEXES 

 

3.1 BACKGROUND 

The chemistry of P/S heterocyclic systems will continue to attract research interest due to both their vital 

roles in commercial bulk materials as well as in organic synthesis.1 Lawesson’s Reagent is well known in 

synthetic chemistry as a thionation reagent2-3 and in several other applications in various sectors.4-9 

Ferrocene is a member of the metallocene group and its chemical behaviour is similar to that of an electron 

rich aromatic.10 Ferrocene’s reaction with P4S10 was carried out to establish whether the reaction forming 

dithiadiphosphetane disulfides is similar to the corresponding reaction of Lawesson’s reagent with anisole, 

i.e. ferrocenyl dithiophosphonate (FcLR).1 Woollins and co-workers also reported the sodium salt of 

ferrocenyl dithiophosphonate of the type Na[S2P(OR)(Fc)]11 [Fc = Ferrocene, R = Me, Et and iPr] and their 

metal complexes.12 Metal complexes of other alcohols, including amino alcohol derivatives of ferrocenyl 

dithiophosphonate, has also been reported13-14 but no water derivative of ferrocenyl dithiophosphonate of 

the type NH4[S2P(OH)(Fc)]11 and their metal complexes has been reported.  

This study reports the synthesis of a new and stable ferrocenyl dithiophosphonate ammonium salt by 

cleavage of the dimeric structure of FcLR with water. Complexes with multimetallic and multiferrocenyl 

assemblies were formed with the different ligand to metal ratios and were characterized by different 

characterization methods including X-ray crystallography.  
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3.2 RESULTS AND DISCUSSION 

3.2.1 Synthesis of Ligand and the Corresponding Complexes  

The synthesis of Ni(II) ferrocenyl dithiophosphonate complexes obtained under different Ni:L ratios is 

shown in Scheme 3.1. The ammonium salt of the ferrocenyl dithiophosphonate ligand was prepared by 

bubbling ammonia into dithiophosphonic acid formed from the reaction between water and ferrocenyl 

Lawesson’s in an equimolar ratio. FcLR undergoes a ring opening reaction allowing cleavage of the dimer 

and the formed ammonium salt was isolated as a bright yellow powder. Various groups of alcohols had 

been used for FcLR, including methanol, ethanol, and isopropanol12 and ring opening by ammonium 

hydroxide have also been reported.15 Likewise, amino alcohols,13-17 as well as 4-(2, 5-di(thiophen-2-yl)-1H-

pyrrol-1yl) aniline, diacetone-d-glucose, and 2-(3-thienyl) ethanol, have all been used in the nucleophilic 

ring opening reaction of the FcLR reagent.18-19  

In the present study, water was used to carry out the nucleophilic ring opening without any unwanted 

oxidation reaction taking place resulting in a stable ligand favourable for metal complexation. The metal 

complexation chemistry of ferrocenyl dithiophosphonates is scarce, with only a few complexes known.12, 

15, 18-20. In this study, we report the synthesis of nickel(II), cadmium(II) and zinc(II) complexes of the new 

hydroxy ferrocenyl dithiophosphonate ligand. The stoichiometric addition of the corresponding transition-

metal salts in 2 different equimolar ratios (1:2 & 1:1) to the THF solution of the FcLR ligand gave the 

corresponding complexes with multimetallic and multiferrocenyl assemblies. All the compounds are air-

stable with good yields, soluble in the polar solvent and partially soluble in dichloromethane, chloroform, 

and tetrahydrofuran.  
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Scheme 3.1: Synthesis Nickel(II) complexes as an example of typical ferrocenyl dithiophosphonate metal 

complexes in different mole ratios. 

 

3.2.2 Characterization. 

We report the first nucleophilic ring opening reaction of FcLR with water as a green solvent/reactant and 

its full characterized dithiophosphonate ammonium salt ligand. The melting point for the ligand occurred 

at 158°C and it is soluble in polar solvents such as water, methanol, and ethanol. The 31P NMR spectrum 

of the ligand displayed a sharp singlet at 70.5 ppm. The 1H NMR and 13C NMR spectra of the compound 

were, as expected, confirmed by the presence of the ferrocenyl substituent. The IR spectra clearly show 

strong bands at 1175, 1024, 584 and 488 cm-1 for 17, these can be attributed to ν[(P)–O–C], ν[P–O–(C)], 

ν(PS)asym and ν(PS)sym stretching vibrations, respectively. Mass spectrometry showed the parent ions which 

indicate the bulk purity of the salt and was deemed satisfactory for use in further reactions. 
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The metal complexes were isolated in varying yields (46–87%) as either brown, orange or yellow powder. 

All complexes are air stable and partially soluble in dichloromethane, chloroform, and THF and soluble in 

polar solvents like ethanol, methanol, and water. This seems to be a deviation from what is known for the 

solubility of these complexes since they usually do not dissolve in polar solvents and we propose this 

development may likely be due to the presence of the newly introduced hydroxyl groups on our new 

complexes.  The 31P NMR spectra of the complexes display sharp singlets, with shifts away from the 

corresponding free ligands, confirming complexation. The IR spectra of compounds 18-23 were similar to 

that of the free ligand, indicating that they were virtually unchanged by complexation and in some cases, 

mass spectrometry showed fragmented ion of the compounds. 

3.2.2.1 Crystal structure 

The complexation of metal to ligand in the molar ratio 1:2 and 1:1 gave the X-ray structures of 18 and 19 

(Figures 3.1, 3.2, Table 3.3). Both structures show square planar geometry about the metal centre with 

symmetric MS2P rings where 18 and the asymmetric unit of 19 are isomorphous. The structure of 18 

displays typical trans arrangement where a ferrocenyl group of the ligand is arranged diagonally opposite 

on the metal coordination plane while on the other hand the cis arrangement is seen on 19 where a ferrocenyl 

group of each nickel complex unit in the structure are arranged on the same side of the metal coordination 

plane. The molecular structure of 19 is a tetranuclear Ni(II) complex containing both 4- and 6-coordination 

around the different Ni(II) centers and it displays multimetallic and multiferrocenyl assemblies. The two 

geometries are square-planar and octahedral around the nickel(II). The octahedral arrangement for each 

Ni(II) centre is made up of the P-O portion of the ligand (O donor atom) in the axial position, whilst the 

equatorial positions are occupied by 2 water molecules (positioned ‘inside’ the macrocycle, presumably 

due to less steric crowding), and 2 THF molecules on the ‘outside’ of the macrocycle. The water and THF 

chemical shifts were not detected in the NMR, these solvates presumably leak out of the structure at room 

temperature after a period of time, leading to a decomposed complex (the X-ray data were collected at cold 

temperature, 173K, trapping the solvents).  
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Figure 3.1: ORTEP molecular structure of complex 18. 

Table 3.1: Selected bond lengths (Å) and angles (°) for 18 

Bond lengths (Å) Bond angles (°) 

O(1)-P(1) 1.569(2) C(1)-P(1)-S(2) 113.17(10) 

P(1)-S(1) 2.0066(11) O(2)-P(1)-C(1) 102.70(14) 

P(1)-S(2) 2.0109(11) O(2)-P(1)-S(1) 115.46(10) 

S(1)-Ni(1) 2.2338(8) O(2)-P(1)-S(2) 112.55(9) 

S(2)-Ni(1) 2.2172(8) S(2)-P(1)-S(1) 
101.05(5) 

Ni(1)- )-S(2a) 2.2172(8) P(1)-S(1)-Ni(1) 85.11(4) 

Ni(1)- )-S(2b) 2.2172(8) P(1)-S(2)-Ni(1) 85.45(3) 

C(1)-P(1) 1.768(3) S(1)-Ni(1)-S(2) 
88.33(3) 

  S(1)-Ni(1)-S(2a) 
91.67(3) 

  S(1)-Ni(1)-S(1a) 180.0 

  C(1)-P(1)-S(1) 
112.39(10) 
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Figure 3.2: ORTEP molecular structure of Ni(II) complex 19. Hydrogen atoms are omitted for clarity. 
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Table 3.2: Selected bond lengths (Å) and angles (°) for 19 

Bond lengths (Å) Bond angles (°) 

O(4)-P(1) 1.511(3) C(1)-P(1)-S(2) 106.98(16) 

O(7)-P(2) 1.518(3) C(2)-P(2)-S(4) 111.77(18) 

P(1)-S(1) 2.0529(15) O(4)-P(1)-C(1) 107.8(2) 

P(1)-S(2) 2.0473(14) O(7)-P(2)-C(2) 106.88(18) 

P(2)-S(3) 2.0400(15) O(4)-P(1)-S(1) 112.56(17) 

P(2)-S(4) 2.2338(8) O(7)-P(1)-S(2) 108.28(15) 

S(1)-Ni(2) 2.2196(11) O(7)-P(2)-S(3) 117.85(13) 

S(2)-Ni(2) 2.2274(11) O(7)-P(2)-S(4) 114.75(13) 

Ni(2)- )-S(3) 2.2172(8) S(2)-P(1)-S(1) 97.67(6) 

Ni(2)- )-S(4) 2.2293(11) S(4)-P(2)-S(3) 97.43(6) 

O(4)-Ni(02) 2.039(3) P(1)-S(1)-Ni(2) 
87.52(5) 

O(7)-Ni(02) 2.055(3) P(1)-S(2)-Ni(2) 
87.68(5) 

Ni(02)-O(4) 2.008(3) P(2)-S(3)-Ni(2) 86.88(5) 

Ni(02)- O(7) 2.072(3) P(2)-S(4)-Ni(2) 86.75(5) 

  S(1)-Ni(2)-S(2) 88.33(3) 

  S(3)-Ni(2)-S(4) 92.89(4) 

  C(1)-P(1)-S(1) 109.99(14) 

  C(1)-P(2)-S(3) 113.22(14) 
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Table 3.3.  Crystal data and structure refinement for 18 and 19 

Compound 18 19 

   

Formula  [C28H36Fe2Ni2O4P2S4]2 C28H36Fe2NiO4P2S4 

Dcalc./ g cm-3  1.644 1.633 

𝝻/mm-1  2.135 1.847 

Formula Weight  1712.32 797.16 

Colour  brown yellow 

Shape  chunk plate 

Max Size/mm  0.420 0.198 

Mid-Size/mm  0.220 0.180 

Min Size/mm  0.140 0.043 

T/K  100(2) K 173(2)  

Crystal System  Triclinic monoclinic 

Space Group  P -1 P21/c 

a/Å  14.1756(9) 15.0135(17) 

b/Å  15.9831(11) 8.0033(9) 

c/Å  18.8891(12) 13.1830(3) 

∝/°  84.280(2) 90 

β/°  70.822(2) 115.3950(10) 

γ/°  71.957(2) 90 

V/Å3  3843.4(4) 1621.1(3) 

Z  6 2 

Θ min/°  1.141 3.002 

Θ max/°  28.330 50.724 

Measured Refl.  60457 16921 

Independent Refl.  18715 2955 

Completeness to theta 25.242 25.242 

Rint  0.0206 0.0550 

Parameters  855 191 

Restraints  0 0 

Largest Peak/eÅ-3   5.205 0.69 

Deepest Hole/eÅ-3  -2.188 -0.31 

GooF  1.086 1.063 

wR2 (all data)  0.1691 0.0863 

wR2  0.1597 0.0807 

R1 (all data)  0.0657 0.0446 

R1  0.0557 0.0345 

F(000) 1942 820.0 
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The X-ray structure of 23b shown in (Figure 3.3) is the outcome of an unexpected yet new complex 

resulting from several attempts to obtain a polymeric type structure related to complex 23 that ought to 

result from a ligand to metal ratio 1:1. Complexes in a ratio of 1:2 is similar to group 12 metal complexes 

as reported in the literature.21 The structure shows one of the sulfur atoms on the ligand [FcP(OH)S2]− ions 

was replaced by an ethoxy group as a result of crystal growth in ethanol solvent over 10 days. Though the 

structure does not represent the expected complex of interest 23, it does point to the susceptibility of S 

atoms being replaced by O or OR atoms (see also Chapter 2). This implies that for the complex to form, 2 

H atoms and 1 S atom had to be removed: an H atom was removed from the EtOH and another from the 

original P-O-H moiety and the S atoms from P-S. Combined these 3 atoms presumably formed H2S, which 

is by far the most common by-product upon hydrolysis or oxidation amongst this class of ligands. The 

structure of Cd(II) and Zn(II) with a ligand to metal ratio 1:1 will likely result in a coordination polymer as 

shown in Figure 3.3 where it will employ the two sulfur atom and one hydroxyl group in coordination. The 

X-ray structure (Figure 3.3b) displayed an exciting polymeric chain with alternating 4- and 5- coordinate 

Cd(II) metal centres along the chain. 

It may thus be necessary to investigate and establish a reaction pathway utilizing different types of alcohols 

for the formation of similar polymer with multimetallic and multiferrocenyl assemblies shown in (Figure 

3.3b) which may form new materials with applications. 
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Figure 3.3: (a) ORTEP molecular structure of Cd(II) complex 23b (b) ORTEP crystal structure of polymeric 

expansion of new Cd(II) complex 23b. Hydrogen atoms omitted for clarity. 
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 Table 3.4: Selected bond lengths (Å) and angles (°) for structure in Fig. 3.3 

Bond lengths (Å) Bond angles (°) 

O(1)-P(1) 1.4908(19) C(1)-P(1)-S(2) 112.02(9) 

P(1)-S(1) 2.0184(9) C(2)-P(2)-S(4) 105.28(18) 

S(2)-Cd(1) 2.4897(7) O(1)-P(1)-C(1) 119.35(17) 

Cd(1)-O(1) 2.2008(18) O(4)-P(2)-C(2) 121.16(17) 

Cd(2)-O(1) 2.2272(19) O(1)-P(1)-S(1) 116.40(9) 

C(1)-P(1) 1.777(3) O(1)-P(1)-S(2) 101.97(8) 

  P(4)-S(4)-Cd(2) 106.97(7) 

  
P(1)-S(1)-Cd(2) 

93.67(3) 

  
P(2)-S(2)-Cd(1) 

93.70(3) 

  O(4)-Cd(2)-O(5) 
93.43(7) 

  S(1)-Cd(2)-S(4) 
139.05(18) 

  O(1)-Cd(1)-S(2) 
104.41(5) 

  S(1)-Cd(1)-S(2) 150.22(2) 

  C(1)-P(1)-S(1) 109.99(14) 

  C(1)-P(2)-S(3) 113.22(14) 

 

 
P(1)-C(2)-Fe1 122.73(14) 
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Table 3.5.  Crystal data and structure refinement for 23b. 

Empirical formula  C48 H56Cd2Fe4O8 P4 S4 

Formula weight  1461.27 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 10.1157(2) Å, b = 22.0569(4) Å, c = 24.2567(4) Å  

 α = 90°. 

 β = 100.7140(10) °. 

 γ= 90°. 

Volume 5317.83(17) Å3 

Z 4 

Density (calculated) 1.825 Mg/m3 

Absorption coefficient 2.176 mm-1 

F(000) 2928 

Crystal size 0.209 x 0.161 x 0.094 mm3 

Theta range for data collection 1.258 to 25.428°. 

Index ranges -12<=h<=8, -22<=k<=26, -27<=l<=29 

Reflections collected 23957 

Independent reflections 9776 [R(int) = 0.0194] 

Completeness to theta = 25.242° 99.7 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.834 and 0.646 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9776 / 0 / 645 

Goodness-of-fit on F2 1.022 

Final R indices [I>2sigma(I)] R1 = 0.0245, wR2 = 0.0544 

R indices (all data) R1 = 0.0313, wR2 = 0.0575 

Extinction coefficient n/a 

Largest diff. peak and hole 1.661 and -0.686 e.Å-3 
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3.2.2.2 Solubility 

Knowledge about the solubility of these compounds is useful, especially in choosing the appropriate solvent 

for spectroscopic measurements, or generally in numerous sectors where their application is needed. To 

this end, a series of qualitative solubility tests were performed on all the compounds, 17-23. A variety of 

solvents were tested over a wide range of dielectric constants, including protic/aprotic and polar/non-polar 

solvents. Noteworthy is for example how both the ligand and the complexes are soluble in protic solvents 

such as water and ethanol. Results are shown in Table 3.6 

Table 3.6. Solubility Data for Compounds 17-23 

Entry Acetone CH3CN EtOH Hexane  Ether    CH2Cl2    Water   THF      

17 I S VS I I I VS I 

18 I S S I I PS S PS 

19 I I S I I PS S PS 

20 I S S I I PS S PS 

21 I I S I I PS S PS 

22 I S S I I PS S PS 

23 I I S I I PS S PS 

Key to table: I = Insoluble (the material was quantitatively recovered after filtration); PS = Partly Soluble 

(10% of the material dissolved); S = Soluble (80% of the material dissolved); VS = Very Soluble (a clear 

solution emerged immediately). The solubility data is based on the following experimental criteria: 0.02 g 

of the compound was dissolved in 1.0 mL of the appropriate solvent and was hard shaken for 5-10 

seconds at 23°C 
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3.3 CONCLUSIONS 

The first nucleophilic ring opening reaction of ferrocenyl Lawesson with water is described for the 

formation of dithiophosphonate salt leading complexes with multimetallic and multiferrocenyl assemblies. 

Our investigations reveal that these new compounds have high potential in dye sensitized solar cells 

applications and our findings are reported in Chapter 7 of this thesis. Additional future work on this ligand 

is discussed in Chapter 8.  
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3.4 EXPERIMENTAL 

3.4.1 Method  

Synthesis of the ligand and complexes were carried out in a standard Schlenk tube (~2 cm 

diameter) using standard Schlenk line system under a blanket of nitrogen. The Schlenk line is 

critical for this important reactions because it requires the minimization of contact with air or 

other airborne contaminants, otherwise, oxidation and/or hydrolysis may occur. 

3.4.2 Materials 

Ferrocenyl Lawesson’s reagent was prepared from literature procedures.22 All other 

reagents were used as purchased from Aldrich and used as received. Distilled water was 

used for the reaction and in all cases where water is required in this work. Dried THF and 

ether were obtained and used after distillation over sodium wire and benzophenone under 

a blanket of nitrogen while DCM was collected in the same manner but was distilled over 

P2O5. 

3.4.3 Characterization Methods 

1H and 31P NMR spectra were recorded using a Bruker Avance 400 MHz spectrometer. NMR data 

are expressed in parts per million (ppm) downfield shift referenced internally to the residual 

proton impurity in the deuterated solvent and are reported as chemical shift position (δH), relative 

integral intensity, multiplicity (s = singlet, d = doublet, t = triplet, sept = septet, and m = multiplet), 

coupling constant J in Hz, and assignment. 31P NMR spectra chemical shifts are reported relative 

to an 85% H3PO4 in D2O external standard solution, all at 298 K. Infrared spectra were recorded 

in the range 4000–380 cm−1 on a Perkin-Elmer Spectrum 100 FT-IR spectrometer. The yields 

were determined by performing the reaction in a dry pre-weighed Schlenk tube, weighing the 

sample after drying. Mass spectra were recorded with a Waters Micromass LCT Premier TOF-
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MS. The mode of ionization was ESI (electrospray) negative, [M-H] ¯. Samples were prepared to 

~2 ppm concentration in the desired solvent and infused into the mass spectrometer.  

3.4.4 Crystallography 

A crystal of complex 18, [Ni(Fc(OH)PS2)2]  , with approximate dimensions 0.106 x 0.256 x 0.432 

mm, and  complex 19, [Ni2(Fc(OH) PS2)2]2, with approximate dimensions 0.198 x 0.18 x 0.043 

mm was mounted on a glass fiber with epoxy resin. All intensity and geometric data were 

collected on a Bruker APEXII CCD diffractometer equipped with a graphite monochromated Mo-

Kα radiation (λ = 0.71073 Å). APEXII software was used for preliminary determination of the 

unit cell.23 Determination of integrated intensities and unit cell refinement were performed using 

SAINT.24 The SADABS program was used to apply an empirical absorption correction.25The 

integration of the data yielded a total of 21960 reflections to a maximum θ angle of 28.51° (0.74 

Å resolution). XPREP determined the space group to be P -1  and P21/c, with Z = 6 and 2 for 18 

and 19.26 The structure was solved with XS27 and subsequent structure refinements were 

performed with XL.28   A complete listing of crystallographic data and parameters are reported in 

Table 3.3 and 3.5. 
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3.5.5. Synthesis of Hydroxyl Derivative of Ferrocenyl Dithiophosphonate Ligand 

Synthesis of NH4[Fc(OH)PS2] (17) 

An equivalent molar ratio of distilled water (0.06 g, 3.57 

mmol) was added to clean and oven dried Schlenk tube 

containing about 15 ml THF and ferrocenyl Lawesson’s (1 

g, 1.78 mmol) was added in one portion stirred overnight 

under an inert atmosphere at room temperature. After 

several hours, a clear brown solution resulted and was 

further stirred to ensure no unreacted precursor in the 

reaction. Dry ammonia was bubbled into the resulting clear solution to give a bright yellow precipitate. The 

solvent was removed by filtration under vacuum and was washed with ether to give a bright orange-brown 

solid (0.961g, 85.7%). m.p 158 OC, 31P NMR (methanol-d3) δ: 58.8 1H NMR (methanol-d3) δ: 4.33 (s, 5H, 

Fc unsubstituted ring), 4.29 (m, 2H, Fc substituted ring), 3.3 (m, 2H, (1H, d, J=6.40 Hz Fc substituted ring). 

Selected FT-IR (4000–350 cm-1): 2768(b), 1163(w), 1404 (m), 937 (s), 812 (s), 594(s), 484 (s). Mass Spec 

(ESI): (M–NH4)
+

 296, 2(M–NH4)
+ 592 
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3.4.5 Synthesis of Nickel, Cadmium and Zinc Complexes 

Synthesis of [Ni(Fc(OH)PS2)2]  (18) 

A mixture of NiCl2‧6H2O (0.19 g, 0.79 

mmol) and salt 17 (0.50 g, 1.59 mmol) in 

mole ratio 1:2 were stirred together in THF 

(15 ml) for about 2 hrs. and dark brown 

colour change was observed.  The solvent 

was pumped down and the resulting dark 

brown solid was extracted with 

dichloromethane and was filtered under vacuum through Celite. The filtrate was dried under reduced 

pressure to give a dark brown solid (0.45g, 87%). m.p 162°C. 31P NMR (CDCl3)δ: 63.5, 1H NMR (CDCl3) 

δ: 4.92 (s, 5H, Fc unsubstituted ring), 4.54 (m, 2H, Fc substituted ring), 3.72 (m, 2H, Fc substituted 

ring).Selected FT-IR (4000–350 cm-1): 3135(s), 3043(s), 1762(w), 1610(w), 1403 (s), 1101(s) 885(m), 

577(s), 497 (m). Mass Spec (ESI): (M+THF)
 +

735. 
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Synthesis of [Ni2 (Fc (OH) PS2)2]2  (19)    

A mixture of NiCl2·6H2O (0.38 g, 1.59 mmol) and salt 

17 (0.50 g, 1.59 mmol) in ratio 1:1 were stirred 

together in THF (15 ml) for a few hours. A colour 

change from orange-brown to dark brown colour was 

observed. Workup was performed as for 18 above. 

Brown solid (1.03g, 46%). m.p 168°C 31P NMR 

(CDCl3) δ: 83.42, 1H NMR (CDCl3) δ: 4.48 (s, 5H, Fc 

unsubstituted ring), 4.10 (m, 2H, Fc substituted ring), 

3.21 (m, 2H, Fc substituted ring). Selected FT-IR 

(4000–350 cm-1): 3021(b), 1632(w), 1411(s), 

1017(s), 812(m), 573(m), 481 (s). 

  

Synthesis of [Zn (Fc (OH) PS2)2] (20)  

 A mixture of anhydrous ZnCl2 (0.11 g, 0.79 mmol) and 

salt of 17 (0.50 g, 1.59 mmol) were stirred together in THF 

(15ml) for about 2hrs and yellow complex resulted. 

Workup was performed as for 18 above. Yellow solid 

(0.36g, 69%). m.p 166 OC. 31P NMR (CDCl3) δ: 78.2, 1H 

NMR (CDCl3) δ: 4.29 (s, 5H, Fc unsubstituted ring), 3.92 

(m, 2H, Fc substituted ring), 3.02 (m, 2H, Fc substituted 

ring). Selected FT-IR (4000–350 cm-1): 3031(b), 1665(w), 

1412(m), 1024(s), 815(m), 534(m), 480 (s). Mass Spec 

(ESI): (1/2M–Fc)
 +

 488. 
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Synthesis of [Zn2 (Fc (OH) PS2)2]2 (21)   

 A mixture of anhydrous ZnCl2 (0.22 g, 0.79 mmol) 

and salt 17 (0.50g, 1.59 mmol) in ratio 1:1 were 

stirred together in THF (15ml) for few hours and 

dark yellow complex resulted. Workup was 

performed as for 2 above. Brown solid (1.10g, 48%). 

m.p 168 OC, 31P NMR (CDCl3) δ: 93.9, 1H NMR 

(CDCl3) δ: 4.59 (s, 5H, Fc unsubstituted ring), 4.27 

(m, 2H, Fc substituted ring), 3.32 (m, 2H, Fc 

substituted ring). Selected FT-IR (4000–350 cm-1): 3021(b), 1632(w), 1411(s), 1017(s), 812(m), 573(m), 

481 (s). Mass Spec (ESI): (1/2M–Fc)
 +

 488. 

 

Synthesis of [Cd (Fc (OH) PS2)2] (22)    

CdCl2·2H2O (0.15 g, 0.796 mmol) and salt 17 (0.50 g, 0.159 

mmol) were stirred together in THF (15ml) for about 2hrs and 

yellow complex resulted. Workup was performed as for 2 

above. Yellow solid (0.41g, 73%). m.p 163 OC. 31P NMR 

(CDCl3) δ: 93.3 1H NMR (CDCl3) δ: 4.71 (s, 5H, Fc 

unsubstituted ring), 4.38 (m, 2H, Fc substituted ring), 3.43 (m, 

2H, Fc substituted ring).Selected FT-IR (4000–350 cm-1): 

3130(s), 3041(s), 1614(w), 1402 (s), 1175(m), 1021(s), 

885(m),817(m), 576(s), 484 (s). Mass Spec (ESI): (1/2M–OH)
 +

 690. 
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Synthesis of [Cd2 (Fc (OH) PS2)2]2  (23)  

 23a: A mixture of CdCl2 (0.29g, 0.80 mmol) and 

salt 17 (0.50g, 1.59mmol) in ratio 1:1 were stirred 

together in THF (15 ml) for few hours and brown 

complex resulted. Workup was performed as for 2 

above. Brown solid (1.12g, 52%). m.p 168 OC. 31P 

NMR (CDCl3) δ: 98.9, 1H NMR (CDCl3) δ: 4.89 (s, 

5H, Fc unsubstituted ring), 4.57 (m, 2H, Fc 

substituted ring), 3.62 (m, 2H, Fc substituted ring). 

Selected FT-IR (4000–350 cm-1): 3021 (b), 1632 (w), 1411 (s), 1017 (s), 812 (m), 573 (m), 481 (s). Mass 

Spec (ESI): (1/2M–OH)
 +

 690. The introduction of ethanol to the solution of 23a resulted in the formation 

of 23b(Figure 3.3) 31P NMR 

(CDCl3) δ: 83.3, 1H NMR (CDCl3) 

δ: 4.89 (s, 5H, Fc unsubstituted 

ring), 4.57 (m, 2H, Fc substituted 

ring), 3.93(m,2H,OCH2CH3H2), 

3.62 (m, 2H, Fc substituted ring), 

1.22(m,3H,OCH2CH3 Selected 

FT-IR (4000–350 cm-1): 3130(s), 

3041(s), 1614(w), 1402 (s), 

1175(m), 1021(s), 885(m),817(m), 

576(s), 484 (s). 
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CHAPTER 4 

 

SYNTHESIS OF A NEW ZWITTERIONIC DITHIOPHOSPHONATE 

LIGANDS AND SOME LATE-TRANSITION METAL COMPLEXES 

 

4.1 BACKGROUND 

Dithio-organophosphorus, including dithiophosphates, -phosphinates, and –dithiophosphonates, 

dithioimidodiphosphinates and mixed thio-oxo analogues, as well as dithioarsinates, have been a focus of 

inorganic and organometallic research for many years. 1-7  Certain phosphor-1,1-dithiolate ligands are also 

an important class of dithio-organophosphorus compounds and provide the basis for the present study. 

Lawesson's reagent and its precursor phosphorus pentasulfide (Berzelius reagent), have both proven 

important starting materials in the synthesis of these ligands.8-10 The literature showed a distinct scarcity of 

metal dithiophosphonate complexes compared to other phosphor-1,1-dithiolate ligands.11-12 The 

dithiophosphonates are a well-known class of principally bidentate ligands and a number of its transition-

metal (and indeed main group metal) complexes are known.10,13-18 However, zwitterionic-based 

dithiophosphonates show a distinct paucity in the open literature and only a handful of such structurally 

characterized compounds exist.19-20  Metal complexes from zwitterionic dithiophosphonate ligands have not 

been reported in the literature. The synthesis of a free ferrocenyl zwitterionic dithiophosphonate was 

reported in 2004 by Karakus and co-workers, and they described their attempts to prepare the corresponding 

stable transition metal complexes of the zwitterion but were unsuccessful.20 Nevertheless, we report in this 

study the synthesis and molecular structure of two new zwitterionic dithiophosphonates ligands, and one 

crystal structure of a transition metal complex, in addition to other fully characterized complexes. This is 

to the best of our knowledge the first example of any transition-metal complex derived from a zwitterionic 

dithiophosphonate ligand to be structurally characterized. Amino alcohols used in this study have industrial 

and pharmaceutical benefit 21-22  which may be enhanced through complexation to transition metals.  
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RESULT AND DISCUSSION 

4.1.1 Synthesis of Zwitterionic Ligand and the Corresponding Complexes  

 The transition-metal complexes from zwitterionic dithiophosphonate ligands were prepared as shown in 

Scheme 4.1. The zwitterionic dithiophosphonate ligands were prepared by reacting amino-alcohol and 

Lawesson’s reagent in an equimolar ratio. The dithiophosphonate ligand, as discussed previously, has been 

prepared from Lawesson’s reagent using various alcohols to initiate the ring opening reaction.17, 23-29 By 

comparison, nucleophilic ring-opening of Lawesson’s reagent and its derivatives with amino-alcohols have 

been scarcely investigated, and no complexes have been reported from the zwitterionic dithiophosphonate 

ligand,19, 30 In this study, we present the first complexes that are air stable and are structurally characterized. 

The addition of the corresponding transition-metal salts in appropriate stoichiometry to the THF solution 

of the zwitterionic dithiophosphonate ligand gave the corresponding complexes. All the compounds are air-

stable and were characterized by 1H, and 31P NMR, infrared, and mass spectroscopy. Their structures were 

confirmed by single-crystal X-ray diffraction analysis. 
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Scheme 4.1: Synthesis of Nickel(II) complexes from zwitterionic dithiophosphonate ligand 

(representative scheme) 

  

4.1.2 Characterization. 

 The purity and compositions of all the ligands and complexes were examined by NMR spectroscopy. The 

ligands are white in colour, soluble in the polar solvent and their percentage yields range between 84-87%. 

All the compounds display well-resolved 1H NMR signals that integrate to the corresponding hydrogens. 

A well resolved sharp singlet on the 31P NMR for the ligand and complexes were as expected, to confirm 

the presence of P atoms. The 31P NMR spectra of both zwitterionic ligands 24 and 25 displayed sharp 

singlets at δ (P) 108.43 and 110.74 ppm, respectively. In the IR spectra of 24 and 25 characteristic bands 

are observed for ν[P–O–(C)], (1021 cm-1), and two strong bands about at 643 and 543 cm-1 are attributed to 

ν(PS)asym and ν(PS)sym stretching vibration, respectively.  A medium band signal observed at 3386 cm-1 was 

assigned to the N-H stretching of the amine. The metal complexes from the zwitterionic ligand were isolated 

in varying yields (59–68%) as either brown or white powder. They are all air stable and soluble in both 
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dichloromethane and chloroform and THF. The IR spectra of compounds 26-31 are close to that of their 

corresponding ligand. 

4.1.2.1 UV-VIS and Photoluminescence Studies 

The maximum wavelength of absorption for the ligands were 244 and 259 nm for 24 and 25, respectively 

(Figure 4.1). The maximum absorption peaks for the complexes were at 242, 243 and 253 nm for 27, 28 

and 26, respectively.   

 

 Figure 4.1.UV-VIS spectra of the ligands (24-25) and complexes (26-31)  

 

The other complexes recorded maximum absorption peaks at 244, 245 and 260 nm for 31, 29 and 30, 

respectively.  The band gap energies (Eg) were estimated from the UV-vis spectra by use of Tauc plots 

considering allowed transitions only.  The ligands showed Eg of 4.1 eV and were found to vary depending 
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on the central metal in their respective complexes. Complex 26 and 27 had a 4.1 eV band gap and 28 showed 

a much lower band gap of 2.5 eV (Figure 4.2).  

 

 

Figure 4.2. Electronic absorption spectra of 24, 26, 27 & 28 

 

 Complex 29,30 and 31 indicated varied band gaps that can be viewed to depend on occupation of metal d-

orbitals as well as size of the metal atom, a d8, Ni(II) complex had the lowest Eg of 3.2 eV followed by 

Zn(II)-complex (d10); 3.9 eV and highest was a Cd(II)-complex (d10) at 4.1 eV (Figure 4.3) and the latter 

had a correspondingly larger atomic radius.  The characteristic electron delocalization of electron density 

across the S-P-S bonds has been shown to be influenced by the nature of the central metal and coordination 

geometry31. The square geometry proposed for these complexes and confirmed from the crystallographic 

data suggest a predominance of charge accumulation on the bridging sulfur atoms. Consequently, the 
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electron transition, n→σ* predominates as indicated by λmax ranging from 242 to 253 nm32 and to a lesser 

degree of covalence in M-S compared to P-S, because P is more electronegative compared to M under 

investigation.  However, the vibrational frequencies of PS2 depend on the electronic effects of the groups 

connected to P,33 because it has a partial positive charge and empty 3d-orbitals. A net field, therefore, exists 

in the pseudo-binuclear centers that create intramolecular charge transfer, a phenomenon that modulates 

absorption bands.  For instance, an increase of electron charge on S has a consequence of increasing S-P-S 

and decrease in the S-M-S dihedral angles34 as result of the reduction of net positive charge on the central 

metal.  In this work, the electron donating methyl group was shown to greatly depopulate Zn and Cd centers 

as indicated by blue-shifts (242 and 243 nm); both metals have filled d-orbitals, and a red-shifted Ni-

complex (d8) an effect that can be associated with coulombic attraction.  The consequence is the drop-in 

band gap energy in Cd-complex (2.5 eV) suggesting a lower nuclear charge as the metal reduces its net 

charge.  This indicates the geometry may be distorted from the ideal, and crystallographic data is required 

to establish the spatial orientation of ligating groups around Cd as S-Cd-S may not be that smaller and Cd-

S shorter compared to P-S bond lengths.  A lesser electron donating group aromatic ring substituent in 25 

showed a drop in band gap energies for smaller radii metals Ni and Zn (3.2 and 3.9 eV) and no change (4.1 

eV) for Cd.  This could be associated with electron cloud delocalization from Cd to P via S.  Out of plane 

charge transfer may also occur between P and Cd due to an existing electron charge gradient. A red shift 

observed for Zn(II) complex 30 (λmax = 260 nm) could be associated with enhanced out of plane charge 

transfer given its smaller atomic radius (142 pm) compared to both Ni(II) and Cd(II) (149 and 161 pm, 

respectively).35-36 Both complexes 30 and 31 exhibited considerably large Stokes shifts 3968 and 3217 cm-

1 for 30 and 31, respectively.  This could be associated with the dipole moment dependent on metal size, 

Zn has a smaller radius and correspondingly larger Stokes shifts.  This strongly suggests a well-established 

intramolecular energy transfer that promoted fast relaxation from excited state to the emissive state37 in 

these two complexes. 
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Figure 4.3.Electronic absorption spectra of 25, 29, 30, & 31, 

 

Following excitation at about 375 nm, it was observed that compound 30 and 31 exhibited strong 

luminescence in the region of 400–550 nm and these emissions overlap with the excitation spectrum of 

each compound. The emission and excitation spectra are virtually similar with different peak intensity 

which may be due to the size of their atomic orbitals.  Since they are complexes of metals from the same 

group (group 12), it can be speculated that size determines relaxation rates, hence, the observed 

photoluminescence shown in Figure 4.4. 
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Figure 4.4. Photoluminescent spectra of 30 & 31 

 

4.1.2.2 Crystal Structure 

X-ray structures of compound 24, 25 and 29 were obtained in this study and XRD quality single crystals 

were obtained by slow evaporation from THF solution. The molecular structures are shown in Figure 4.5, 

4.6 and 4.7. This study reports new crystal structures for zwitterionic ligands having space-separated 

opposite charges on the same compound (zwitterion), with notably a negative charge on the S atom, and a 

positive charge on the quaternary N atom. The P–S(1) and P– S(2) bond lengths for 24 (1.9914(11)˚ and 

1.9773(11)0 ) and 25 (1.9789(4)˚ and 1.9902(4)0 ) are similar and longer than observed for a P–S double 

bond (1.94 Å)38 as would be expected for a delocalized PS2 fragment. Since the ligand contains both sulfur 

and nitrogen donor atoms, we proposed that it may employ both N and S for coordination, perhaps forming 

an octahedral coordination with nickel. But the nickel molecular structure from the zwitterionic ligand 

showed a close resemblance to the conventional dithiophosphonates’ nickel complex coordination mode. 

The coordination geometry of complex 29 about the Ni(II) center is square planar and is comprised of the 

four sulfur donor atoms S1, S2, and S3, S4 of the two N-ethanol- N-methyl dithiophosphonate ligands.  This 

development gave us an indication that other molecular structures of group 12 metal complexes reported in 

this study with similar ligands will most likely exhibit the traditional dimeric structure as seen in literature.23, 
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39-41 The ligands 24 and 25 contains both positive and negative charges localised on the N and S atoms, 

respectively. The anionic S atom portion binds, unsurprisingly, with the metal centre, with the quaternary 

N cationic portion still intact. But since the final product is neutral and not cationic, as is evident from the 

crystallographic study, we suggest that the chloride (of the starting Ni(II), Cd(II) and Zn(II)chloride), 

abstracts one H atom from the N moiety, releasing HCl gas in the process, and leaving a neutral complex.  

 

 

 

 

Figure 4.5: ORTEP molecular structure of 24. 
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Table 4.1: Selected bond lengths (Å) and angles (°) for 24 

  Bond lengths (Å) Bond angles (°) 

S1A-P1A 1.9914(11) S2A-P1A-S1A 114.92(5) 

S2A-P1A 1.9773(11) S1A-P1A-O1A 110.05(8) 

P1A-O1A 1.6170(19) C4A-P1A-S1A 110.58(10) 

P1A- C4A 1.796(3) S2A-P1A-C4A 111.47(10 

N1A- C2A 1.488(3) P1A-O1A-C1A 98.42(11) 

N1A- C3A 1.480(3) P1A-C4A-C5A 120.2(2) 

  C2A-N1A-C3A 114.1(2) 

  P1A-C4A-C9A 122.1(2) 
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 Figure 4.6: ORTEP molecular structure of 25. 

 Table 4.2: Selected bond lengths (Å) and angles (°) for 25 

  Bond lengths (Å) Bond angles (°) 

P(1)-S(1) 1.9789(4) 
S(2)-P(1)-S(1) 114.810(16) 

P(1)-S(2) 1.9902(4) 
S(1)-P(1)-O(1) 111.15(3) 

O(2)-P(1) 1.6223(8) 
C(5)-P(1)-S(1) 111.35(4) 

P(1)- C(5) 
1.8020(11) 

 

S(2)-P(1)-C(5) 112.03(4) 

N(1) - C(7) 1.4967(13) P(1)-O(2)-C(6) 
96.85(4) 

 

N(1)- C(8) 1.4719(13) P(1)-C(5)-C(4) 121.67(8) 

  P(1)-C(5)-C(12) 119.32(8) 
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Figure 4.7: ORTEP molecular structure of 29. Notice the availability of the N-donor atom for further 

metal coordination. 
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Table 4.3: Selected bond lengths (Å) and angles (°) for 29 

  Bond lengths (Å) Bond angles (°) 

P(1)-S(1) 2.0030(9) S(1)-P(1)-S(2) 101.69(4) 

P(1)-S(2) 2.0093(8) O(1)-P(1)-S(2) 112.81(7) 

O(1)-P(1) 1.5874(17) O(1)-P(1)-S(1) 115.32(7) 

C(1)-P(1) 1.784(2) C(1)-P(1)-S(2) 115.15(8) 

C(10)-N(1) 1.385(3) C(1)-P(1)-S(1) 113.37(8) 

C(9)-N(1) 1.436(4) O(1)-P(1)-C(1) 99.19(10) 

S(1)-Ni(1) 2.2372(6) C(8)-O(1)-P(1) 122.47(15) 

S(2)-Ni(1) 2.2280(6) C(2)-C(1)-P(1) 119.14(18 

  N(1)-C(10)-C(15) 123.0(3) 

  N(1)-C(9)-C(8) 113.8(2) 

  C(6)-C(1)-P(1) 121.2(2) 

  S(2)#1-Ni(1)-S(1) 91.66(2) 

  S(2)-Ni(1)-S(1) 88.34(2) 

  S(1)-Ni(1)-S(1)#1 180.0 

  S(2)#1-Ni(1)-P(1)#1 45.325(19) 

  S(1)-Ni(1)-P(1)#1 134.87(2) 
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Table 4.4: Details of X-ray data collection and refinement for compounds 24, 25 and 29. 

Compound 24 25 29 

    

Formula  C10H16NO2PS2  C15 H18 N O2 P S2 C30H36NiO4P2S4 

Dcalc./ g cm-3  1.400  1.392 1.509 

𝝻/mm-1  0.512  0.430 0.998 

Formula Weight  277.33  339.39 735.507 

Colour  yellow  Colorless clear pale yellow  

Shape  chunk  chunk needle 

Max Size/mm  0.20  0.220 0.05  

Mid-Size/mm  0.16  0.180 0.120  

Min Size/mm  0.13  0.150 0.330  

T/K  173(2)  173(2)  173(2) 

Crystal System  triclinic  Triclinic Monoclinic 

Space Group  P-1  P -1 P 1 21/c 1 

a/Å  8.2940(8)  9.9234(2) 18.7203(5) 

b/Å  12.4665(12)  12.7864(3) 11.0739(3) 

c/Å  13.9264(14)  13.1830(3) 7.7490(2) 

∝/°  110.8770(11)  90.2790(10) 90 

β/°  99.5892(11)  95.7050(10) 91.4750(10) 

γ/°  93.4164(12)  103.2680(10) 90 

V/Å3  1315.5(2)  1619.34(6) 1605.89(7) 

Z  4  4 2 

Θ min/°  1.598  3.554 2.14 

Θ max/°  25.382  28.589° 28.28 

Measured Refl.  21421  26838 36020 

Independent Refl.  4807  8159 3964 

Reflections Used  3498  25.242 3952 

Rint  0.0597  0.0133 0.0399 

Parameters  293  379 201 

Restraints  0  0 0 

Largest Peak/eÅ-3   0.394  0.404 0.774 

Deepest Hole/eÅ-3  -0.293  -0.271 -0.356 

GooF  1.047  1.031 1.101 

wR2 (all data)  0.1003  0.0673 0.0929 

wR2  0.0894  0.0651 0.0960 

R1 (all data)  0.0678  0.0262 0.0399 

R1  0.0414  0.0242, 0.0470 

F(000)  712 760 
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4.1.2.3 Solubility 

Information on the solubility of these compounds is essential, especially to choose the applicable 

solvent for spectroscopic measurements, or generally in various sectors where their application is 

needed. To this end, a series of qualitative solubility tests were performed on all the compounds 24-

31. A variety of solvents were verified over a wide range of dielectric constants, including 

protic/aprotic and polar/non-polar solvents. The ligands showed a trend of solubility in protic solvents 

such as water and ethanol while the complexes showed solubility in nonpolar solvents. The solubility 

results are shown in Table 4.5 

Table 4.5. Solubility Data for Compounds 24-31 

Entry Acetone CH3CN EtOH Hexane  Ether    CH2Cl2    Water   THF      

24 PS I VS I I I VS I 

25 PS I VS I I I VS I 

26 PS PS I I PS S I S 

27 PS PS I I PS S I S 

28 PS PS I I PS S I S 

29 PS PS I I PS S I S 

30 PS PS I I PS S I S 

31 PS PS I I PS S I S 

Key to table: I = Insoluble (the material was quantitatively recovered after filtration); PS = Partly Soluble 

(10% of the material dissolved); S = Soluble (80% of the material dissolved); VS = Very Soluble (a clear 

solution emerged immediately). The solubility data is based on the following experimental criteria: 0.02 g 

of the compound was dissolved in 1.0 mL of the appropriate solvent and was hard shaken for 5-10 

seconds at 23°C 
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4.2 CONCLUSIONS 

The first complexes from new zwitterionic dithiophosphonate ligand are reported. The nucleophilic ring 

opening reaction of Lawesson’s Reagent with amino-alcohols is described for the formation of zwitterionic 

dithiophosphonate ligand to a leading a variety of new transition metal complexes. 
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4.3 EXPERIMENTAL 

4.3.1 Method  

Synthesis of the ligand and complexes were carried out in a standard Schlenk tube (~2 cm diameter) using 

standard Schlenk line system under a blanket of nitrogen. The Schlenk line is important for these reactions 

because it requires the minimization of contact with air or other airborne contaminants. 

4.3.2 Materials  

Lawesson’s reagent was prepared from literature procedures.29 All other reagents were used as purchased 

from Aldrich and used as received. Distilled water was used for the reaction and in all cases where water is 

required in this work. Dried THF and ether were obtained and used after distillation over sodium wire and 

benzophenone under a blanket of nitrogen while DCM was collected in the same manner but was distilled 

over phosphorus (V) pentoxide. 

4.3.3 Characterization Methods 

1H and 31P NMR spectra were recorded using a Bruker Avance 400 MHz spectrometer. NMR data are 

expressed in parts per million (ppm) downfield shift referenced internally to the residual proton impurity 

in the deuterated solvent and are reported as chemical shift position (δH), relative integral intensity, 

multiplicity (s = singlet, d = doublet, t = triplet, sept = septet, and m = multiplet), coupling constant J in Hz, 

and assignment. 31P NMR spectra chemical shifts are reported relative to an 85% H3PO4 in D2O external 

standard solution, all at 298 K. Infrared spectra were recorded in the range 4000–380 cm−1 on a Perkin-

Elmer Spectrum 100 FT-IR spectrometer. The yields were determined by performing the reaction in a dry 

pre-weighed Schlenk tube, weighing the sample after drying. Mass spectra were recorded with a Waters 

Micromass LCT Premier TOF-MS. The mode of ionization was ESI (electrospray) negative, [M-H] ¯. 

Samples were prepared to ~2ppm concentration in the desired solvent and infused into the mass 

spectrometer. The solid-state UV spectra were recorded on a dual beam PerkinElmer Lambda 35 UV-vis 

spectrophotometer (190-1100 nm) fitted with a Labsphere (RSA-PE-20) integrating sphere in a range of 
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200-800 nm. Solid state luminescence spectra were recorded on a PerkinElmer Ls55 luminescence 

spectrometer with a front surface accessory. 

4.3.4 Crystallography 

Single crystal of 24 (yellow chunk-shaped, 0.20 × 0.16 × 0.13 mm3), 25 (colourless, 0.220 x 0.180 x 0.150 

mm3) and 29 (was mounted on nylon loop with paratone oil. Data were collected using a Bruker SMART 

APEX CCD area detector diffractometer equipped with an Oxford Cryosystems low-temperature apparatus 

operating at T = 173(2) K. Data were measured using  and  scans of -0.30° per frame for 10.09 s using 

MoK  radiation (sealed tube, 50 kV, 40 mA). The total number of runs and images was based on the strategy 

calculation from the program COSMO. The actually achieved resolution was   = 25.382. Cell parameters 

were retrieved using the SAINT42 software and refined using SAINT42 on 1157 reflections, 5 of the 

observed reflections. Data reduction was performed using the SAINT42 software which corrects for Lorentz 

polarization. The absorption coefficient (MU) of this material is 24 (0.512), 25 (0.430) and 29 (0.998). The 

minimum and maximum transmissions are 24(0.6831 and 0.7452), 25 (0.949 and 0.891) and 29 (0.978 and 

0.722).The structure was solved by Charge Flipping using the olex2.solve44 structure solution program and 

refined by Least Squares using version 2014/6 of XL.43 The structure was solved in the space group 24 & 

25 (P-1) and 29 (P 1 21/c 1). All non-hydrogen atoms were refined anisotropically. Hydrogen atom 

positions were calculated geometrically and refined using the riding model. Structure refined by a least 

squares method on F2, ShellXL-97, incorporated in Olex244. All H-atoms were placed in calculated 

positions and refined using a riding model. 
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4.3.5 Synthesis of Zwitterionic Ligands 

(Methyl-2-aminoethoxy)-4-methoxyphenyl dithiophosphonate Zwitterion (24) 

Lawesson’s Reagent (3.00 g, 7.42 mmol) was treated with N-

Methyl-ethanolamine (1.19mL, 14.85 mmol) in a clean and dried 

Schlenk tube containing dried THF (15ml) at room temperature. 

The reactants were stirred for half an hour until a clear solution 

was formed and white precipitate resulted. In a case where 

precipitates are taking longer to form after a clear solution 

occurred, the solution was pumped down and hexane was added to precipitate the compound. The 

precipitate was filtered under vacuum producing a white free flowing powder (3.58 g, 87%). Light-yellow 

crystals suitable for X-ray analysis were grown by vapour diffusion of diethyl ether into a methanol 

solution. m.p 176 OC.      

31P-NMR (DMSO):108.43, 1H-NMR (DMSO) 2.57(3H, s, CH3N), 3.13 (2H, d, J=10.49 Hz, CH2N), 

3.33(2H,br,s,NH), 3.76 (3H, s, ArOMe), 4.00 (2H, d, J=10.47 Hz, OCH2), 6.89 (2H, d, J=8.88, 11.17 Hz, 

m-ArH), 7.96 (2H, dd, J=8.88, 13.37 Hz, o-ArH). 13C-NMR (DMSO) 32.65(1C, s, CH3N), 48.56 (1C, s, 

CH2N), 55.11 (1C, s, ArOCH3), 57.86(1C, d, J=66.46 Hz, CH2O), 112.28 (2C, d, J=67.14 Hz, m-ArC-

anisole), 131.49 (3C, d, J=14.29 Hz, ArC-P &o-ArC-anisole), 160.05 (1C, d, J=2.93 Hz, p-ArC-anisole), 

Selected IR data (KBr) V/cm−1:  2963(m), 2737(m), 1254 (m), 1021 (s), 643 (s), 543 (s). Mass Spec (ESI): 

(2M+H2O) + 577. 
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(Phenyl-2-aminoethoxy)-4-methoxyphenyl dithiophosphonate zwitterion (25) 

Lawesson’s Reagent (3.0 g, 7.42 mmol) was treated with N-

(2-Hydroxyethyl) aniline (1.86 mL, 14.83 mmol) in a clean 

and dried Schlenk tube containing dried THF (15ml) at 

room temperature. The reactants were stirred for half an 

hour until a clear solution was formed and white precipitate 

resulted. In a case where precipitates are taking longer to 

form after a clear solution occurred, the solution was 

pumped down to dryness and hexane was added to precipitate the compound. The precipitate was filtered 

under vacuum producing a white free flowing powder (4.22g, 84%).  Colourless crystals suitable for X-ray 

analysis were grown by slow evaporation in a mixture of dichloromethane and methanol solution in the 

volume ratio 1:1. m.p 159.4°C.  31P-NMR (MeOD): 110.74. 1H-NMR (MeOD) 3.45(1H,m,NH), 3.66 (2H, 

d, J=5.00 Hz,CH2N), 3.84 (3H, s, ArOMe),4.14 (2H, dd, J=7.56 ,10.13 Hz,OCH2), 6.90 (2H, d, J=6.36, 

13.65  H, m-ArH), 6.94 (3H, d, J=6.36 ,11.49 Hz, p&o-ArH), 7.56 (2H, d, J=9.45 Hz, m-ArH-anisole), 8.10 

(2H, d, J=13.65 Hz, o-ArH-anisole). 13C-NMR (DMSO) 43.35 (1C, d, J=7.91 Hz,CH2N), 55.09 

(1C,s,ArOCH3) 63.02 (1C, d, J=373.74 Hz,CH2O), 112.25 (4C, d, J=14.13 Hz, o-ArC-Ph. &m-ArC-

anisole), 115.57(2C,s,m-ArC-Ph),128.82(3C, d , p-ArC-Ph. & ArC-P-anisole), 131.48 (1C, d, J=12.96 Hz, 

o-ArC-anisole), 148.6(1C,s, ArC-N), 159.99 (1C, d, J=2.93 Hz, p-ArC-anisole).Selected IR data (KBr) 

V/cm−1:  2933(m), 2676 (m), 1496(m), 1246 (s), 1060 (s), 643 (s), 541 (s). Mass Spec (ESI): (M-H) + 338. 
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4.3.6 Synthesis of Neutral Ni(II), Cd(II) and Zn(II) Complexes of Zwitterionic Ligand 

Bis[(Methyl-2-aminoethoxy)-4-methoxyphenyl dithiophosphonato]Ni (26) 

A mixture of NiCl2.6H20 (0.21 g, 0.90 

mmol) and 24 (0.50 g, 1.80 mmol) in THF 

(15 ml) was stirred for 3 hours at room 

temperature. The solvent was removed 

under reduced pressure and brown sticky 

solid resulted. Water was added and 

stirred for few minutes to precipitate the 

product as free flowing brown solid (0.37 

g, 68%). m.p 144OC.  31P-NMR (MeOD):108.39,1H-NMR (MeOD) 2.82 (3H, s, CH3N), 3.34 (2H, d, J=5.00 

Hz, CH2N), 3.90 (3H, s, ArOMe), 4.22 (2H, m, J=8.13, 10.07 Hz, OCH2), 7.01 (1H, dd, J=8.88, 12.65  Hz, 

m-ArH), 8.13 (1H, dd, J=8.88, 13.65 Hz, o-ArH). 13C-NMR (DMSO) 33.44(1C, s, CH3N), 55.63 (1C, s, 

ArOCH3), 58.36 (1C,d, J=4.92 Hz CH2N), 78.91(1C, d,J=14.85Hz, CH2O), 112.74 (2C, d, J=14.40 Hz, m-

ArC-anisole), 132.07 (2C, d, J=13.22 Hz, o-ArC-anisole), 160.59 (1C, d, J=2.93 Hz, p-ArC-anisole). 

Selected IR data (KBr) V/cm−1:  3389(m), 1597(m), 1252 (m), 1019 (s), 646 (s), 536 (s). Mass Spec (ESI): 

(M) + 609 
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Bis [(Methyl-2-aminoethoxy)-4-methoxyphenyl dithiophosphonato] Zn (27) 

A mixture of anhydrous ZnCl2 (0.12 g, 0.90 mmol) and 

24 (0.50 g, 1.80 mmol) in THF (15 ml) was stirred for 

3 hours at room temperature. The solvent from the 

colourless solution was removed under reduced 

pressure and white sticky solid resulted. Water was 

added and stirred for few minutes to precipitate the 

product, after filtration, as free flowing white solid 

(0.35 g, 65%). m.p 156OC.  31P-NMR (MeOD):108.35, 

1H-NMR (MeOD) 2.82 (3H, s, CH3N), 3.34 (2H, d, 

J=5.00 Hz, CH2N), 3.90 (3H, s, ArOMe), 4.22 (2H, m, 

J=8.13,10.07 Hz, OCH2), 7.01 (1H, dd, J=8.88, 14.29 Hz, m-ArH), 8.13 (1H, dd, J=8.88, 13.65 Hz, o-ArH).  

13C-NMR (DMSO) 33.44(1C, s, CH3N), 55.13 (1C, s, ArOCH3), 64.88(1C, s, CH2N), 78.91(1C, d, 

J=14.85Hz, CH2O), 112.65 (2C, d, J= J=14.85Hz, m-ArC-anisole), 131.65 (2C, d, J=14.29 Hz, o-ArC-

anisole), 160 (1C, d, J=2.93 Hz, p-ArC-anisole) . Selected IR data (KBr) V/cm−1:  3367(m), 2933(m), 1253 

(m), 1019 (s), 620 (s), 520 (s). Mass Spec (ESI): (1/2M-H) + 617 
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Bis [(Methyl-2-aminoethoxy)-4-methoxyphenyl dithiophosphonato]Cd (28) 

A mixture of CdCl2·H2O (0.18g, 0.90 mmol) and 24 

(0.50 g, 1.80 mmol) in THF (15 ml) was stirred for 

3h at room temperature. The solvent was removed 

under reduced pressure and white sticky solid 

resulted. Water was added and stirred for few minutes 

to precipitate, after filtration, the product as free 

flowing white solid (0.36 g, 61%). m.p 1520. 31P-

NMR (DMSO):106.12,1H-NMR (DMSO) 2.57(3H, 

s, CH3N), 3.13 (2H, d, J= J=10.49 Hz, CH2N), 3.76 

(3H, s, ArOMe), 4.00 (2H, m, J=9.73, 10.47 Hz, OCH2), 6.89 (2H, dd, J=8.88, 11.17 Hz, m-ArH), 7.96 (2H, 

dd, J=8.88, 13.37 Hz, o-ArH). 13C-NMR (DMSO) 33.23(1C, s, CH3N), 55.75 (1C, s, ArOCH3), 58.95(1C, 

s, CH2N), 61.5(1C, d, J=14.85Hz, CH2O), 113.64 (2C, d, J=14.85, m-ArC-anisole), 132.14 (2C, d, J=13.32 

Hz, o-ArC-anisole), 161.31 (1C, d, J=2.93 Hz, p-ArC-anisole). Selected IR data (KBr) V/cm−1:  3367(m), 

2933(m), 1597(m), 1252 (m), 1019 (s), 620 (s), 520 (s). Mass Spec (ESI): (1/2M-H) + 667 
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Bis [(Phenyl-2-aminoethoxy)-4-methoxyphenyl dithiophosphonato] Ni (29) 

A mixture of NiCl2·6H2O (0.18 

g, 0.74 mmol) and 25 (0.50 g, 

1.47 mmol) in THF (15 ml) was 

stirred for 3h at room 

temperature. The solvent was 

removed under reduced pressure 

and brown sticky solid resulted. Water was added and stirred for few minutes to precipitate the product as 

free flowing brown solid (0.36 g, 67%). Purple crystals suitable for X-ray analysis were grown by vapour 

diffusion of hexane into a dichloromethane solution. m.p 154.6OC. 31P-NMR (CDCl3) 103.87,  1H-NMR 

(CDCl3) 3.42 (1H,m,NH), 3.58 (2H, t, J=5.38,10.47  Hz, CH2N), 3.89 (1H,s,CH3) 4.58 (2H, d, J=5.00 Hz, 

OCH2), 6.70 (2H, m, J=7.28, 11.17   Hz, m-ArH), 7.01 (3H, m, J=7.28, 11.17   Hz, p&o-ArH), 7.21 (2H, 

m, J=7.70, 11.17  Hz, m-ArH-anisole), 7.95 (1H, dd, J=7.70, 13.68Hz, o-ArH-anisole). 13C-NMR (CDCl3) 

43.89 (1C, d, J=7.91 Hz,CH2N), 55.53 (1C,s,ArOCH3) 65.45(1C, d, J=373.74 Hz,CH2O), 114.04 (4C, d, 

J=17.08 Hz, o-ArC-Ph. &m-ArC-anisole), 117.91(2C,s,m-ArC-Ph), 129.36 (3C, d , p-ArC-Ph. & ArC-P), 

131.67 (1C,d, J=15.50 Hz, o-ArC-anisole), 147.55 (1C,s, p-ArC-N), 163.14 (1C, d, J=2.93 Hz, p-ArC-

anisole). Selected IR data (KBr) V/cm−1:  3386 (m), 2934(b), 2676 (m), 1593(s), 1253 (s), 1011 (s), 746 (s), 

549 (s) Mass Spec (ESI): (M+H) + 
735 
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Bis [(Phenyl-2-aminoethoxy)-4-methoxyphenyl dithiophosphonato] Zn (30)   

A mixture of anhydrous ZnCl2 (0.10 g, 0.74 mmol) 

and 25 (0.50g, 1.47 mmol) in THF (15 ml) was 

stirred for 3h at room temperature. The solvent was 

removed under reduced pressure and purple sticky 

solid resulted. Water was added and stirred for few 

minutes to precipitate the product as free-flowing 

purple solid (0.32 g, 59%). m.p 156.20.  31P-NMR 

(CDCl3) 106.07,  1H-NMR (CDCl3)  3.58 (2H, t, 

J=5.38 Hz, CH2N), 3.89(1H,s,CH3) 4.58 (2H, d, 

J=5.00 Hz, OCH2), 6.70 (2H, m, J=7.88, 11.17   Hz, 

m-ArH), 7.03 (3H, m, J=7.28, 11.17 Hz, p&o-ArH), 

7.21 (2H, m, J=7.70.11.34 Hz, m-ArH-anisole), 7.93 (1H, dd, J=7.70, 13.68Hz, o-ArH-anisole). 13C-NMR 

(DMSO) 43.35 (1C, d, J=7.91 Hz,CH2N), 55.09 (1C,s,ArOCH3) 63.02 (1C, d, J=373.74 Hz,CH2O), 112.25 

(4C, d, J=14.13 Hz, o-ArC-Ph. &m-ArC-anisole), 115.57 (1C,s,m-ArC-Ph), 128.82 (3C, d , o-ArC-Ph. & 

ArC-P- anisole), 131.48 (1C, d, J=12.96 Hz, o-ArC-anisole), 148.6(1C,s, ArC-N), 159.99 (1C, d, J=2.93 

Hz, p-ArC-anisole). Selected IR data (KBr) V/cm−1: 3371(m), 2939(b), 1593(s), 1498(m), 1253 (s), 1019 

(s), 748 (s), 539 (s). Mass Spec (ESI): (1/2M-H) + 741, (1/2M-C15H18NO2S) + 480 
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Bis [(Phenyl-2-aminoethoxy)-4-methoxyphenyl dithiophosphonato] Cd (31) 

A mixture of CdCl2·H2O (0.15 g, 0.74 mmol) and 1 

(0.50 g, 1.47 mmol) in THF (15 ml) was stirred for 

3h at room temperature. The solvent was removed 

under reduced pressure and purple sticky solid 

resulted. Water was added and stirred for few 

minutes to precipitate the product as free-flowing 

purple solid (0.30 g, 64%). m.p 160.3OC. 31P-NMR 

(CDCl3) 109.14,  1H-NMR (CDCl3)  3.25 (2H, t, 

J=5.38 Hz, CH2N), 3.79(1H,s,CH3) 4.17 (2H, d, 

J=5.00 Hz, OCH2), 6.59 (2H, m, J=7.28,11.57 Hz, 

m-ArH), 6.99 (3H, m, J=5.36,7.88, Hz, p&o-ArH), 

7.07 (2H, m, J=7.70, 16.13  Hz, m-ArH-anisole), 7.88 (1H, dd, J=7.70, 14.13   Hz, o-ArH-anisole). 13C-

NMR (DMSO) 43.10(2C, d, J=8.50 Hz,CH2N), 55.26 (1C,s,ArOCH3) 63.02 (2C,d, J=7.02 Hz,CH2O), 

112.25 (4C, d, J=14.13 Hz, o-ArC-Ph. &m-ArC-anisole), 115.75(1C,s,o-ArC-Ph),128.82(3C, d , m-ArC-

Ph. & ArC-P), 132.43 (1C, d, J=11.38 Hz o-ArC-anisole), 148.87(1C,d, ArC-N), 161.04 (1C, d, J=2.93 Hz, 

p-ArC-anisole).  Selected IR data (KBr) V/cm−1: 2943 (b), 1593(s), 1498(m), 1253 (s), 1020 (s), 647 (s), 

536 (s). Mass Spec (ESI): (M+H) + 
791(1/2M-C15H18NO2S) + 530  
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CHAPTER 5 

 

DYE SENSITIZED SOLAR CELL APPLICATION OF FERROCENYL 

DITHIOPHOSPHONATE TRANSITION METAL COMPLEXES  

5.1 BACKGROUND 

The world’s demand for energy is expected to double its current consumption by the year 2050 and triple 

by the end of the century.1 A supply of inexhaustible energy is sought for global political, economic and 

environmental stability. Global warming and environmental pollution caused by the high consumption rate 

of fossil fuels have led to a greater focus on renewable energy sources and sustainable development. The 

development of carbon-free sources of energy that are scalable to meet increasing societal demands is, 

therefore, one of the major scientific challenges of this century. Hence, to replace fast depleting fossil fuels 

and its hazards arising from increasing global energy demands led to the search for clean alternative energy 

sources Solving this challenge has placed solar cells, also called photovoltaic cells, at the center of an 

ongoing research effort to utilize the clean, cheap and renewable energy.2-3  

The source of all forms of energy on our planet derives from the sun. The energy radiated by the sun is 

about 10,000 times the amount currently needed on Earth. Scientific efforts to efficiently trap sunlight and 

converting it directly into electricity has been a challenge for the last few decades and will be a major 

breakthrough if achieved. Researchers all over the world are focusing on the development of highly efficient 

long-term durable solar cells. Recently, organic solar cells and dye-sensitized solar cells gained special 

attention because of their high photon-to-electricity conversion efficiency, ease of fabrication and low cost 

involved in mass production compared to the traditional photo-electrochemical cells.4-5 

There is an increasing interest in developing metal coordination complexes (MCCs) for photovoltaic 

performance applications6-7 and the major difficulty in improving the efficiency of photovoltaic energy 
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conversion lies in the spectral mismatch between the energy distribution of photons in the incident solar 

spectrum and the bandgap of a semiconductor material8.  

Co-sensitization is an effective way to improve the device performance through a combination of two or 

more dyes sensitized by the same semiconductor film together, extending the light harvesting spectrum.7, 9  

To satisfy requirement and with the aim of searching for efficient sensitizers, many new commercial10-13and 

synthetic dyes (organic compounds and inorganic metal complexes) 12, 14-17 have emerged and have been 

studied for spectral sensitization of wide-band-gap semiconductor electrodes. The light-harvesting 

properties of the homo- and heteroleptic complexes of ferrocenyl dithiocarbamates and their organomercury 

(II) derivatives have previously been reported.12, 17-18 The investigation of ferrocenyl dithiocarbamates as 

possible systems to be implemented in DSCs was also recently reported.19 Additionally, other derivatives 

like hydroxyl, carboxylic, and aldehyde, as well as quinoxaline derivatives of the ferrocenyl systems with 

different anchors is also found.20 The ferrocenyl-substituted triphenylamine-based donor–acceptor dyes for 

use in dye-sensitized solar cells was recently reported by Misra et al.21 

Ferrocenyl systems have been reported to have a characteristic electronic absorption band at around 450 

nm22-23 and therefore it possesses the potential to compensate for weak absorption of N719 dyes in the lower 

wavelength region. In the quest for new and low-cost DSC materials, we report the first ferrocenyl 

dithiophosphonate transition-metal complexes as potential high-efficiency co-sensitizers in dye-sensitized 

solar cells. 

N719- dye 
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5.2 RESULT AND DISCUSSIONS 

5.2.1 Optical Properties of the Co-Sensitizers 

The optical properties were determined by use of UV-vis absorption experiments carried out on 18–22 in 

both solution and solid state.  All the compounds showed major absorption bands in the region of 450–480 

nm with the vibronic structure assignable to π–π* transition (Fig 5.1). The absorption bands of the nickel(II) 

complex also showed small low-energy absorption bands at around 680 nm which tails to 980 nm. 

Characteristically, the electronic spectrum of these complexes should show longco-wavelength ligand field 

(LF) and ligand-metal charge transfer (LMCT) absorptions24 and metal-to-ligand charge-transfer.25  In the 

LMCT complexes, the transfer of electrons arise from molecular orbitals with metal-like character to those 

with ligand-like character.25-26 For complexes with ligands having low-lying π* orbitals, transitions will 

mostly occur at low energy if the metal ion has a low oxidation state, for instance, nickel(II) in our case 

because its d orbitals are relatively high in energy. In these complexes, the low tailing energy could also be 

attributed to the availability of low-lying empty 3d orbitals.27 Because the π* orbitals of the Cp ligand are 

located at rather high energies, it is essentially a CT donor and hardly a CT acceptor.  Low-energy LMCT 

transitions occur if Cp coordinates to oxidizing metals.28-31  By inspection, there is a possibility of outer 

sphere charge transfer (OSCT) excitations which are related to MLCT30 in these complexes.  It is known 

that inter ligand (IL) transitions involving the Cp ligand do not occur at low energies, however, in mixed 

ligand complexes an additional ligand may provide IL transitions at low energies.30, 32-33  It can be argued 

that low-lying MLCT and ligand-centered (π–π*) excited states of these complexes are fairly long-lived to 

participate in electron transfer processes.34  The participation of phosphorus cannot be ignored. Phosphorus 

accepts electrons from metal π or d orbitals into P–C σ* anti-bonding orbitals that have π symmetry.35  The 

P atom bonds to electron-rich metal atoms, the corresponding π-back bonding would be expected to 

lengthen P–C bonds as P–C σ* orbitals become populated by electrons.35-37  Consequently, the UV-vis 

absorption is expected to move to a much longer wavelength as observed in this work.  In these complexes, 

the highest occupied molecular orbitals (HOMO) are in the Cp σ-bond while the lowest unoccupied 
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molecular orbitals (LUMO) are anti-bonding with regard to the P-S-M bond. Hence, The longest 

wavelength absorption can be assigned to a d σ* transition terminating at the bridging sulfur atoms38.  

These compounds have broad absorption spectra with intense LLCT, LMCT and MLCT bands overlapping 

the solar spectrum, affording suitable photoelectrochemical properties for application in solar cells. The 

hydroxy groups provide an avenue for strong adsorption of the dye to the TiO2 surface and the necessary 

electronic coupling between the charge-transfer excited states (CTES) of the sensitizers and the wave 

function of the semiconductor conduction band. Consequently, dye excitation with visible light is likely to 

produce very fast electron transfer through the appended groups to the semiconductor.31 The energy band 

gaps for the complexes was estimated from their UV-vis spectra by use of Tauc plots (Table 5.1).  

 

Figure 5.1. Electronic absorption spectra of the co-sensitizers 
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5.2.2 Electrochemical Properties of Co-Sensitizers 

In DSCs, energy matching is of significance and cyclic voltammetry (CV) was employed in this study to 

determine the highest occupied molecular orbital (HOMO) levels and the lowest unoccupied molecular 

orbital (LUMO) levels of our new complexes. Experimental data and electrochemical properties of Ni, Zn, 

and Cd complexes are reported in Table 5.1. 

Table 5.1. Experimental data and electrochemical properties of Ni, Zn, and Cd complexes 

Dye λa
abs(nm) εb(M–1cm–1) E0–0

ci(eV) E0–0
cii(eV) Eox/Vvs.SCEd EHOMO

e(eV) ELUMO
e(eV) 

Ni (1:1) 462 102050 1.85 2.68 0.35 -4.75 -2.90 

Ni (1:2) 406 99620 2.00 3.06 0.53 -4.93 -2.93 

Zn 441 58140 2.25 2.82 0.39 -4.79 -2.54 

Cd 439 63220 2.15 2.82 0.43 -4.83 -2.68 

a Absorption recorded in a DMSO solution (10–5 M) at room temperature. b The molar absorptivity calculated from 

absorption spectra.ci Optical band gap. cii Theoretical bandgap. d The first oxidation potentials of complexes obtained 

from CV measurement. e The values of EHOMO and ELUMO were calculated with the following formula:39 

 EHOMO (eV) = -e (Eox/Vvs.SCEd + 4.4); ELUMO (eV) = EHOMO (eV) + E0–0
ci (eV) 

 

 

Figure 5.2: Typical schematic energy diagram of HOMO and LUMO levels for the co-sensitizers 

compared to the energy levels calculated for TiO2
7. 
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The HOMO values for Ni, Zn, and Cd complexes are calculated to be −4.75,-4.93,-4.79 and −4.83 eV, 

while the LUMO levels are calculated to be −2.90, −2.93,-2.54 and -2.68 eV.7,39 The LUMO level of a 

sensitizer should be above the conduction band (CB) of the TiO2 semiconductor (−4.40 eV vs. vacuum) for 

efficient electron injection, while the HOMO energy level should stay below the energy level of the I−/I3
− 

redox couple (−4.85 eV vs. vacuum) for regeneration40 (Figure 5.2) which is the case with our experimental 

data for the prepared complexes, whose LUMO are also higher than that of N719 alone. Therefore, co-

sensitizing N719 dye with these complexes will result in a greater combined effect that will improve the 

electron injection efficiency from the LUMO of the dye to the conduction band of TiO2. 

5.2.3 Photovoltaic Properties 

The Ni(II), Zn(II), and Cd(II) complexes were employed as co-sensitizers and co-adsorbents to fabricate 

metal Complex-N719 photoanodes. The current–voltage characteristics of the DSC devices based on 

ordinary N719 dye, and the co-sensitized Ni-N719, Zn-N719, and Cd-N719 photoanodes are presented in 

Figure 5.3 and the conforming data are summarized in Table 5.2. For comparison, the result obtained by 

the use of N719 dye under the same experimental conditions is included. The cell parameters derived from 

these curves are also summarized in Table 5.2.  After overall co-sensitization of the state-of-the-art dye 

(N719) with the Ni, Zn, and Cd complexes, it was observed that cells containing N719 co-sensitized with 

zinc and cadmium ferrocenyl dithiophosphonate complexes showed improved performance above the 

efficiency of conventional N719 dye. The overall conversion efficiency achieved with complex 20-N719 

dye (η=8.30 %) and complex 22-N719 dye (η=7.78 %) showed a better performance compared to that of 

ordinary N719 dye (η=7.14%) under the same experimental conditions. The high efficiencies of this co-

sensitized N719 dye with different ferrocenyl dithiophosphonate complexes (Ni, Zn & Cd) may be linked 

to the electronic properties of ferrocene23,20 contained in these complexes. Evaluations were also made on 

same metal complex formed from two different stoichiometry ratios. Complex 19 contains four ferrocenyl 

molecules and 18 only have two ferrocenyls. The performances of the cells fabricated by using the Ni 

complexes 18 and 19 - N719 are lower than that of the state-of-the-art dye N719 alone. However, N719 
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dye co-sensitized with complex 19 showed a performance that is higher than that of 18-N719 which may 

be due largely to the higher number of the ferrocenyl groups associated with the complex.  Having observed 

these photovoltaic parameters, it was evident that the metal complexes were effectively attached to the 

titania surface and promise to provide an efficient electron injection into the conduction band of the TiO2 

film. Hence, enhancement of electron collection in TiO2 and reduced recombination of electrons in the 

conduction band of TiO2 and oxidized dyes was expected. 

Table 5.2: Photovoltaic parameters for the DSCs based on different photoelectrodes. 

Photoelectrodes Jsc[mA cm–2] Voc [V] FF η (%) 

N719 19.60 0.667 0.55 7.14 

Ni/N719 1:1) 17.44 0.680 0.57 6.81 

Ni/N719(1:2) 16.70 0.685 0.56 6.28 

Zn/N719 21.89 0.665 0.58 8.30 

Cd/N719 21.80 0.685 0.57 7.78 

 

 

Figure 5.3. J–V curves for DSCs based on N719- co-sensitized with different ferrocenyl 

dithiophosphonate complexes and N719-sensitized photoelectrodes under irradiation. 
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5.2.4 Electrochemical impedance spectra analysis  

In an effort to further study the dynamics of the electron-transport properties and charge recombination 

processes in the interfacial regions of the solid/liquid layers involving these complexes, electrochemical 

impedance spectra (EIS) were acquired. The Nyquist spectra were analysed by fitting varied electrical 

equivalent circuit elements to obtain the “best-fit” circuit model that represents the investigated system.  

Four different fits were obtained (Figure 5.4). All complexes presented a semicircle associated with the 

electron/charge transfer at the TiO2/dye/electrolyte interface41-42 for different circuit models. The equivalent 

circuits represent three different contributions which result in the total resistance of the system. The ohmic 

resistances of the electrolytes in 22 and 20-N719 complexes, R1 is due to charge transfer, while R2 are 

attributed to dissociative adsorption on the electrode surface and R3 in 20-N719 interfacial charge diffusion. 

R1 and R2 have constant phase elements (CPE) in parallel to simulate the distribution of relaxation time in 

the real system.43-44 The diameter of semicircles decreases in the order 20-N719 > 22-N719 indicating a 

decrease in recombination resistance at the TiO2/ dye/electrolyte interface which indicates retardation of 

charge recombination between injected electrons and I3– ions in the electrolyte, as a result, a rise in open 

circuit voltage was observed (from 0.665 to 0.685 V).  A similar observation was made by Yadav, et al.45 

who concluded that co-sensitization of the N719 dye with dithiocarbamates’ metal complexes favours DSCs 

performance and our results show a higher efficiency of 8.30 and 7.78% for Zn- and Cd-N719, respectively. 

The nickel complexes in the metal to ferrocenyl ligand ratio of 1:1 and 1:2 gave different circuit fits. 

Notably, the 18-N719 (1:2) indicated much higher impedance characteristics compared to 19-N719 (1:1). 

The 19-N719 (1:1) cell was expected to show higher performance efficiency than observed due to multi 

ferrocenyl moiety’ presence on the co-sensitized complex. But on the contrary, there is more resistance, 

and thus the impedance increased, which may due largely to the presence of two more nickel centers and 

extra coordinating THF and water groups. Water is known to increase the resistance of a preparation.46  

These complexes indicated a higher number of capacitive elements in their corresponding equivalent 

circuits which indicate a delay between the current and the potential attributed to less efficient 
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intramolecular charge transfer. The high electrical double layer resistance in 18-N719 (1:2) indicate poor 

electron transport.47 The consequence was the observed low efficiency at 6.28 and 6.81% for 18-N719 (1:2) 

and 19-N719 (1:1), respectively.  

 

Figure 5.4: Electrochemical impedance measurement fitted data for all complexes 

 

However, their low optical band gap, 1.8 and 2.00 eV indicate the charge accumulation and thus higher 

open circuit voltage of 0.685 and 0.680 V compared to the N719.  This indicated that the percolation of 

charge was a less efficient process.34  It can be argued that the system is charge conserving and that 

comparatively, the two systems can be good charge stores. 

To further determine electron transport time (τd) which is a measure of the rate of an electron injected to 

the collecting electrode, the electron lifetime was estimated from the peak frequency of the Bode phase 

plots. The τd values were calculated using the expression adopted from Gao, et al.48  

𝜏𝑑 =  
1

2𝜋𝑓𝑝𝑒𝑎𝑘
 

The values were 1.98 and 2.18 ms for Cd- and Zn-N719, respectively and 1.98 and 1.04 ms for Ni-N719 

(1:1) and Ni-N719 (1:2), respectively. A shorter time is associated with a higher photocurrent.48  
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The estimated τd value for N719 was 2.65 ms which implied that the back charge recombination was 

suppressed in all investigated systems. The observed difference in the performance these systems is 

attributed to their structural differences.  The insertion of the THF rings in the nickel(II) complexes add π 

character in the system interspaced with oxygen groups which break the conjugation of π system. Localized 

electron cloud density in the Cp rings and THF create a charge conserving effect and hence CPE elements 

observed in the circuit fits and demonstrated by the high barrier to the charge-transfer resistance at the 

electrode potential49 (Figure 5.4). 

 

5.3 CONCLUSION 

With this study, it can be concluded that the ferrocenyl dithiophosphonate complexes used as co-sensitizers 

have a positive effect on the efficiency of the DSCs. They are capable of improving Jsc as well as Voc. The 

cells co-sensitized with the d10 metal complexes of the ferrocenyl dithiophosphonate show better 

performance than the DSC fabricated by using the N719 dye alone. Hence, it can be concluded that these 

ferrocenyl dithiophosphonate complexes are potential co-sensitizer for improving the performances of 

DSCs. Therefore, solar cells energy researchers should begin to look in this direction. 
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5.4 EXPERIMENTAL 

5.4.1 Material 

Titania, platinum electrodes, hot melt gasket, Iodolyte PN-50, a glass cap, seal film and Vac'n'Fill 

Syringe were purchased from Solaronix SA and the DSC fabrication was carried out in a standard 

solar cell laboratory. It is critical for the fabrication to be carried out on dried electrodes. Platinum 

electrodes can be stored away from air and light for future use but will require re-firing prior to 

assembly. Titania electrodes also might take up water and other pollutants from the air when stored 

for a long period. It is best to use the electrode right away. If starting with an existing fired titania 

electrode, it is strongly recommended that electrode is re-fired by putting oven with a relatively 

high temperature. This ensures that no pollutants are left on the titania surface prior to solar cell 

assembly.  

5.4.2 Method 

Ferrocenyl Lawesson’s reagent was prepared from literature procedures22 and the complexes were prepared 

as reported in Chapter 3. N719 dye, electrolytes, and all other reagents were used as purchased from 

Solaronix and used as received. Distilled water was used for the reaction and in all cases where water is 

required in this work. Dried DCM was obtained and used after distillation over phosphorus(V) pentoxide 

under a blanket of nitrogen. Ethanol and methanol were either dried over calcium oxide or molecular sieves. 
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5.4.3 DSC Fabrication 

Titania and platinum electrodes were used for both photo- and counter-electrodes. The co-sensitized 

photoelectrodes were prepared by immersion of the thin nanoporous TiO2 layers (0.36cm2) into a 

DCM/Methanol (1:1) solution of the Ni, Zn, or Cd complex (10–5 M) for 6 h. The electrode with the 

absorbed complex was washed with DCM/Methanol (1:1) and then DCM. It was blow-dried and finally, 

the electrodes were dipped into a 10–5 M ethanol solution of the N719 dye for 12 h. Unabsorbed dye was 

washed out with anhydrous ethanol. The dye adsorbed TiO2 electrodes and Pt counter electrodes were 

assembled in a sealed sandwich-type cell by heating at 110 °C using a hot melt gasket as a sealant and a 

spacer between the electrodes with the active sides of the anode and the cathode facing each other. Iodolyte 

PN-50 was used as the electrolyte. The electrolyte solution was introduced into the cell via a hole drilled in 

the counter electrode and was driven into the cell by vacuum backfilling using Vac'n'Fill Syringe. The hole 

was sealed by using 0.1 mm thick small glass cap sealed on top of the hole with another piece of sealing 

film. 
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5.4.4 Characterization  

5.4.4.1 Solar Cell Efficiency  

The photoelectrochemical performance characteristics (short circuit current, Jsc, open-circuit voltage, Voc, 

fill factor (FF), and overall conversion efficiency, η) were measured using Sciencetech SF-150 Solar 

Simulator, Model 201-100 arc lamp housing (150W Xenon lamp) with a beam turning assembly including 

Air Mass 1.5 Global Filter, Model #AM15G-3 Inch (Figure 5.5). Efficiency measurements were carried 

out with a National Instruments model NI PX1-1033. Each measurement was repeated three times to 

confirm reproducibility and the average data of all three analyses are reported herein. 

 

Figure 5.5.Photograph showing the Sciencetech SF-150 Solar Simulator. 
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5.4.4.2 Electrochemical Impedance Spectroscopy 

The electrochemical (impedance and cyclic voltammetry) measurements were carried out using a PGSTAT 

12/30/230 potentiostat. A two-electrode configuration was used where the sensitized TiO2 was connected 

as the working electrode while the counter electrode (Pt), doubled as the reference electrode. The 

electrochemical impedance spectrophotometer is shown in Figure 5.6 

 

Figure 5.6.Photograph of the electrochemical (impedance and cyclic voltammetry) spectrophotometer 
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CHAPTER 6 

 

ANTIBACTERIAL STUDIES OF THE NEW DITHIOPHOSPHONATE 

LIGANDS AND THEIR COMPLEXES 

 

6.1 BACKGROUND 

Microorganisms have existed on the earth for more than 3.8 billion years and exhibit the greatest genetic 

and metabolic diversity.1 Recently, resistance to antimicrobial agents among bacteria, parasites, viruses and 

other disease-causing organisms has become a public health challenge worldwide.2  

A major setback in the development of antibiotics and their application to clinical medicine has been the 

enhancement of bacterial resistance towards antibacterial drugs. This may be largely due to constant use of 

antibiotics which in turn increases selective pressure in the bacteria population, thereby permitting the 

survival of the resistant bacteria and eradication of the susceptible ones.3  Because antimicrobial resistance 

is fast becoming a global concern with the rapid increase in multidrug-resistant bacteria,4 this has led to a 

continuing search for new antimicrobial compounds. This includes coordination complexes of biologically 

important molecules5-6 which no doubt make the antimicrobial activities of dithiophosphonate complexes 

of interest7.  Although there are many dithiophosphonates, only a few antibacterial activity studies relative 

to this class of compounds have been reported.8-10. 

In this study focus was therefore directed to the antibacterial activities of some of the new 

dithiophosphonate compounds on the following bacteria: Bacillus subtilis, Pseudomonas aeruginosa, 

Klebsiella oxytoka, and Salmonella sp, Methicillin-Resistant Staphylococcus aureus (MRSA), Escherichia 

coli, Staphylococcus aureus, Klebsiella pneumoniae, and Shigella dysenteriae which are day to day disease-

causing organisms and that has shown resistance to conventional antibiotics. 
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6.2 RESULT AND DISCUSSIONS 

6.2.1 Dithiophosphonate Complexes Synthesized Via Green Route 

Although there are a number of reported phosphor-1, 1-dithiolates generally, only a few antibacterial 

activity studies relative to this class of compounds are present in the literature.9   Antibacterial susceptibility 

tests were carried out on compound 1-12 and a summary of the results are presented in Table 6.1. 

Surprisingly, the ligands 1-4 and the nickel complexes 5-8 showed no activity against the test bacteria even 

at 1000 ppm. The zinc complexes 9-12 did exhibit varying degrees of activity against Bacillus subtilis, 

Klebsiella oxytoka, and Salmonella sp. Free ligands have been reported to typically be ineffective against 

some bacterial strains. 14 Metal complexes 9-12 from this work showed considerable antibacterial activity, 

and just slightly lower to reference antibiotics.  Complex 10, in particular, was effective against Bacillus 

subtilis even at low concentration (250 ppm) (Figure 6.1) and it also recorded the most activity against 

Klebsiella oxytoka among all the compounds investigated (Figure 6.2). 

Antibacterial susceptibility of the compounds was examined using agar-well diffusion method.3 Different 

concentrations (1000, 750, 500, and 250 ppm) of the compounds was prepared. Mueller Hinton agar (MHA) 

was prepared and melted to obtain a homogenous solution. The agar was aseptically poured into a sterile 

petri dish and allowed to solidify. The labeled plates were left on the bench for 2 h after inoculation and 6 

mm wells were bored into it. About 100 µl of test compound were fed into the plates were incubated for 24 

h and diameters of zones of inhibition were measured.   
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Table 6.1: Diameter of Zones of Inhibition (mm) of the Compound against the test Isolates  

 

Compd 

 Bacillus subtilis  Klebsiella oxytoka  Salmonella sp 

   Concentrations (ppm) of the compound used 

+C 1000 750 500 250 +C 1000 750 500 250 +C 1000 750 500 250 

9 18 13 9 6  18 9 3 - - 14 10 6 2 - 

10 20 14 10 6 3 23 20 16 8 - - - -  - 

11 18 14 9 4 - 22 12 - - - 12 6 4  - 

12 20 16 6 3 - 14 6 4 2 - - - -  - 

+C – Positive control (Streptomycin 1000ppm); -ve Control (50% DMSO); Inoculum OD600 (0.08 – 0.1); Solvent Used: 50% 

DMSO 

 

 

 

Figure 6.1. Graphs showing the comparative result of the antibacterial activity of the compounds Bacillus 

subtilis. 
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Figure 6.2. Graphs showing the comparative result of the antibacterial activity of our compounds on 

Klebsiella oxytoka. 

 

Compound 9 seems to be the only compound showing activity against Salmonella sp (Figure 6.3).  

However, we considered why these bacteria strains were only susceptible to the zinc complex? Antibacterial 

activity of the zinc precursor salts such as ZnCl2 used in the formation of these complexes was carried out 

and no noticeable activity resulted compared to susceptibility to their corresponding complexes. This 

implies that the antibacterial activity derives from a synergetic relation between the ligand and zinc as 

expounded in complexes 9-12. Furthermore, we used the same zinc salt for the formation of all our zinc 

complexes, the different results obtained from the susceptibility test with complexes 9-12 which evidently 

demonstrate that the activity cannot come from the metal salts alone. Null activities were recorded for some 

of the zinc complexes in the case of Salmonella sp.  Nevertheless, bacteria has been reported to be 

susceptible to zinc (and other transition metals11) and we thus propose that the heightened antibacterial 

activities of our zinc complexes make the bacteria more susceptible to them.   
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Figure 6.3.Graph showing the comparative result of antibacterial activity our compound on Salmonella sp 
 

 

6.2.2 Zwitterionic Dithiophosphonate Ligands and Their Complexes 

In addition to few antibacterial activity studies relative to this class of compounds,12 we report antibacterial 

susceptibility tests on compounds 24-31 and the results are summarized in Table 6.2 and their graphical 

representation are shown in Figure 6.4-6.9. More antibacterial activities were also observed with group 12 

metals complexes, compared to other metal groups investigated. The ligands (24-25) and the nickel 

complexes (26 & 29) showed less activity against the test bacteria at all level of tested concentration (ppm) 

while the zinc (27 & 30) and the cadmium complexes (28 & 31) showed a considerable degree of activity 

against Methicillin-Resistant Staphylococcus aureus (MRSA), Escherichia coli, Staphylococcus aureus, 

Klebsiella pneumoniae, Bacillus subtilis, and Shigella dysentery. It is reported that chelation usually makes 

the ligand act as stronger and effective bactericidal agents, thus showing more antibacterial activity than 

the ligand.13 In a complex, the positive charge of the metal is not fully shared with the ligand’s donor atoms 

and may lead to π-electron delocalization over the whole chelate. This heightens the lipophilic 
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accomplishment of the metal chelate and fosters its infiltration through the lipid layer of the bacterial 

membranes. The improved lipophilic performance of these complexes may largely be responsible for their 

improved potent bacterial susceptibility. There may be other factors responsible for their antimicrobial 

activity, which are solubility, conductivity, and bond length between the metal and the ligand13. 
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Table 6.2: Diameter of Zones of Inhibition (mm) of the Compound against the test Isolates 

Test Isolates Concentration 

(ppm) 

 24 25 26 27 28 29 30 31 

Methicillin-

Resistant 

Staphylococcus 

aureus (MRSA)  

  +C - 13 - 4 6 14 15 23 

250 - - - 2 5 - 3 4 

500 - 2 - 5 8 - 7 11 

1000 - 7 - 9 14 9 11 17 

 

 

Escherichia 

coli 

+C - 10 - - 15 - 15 15 

250 - - - - - - - 3 

500 - 5 - - 6 - 5 7 

1000 - 6 - - 10 - 8 12 

 

 

Staphylococcus  

aureus 

+C - 12 - 18 24 - 20 36 

250 - - - - 2 - 3 8 

500 - 4 - 9 8 - 9 19 

1000 - 9 - 15 18 - 15 30 

 

Klebsiella 

pneumoniae 

+C - 8 12 12 15 11 13 13 

250 - - - - 2 - - - 

500 - 5 4 4 6 3 4 3 

1000 - 8 8 9 11 7 9 8 

 

Bacillus 

subtilis 

+C - - - 14 12 - 13 20 

250 - - - - - - - 3 

500 - - - - - - 3 6 

1000 - - - 10 5 - 8 14 

Shigella 

dysenteriae 

+C 5 - - 12 14 13 15 18 

250 - - - - - - - 3 

500 5 - - 4 5 3 4 7 

1000 9 - - 7 8 7 9 12 

+C – Positive control (Streptomycin 1000ppm); -ve Control (50% DMSO); Inoculum OD600 (0.08 – 0.1); 

Solvent Used: 50% DMSO 
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Figure 6.4.Graph showing the comparative result of antibacterial activity of the compounds on 

Methicillin-Resistant Staphylococcus aureus (MRSA) 

 

 

Figure 6.5. Graph showing the comparative result of antibacterial activity of the compounds on 

Escherichia coli 
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Figure 6.6. Graph showing the comparative result of antibacterial activity of the compounds on 

Staphylococcus aureus 

 

Figure 6.7. Graph showing the comparative result of antibacterial activity of the compounds on 

Klebsiella pneumoniae, 



151 

 

 

Figure 6.8.Graph showing the comparative result of antibacterial activity of the compounds on Bacillus 

subtilis 

 

  

Figure 6.9.Graph showing the comparative result of antibacterial activity of the compounds on Shigella 

dysentery 
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6.3 CONCLUSION 

This study reports on the antibacterial susceptibility tests for the bacteria Methicillin-Resistant 

Staphylococcus aureus (MRSA), Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, Bacillus 

subtilis, and Shigella dysenteriae, Pseudomonas aeruginosa, Klebsiella oxytoka, and Salmonella sp using 

new dithiophosphonate compounds at various concentrations. The obtained result indicated that these 

compounds showed a range of antibacterial activities from zero to moderate and even significant, and it is 

evident that the microbial growth inhibition by metal complexes was in most cases higher than that of the 

free ligands. The result also showed that d10 metal dithiophosphonate complexes are better antibacterial 

compared to the d8 metal complexes as they displayed much better activity.  
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6.4 EXPERIMENTAL 

 

6.4.1 Antibacterial susceptibility test Of Dithiophosphonate Complexes Synthesized Via Green 

Route 

Antibacterial susceptibility of the compounds was examined using agar-well diffusion method.3 Different 

concentrations (1000, 750, 500, and 250 ppm) of the compounds was prepared by weighing out the required 

quantity and dissolved them in 80% dimethyl sulfoxide (DMSO). Broth culture of the test organisms; 

Bacillus subtilis, Pseudomonas aeruginosa, Klebsiella oxytoka, and Salmonella sp. were standardized 

(0.01-0.1 at OD600 nm) using a spectrophotometer. Mueller Hinton agar (MHA) was prepared according to 

the manufacturer’s specification and melted to obtain a homogenous solution, 20 ml each of the MHA was 

dispensed into McCartney bottles and autoclaved at 121oC for 15 min and allowed to cool to about 45 oC. 

The agar was aseptically poured into a sterile petri dish and allowed to solidify. Thereafter, the plates were 

incubated for 24 h to confirm their sterility. The plates (Figure 6.10) were labeled accordingly and 

inoculated with the test isolates. The plates were left on the bench for 2 h after inoculated for the organism 

to acclimatize with the agar. With the aid of a sterile cork borer, 6 mm wells were bored into the inoculated 

plates and the wells were labeled according to the concentration of the test compounds. About 100 µl of 

test compound were fed into the well and left on the bench for 2 h for the compound to diffuse into the agar, 

1000 ppm of conventional antibiotic (streptomycin) was used as positive control and 80% DMSO as the 

negative control. The plates were incubated for 24 h and diameters of zones of inhibition were measured 

with the aid of transparent calibrated ruler.   
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Figure 6.20. The incubated plates showing the diameter of zones of inhibition of the compound against the 

test isolates 

 

6.4.2 Antibacterial Susceptibility Test Of Zwitterionic Dithiophosphonate Ligand and Their  

Complexes  

Antibacterial susceptibility of the compounds was examined using agar-well diffusion method. Different 

concentrations (1000, 500, and 250 ppm) of the compounds was prepared by weighing out the required 

quantity and dissolved them in 50% dimethyl sulfoxide (DMSO). Broth culture of the test organisms; 

Methicillin-Resistant Staphylococcus aureus (MRSA), Escherichia coli, Staphylococcus aureus, Klebsiella 

pneumoniae, Bacillus subtilis, and Shigella dysenteriae were standardized (0.01-0.1 at OD600 nm) using a 

spectrophotometer. Mueller Hinton agar (MHA) was prepared according to the manufacturer’s 

specification and melted to obtain a homogenous solution, 20 ml each of the MHA was dispensed into 

McCartney bottles and autoclaved at 121oC for 15 min and allowed to cool to about 45 oC. The agar was 

aseptically poured into a sterile petri dish and allowed to solidify. Thereafter, the plates were incubated for 

24 h to confirm their sterility. The plates were labeled (Figure 6.11) accordingly and inoculated with the 

test isolates. The plates were left on the bench for 2 h after inoculated for the organism to acclimatize with 
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the agar. With the aid of a sterile cork-borer, 6 mm wells were bored into the inoculated plates and the wells 

were labeled according to the concentration of the test compounds. About 100 µl of test compound were 

fed into the well and left on the bench for 2 h for the compound to diffuse into the agar, 1000 ppm of 

conventional antibiotic (streptomycin) was used as positive control and 50% DMSO as the negative control. 

The plates were incubated for 24 h and diameters of zones of inhibition were measured with the aid of 

transparent calibrated ruler. 

 

Figure 6.11.The incubated plates showing the diameter of zones of inhibition of the compound against 

the test isolates 

 

Ethical Consideration 

To the best of our knowledge, there is no regulation that requires any ethical consideration for this work. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 

7.1 CONCLUSION 

In this study, various new dithiophosphonate ligands were successfully synthesized from the reaction 

between water, simple aliphatic alcohols (methanol, ethanol & isopropanol), amino alcohols and the 

phenetole analogue of Lawesson's reagent. The study further prepared a number of new 

dithiophosphonate complexes of the corresponding ligands. Characterizations of the new compounds 

establish all our proposed compound and most of the new compounds were confirmed structurally by 

representative crystal structures. The new ferrocenyl dithiophosphonates synthesized in the study 

displayed high tendency to be a potential co-sensitizers in dye sensitized solar cells application. Some 

of the new compounds also showed antibacterial properties in antibacterial susceptibility test. The 

study, therefore, concludes that dithiophosphonate ligands and complexes were directed into new 

avenues of research, starting with the report on the green solventless synthetic route to a number of 

new applications, applying a variety of tools, contained in this thesis. 
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7.2 FUTURE WORK. 

 

There are a number of possible ways to take this work further, a few are highlighted below: 

 The green synthetic route to the formation of dithiophosphonate ligands and complexes which are 

established in this work should be extended to other dithio-organophosphorus compound synthesis. 

This will eventually make green synthesis a preferred synthetic route in this field of research. We 

only investigated the use of alcohols in the liquid form in this work, it will be beneficial to see solid 

alcohols being applied in this manner. 

 Polymeric nature of ferrocenyl dithiophosphonate ligand formed in this work should be further 

explored. A number of coordination polymers can be formed by exploring the multidentate capacity 

of this ligands and varying the metal to ligand ratio. The reactivity of the hydroxyl group on the 

ligand/complex could be further engaged through deprotonation, leading to further reactivity in the 

so-called ‘complex of complexes’ type reactions. The hydroxyl group can also be treated as P-O-

H moiety to see if it can perform the same reactions as that of regular alcohols in the nucleophilic 

ring opening of Lawesson’s reagent dimer and further complex to different transition metals leading 

to a higher multidentate ligand and forming a multinuclear complexes as shown in Scheme 9.1 

containing different derivatives of Lawesson’s reagent on a single complex. 
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Scheme 7.1. Possible future dithiophosphonate work 

 

 The zwitterionic ligand promises to be a very exciting multidentate ligand which could act as S,S’ 

chelating ligands towards soft transition metals and concurrently as amino ligands towards hard 

transition metals, leading to the formation of multinuclear complexes. For example, the primary 

amine is known to react with CS2 leading to bi-functional ligands containing both 

dithiophosphonate and dithiocarbamate entities on the same ligand, see Scheme 9.2. 
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Scheme 7.1. Possible future reactions of zwitterions forming a dual functional 

dithiophosphonate/dithiocarbamate ligand 
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APPENDIX 

The accompanying CD serves as an Appendix to this dissertation and contains 31P NMR, 1H NMR, 13C 

NMR and FTIR spectra, Mass Spectra and X-ray crystallographic data (including cif files). 
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