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Abstract 

Synthesis, Characterization, and Functionalization of Bis-Thiosemicarbazones: 

Applications In Metal Binding, Catalysis and as Single-Source Precursor 

Pentadentate Bis-thiosemicarbazones (BTSC) of class S^N^N^N^S binding sites have been known for 

their therapeutic activities. Thus, investigation of pentadentate BTSC in other fields besides biological 

activities is often scarce or lacking.  Pentadentate BTSC ligand of type S^N^N^N^S comprises a 

dicarbonyl backbone, N^S core and a diamine tail. Pentadentate BTSC is appealing because the 

dicarbonyl backbone and the diamine tail can be derivatized, functionalized and conjugated with a 

nanoparticle (NP) or other molecules, thus potentially expanding the applications of pentadentate 

BTSC. Thus, the study commenced with the synthesis of various pentadentate BTSC ligands and their 

metal complexes to expand the library of BTSC. Single crystal XRD showed that Pd2+ and Zn2+ 

conform to a distorted square planar geometry. Pd2+ bind through Sthiol^Nimine^Npyridinic^Namide, 

exhibiting a thione/thiol character. Zn2+ is coordinated through Sthiol^Nimine^Nimine^Sthiol showing only 

thiol characters.  Cu2+ coordinate through Sthiol^Nimine^Npyridinic^Nimine^Sthiol, resulting in a bipyramidal 

geometry.  

The reaction between pentadentate BTSC and the linkers (dopamine hydrochloride and (3-

aminopropyl)-triethoxysilane) was first carried out and to establish a new route to conjugate BTSC 

with NPs. 1H NMR spectroscopy revealed the new amide bond, confirming the successful 

conjugation of BTSC with (3-aminopropyl)-triethoxysilane) or dopamine. Magnetic Fe3O4 conjugate of 

BTSC was first synthesized using the well-established NHS/EDC coupling route. The Fe3O4 was first 

coated with SiO2, followed by the deposition of (3-aminopropyl)-triethoxysilane to afford amine 

functionalized Fe3O4 (Fe3O4@SiO2–APTES) and subsequent conjugation with BTSC (Fe3O4@SiO2–

APTES–BTSC). The magnetic material (Fe3O4@SiO2–APTES–BTSC) exhibit a high adsorption capacity 

for binding Pd2+. The unusual high uptake of Pd2+ was attributed to different adsorbed species 

contributing to the uptake of Pd2+ ions, as revealed by different characterization techniques, including 

DFT calculations. 

The newly developed route was employed to conjugate BTSC with different NP (SiO2 and Fe2O3). SiO2 

was conjugated with BTSC at the dicarbonyl backbone, and Fe2O3 was conjugated with BTSC at the 

diamine tail part of the BTSC. SiO2 was initially pre-functionalized with (3-aminopropyl)-

triethoxysilane, and Fe2O3 was pre-functionalized with dopamine, and the subsequent reaction with 

BTSC at room temperature affords SiO2@APTES–BTSC or Fe2O3–Dopamine–BTSC. SiO2@APTES–

BTSC was further coordinated with Pd2+ ions and employed as a heterogeneous catalyst in the 
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Suzuki-Miyaura cross-coupling reaction. X-ray Photoelectron Spectroscopy investigation of 

SiO2@APTES–BTSC–Pd revealed that palladium is predominantly Pd0, thus, an invaluable catalyst for 

coupling aryl compounds. 

Metal complexes of pentadentate BTSC were also used as single-source precursors for synthesizing 

metal sulfides NPs. The metal sulfide NP particles were obtained by microwave-assisted 

decomposition of metal complexes of pentadentate BTSC. Thus, pure Cu7.2S4, Pd16S7, and ZnS metal 

sulfides NPs were synthesized. 
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1.1 Pentadentate Bis-thiosemicarbazones (BTSC) 

Thiosemicarbazone (TSC) is a class of N^S ligands with primitive potential as biological agents 

(antiviral, antibiotic and antifungal).1 The earliest report of TSC dates back to 1960s when TSC was 

employed as a probe for ketones.2 Since their discovery, TSC compounds have been extended as 

probes for metal ions, as catalysts, and in precursor chemistry to synthesize metal sulfide NPs.3–6 In 

recent decades, attention has been extended to bis-thiosemicarbazone (BTSC), focusing more on 

tetradentate BTSC. In fact, few tetradentate BTSC complexes, e.g., [64Cu(ATSM)], have successfully 

reached clinical trials as anticancer agents and diagnostic probes for imaging cardiac hypoxia.7 

Pentadentate BTSC, such as 2,6–diacetylbenzene–bis(N-(4)–ethyl-thiosemicarbazone), have also been 

studied for their antitumor effects.8 

 

In general, mono and bis-TSC are attractive because of the ease of derivatization of the ligand.9 

Therefore, TSC can bear different -R substituents (Scheme 1).10 The derivatization of TSC can occur 

via the carbonyl or thiosemicarbazide moiety. Thus, there is a constant increase in the TSC library. The 

derivatization of TSC has also been extended to BTSC, where symmetrical and asymmetrical BTSC 

have been explored for their biological activities.11 One of the benefits of derivatizing TSC is that the 

basic N^S donor atoms can be increased. Thus, while the basic TSC binds in bidentate coordination 

using the thiol/thione and imine pocket, a higher degree of TSC denticity has been reported.12,13 The 

derivatization of TSC is also crucial because NP conjugate of TSC can be accessed in this manner.14,15 

 

 

Scheme 1. Selected coordination modes of mono–TSC (A, B), tetradentate BTSC (C, D) and 

pentadentate BTSC modes (E). 

 

Pentadentate BTSC can bind to metal ions in neutral and anionic forms through the lone pair from 

diimine N^S–core and the dicarbonyl donor atom (Scheme 2), i.e. pyridinic nitrogen and anionic 
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disulfur, giving rise to a highly conjugated system with pi-network consisting of alternating single 

and double bonds and bond length averaging between single and double bond. The coordination 

trend of the BTSC metal complex is vast because the metal centre influences the charge and 

coordination.16 

 

Scheme 2. Complexation of pentadentate BTSC with M2+. 

 

TSC is also attractive because of their affinity for soft and hard metals.17 Thus, TSCs have been used to 

recover metal ions from an aqueous solution, simultaneously as a sensor for metal poison in food and 

beverages.18,19 In recovering metal ions from an aqueous solution, TSC is often anchored covalently on 

an NP (support) to ease the conjugate's recovery, thus limiting TSC leaching.20  Consequently, 

graphene and cellulose have been conjugated with mono-TSC to recover metal ions from an aqueous 

solution.21,22 The graphene/cellulose–TSC conjugate showed an affinity for soft metal, as indicated by 

its high adsorption capacity.21,23 

 

The varieties of coordination modes adopted by mono-TSC complexes make mono-TSC complexes an 

invaluable homogenous catalyst for oxidation and reduction, hydrogenation, alcoholysis and 

condensation reaction.5,6 Mono-TSC can adopt the pincer-type coordination effective in carbon–carbon 

coupling of aryls.24 The inherent N^S donor atoms are also beneficial for many catalyst activities due 

to their air stability compared to traditional phosphine-based ligands.25  Recently, studies have shifted 

towards heterogeneous catalysts due to the challenges associated with recovering spent 

homogeneous catalysts.26 Therefore, mono-TSC complexes are conjugated with NPs. Many studies 

have utilized mono-TSC terminal amine as the binding site for the NP.20 Polystyrene was covalently 

conjugated to TSC as a heterogeneous catalyst for the oxidation of alkenes and alcohol.27 The carbonyl 

moiety of mono-TSC has also been explored as the anchoring site of NP.28 Fe3O4 was conjugated with 

the mono-TSC copper complex via the carbonyl moiety and was employed as an Ullmann-type 

catalyst in the arylation of imidazole with iodo-benzene.  
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Mono-TSC is an invaluable source of sulfur atoms. Therefore, there is also a growing trend in using 

mono-TSC in precursor chemistry, especially as a single-source precursor in synthesizing metal 

sulfide NPs.29,30 The inherent N^S TSC donor atoms have a varying affinity for metal ions; S have an 

affinity for soft metals, and N has an affinity for hard metals.31 Therefore, the metal complexes of 

mono-TSC are not limited to the transition metals. Lanthanides, actinides and alkali metal complexes 

have all been reported.32–34 Therefore, previously difficult-to-synthesize metal sulfides and bimetallic 

are now easily accessible in higher purity.35–37  

 

Mono-TSCs are synthesized by condensing thiosemicarbazide with a carbonyl (aldehyde or 

ketones).10 BTSC is synthesized similarly, except that thiosemicarbazides are condensed to two arms 

of dicarbonyl, thus opening the path for pentadentate BTSCs when the dicarbonyl backbone contains 

a donor atom, resulting in an S^N^R4^N^S binding pockets.38 In lieu, different binding pockets 

S^N^N^N^S, S^N^S^N^S and S^N^O^N^S have been reported for pentadentate BTSC (Scheme 3).39,40 

This thesis focuses on the S^N^N^N^S binding pocket obtained from the 2,6-diacetyl-pyridine 

derivatives.  

 

 

Scheme 3. General structure of BTSC showing the dicarbonyl backbone, N^S core, and diamine tails. 

 

1.2 Thiosemicarbazones Nanoparticle Conjugate 

TSC are attractive molecules, especially in their biological activities. However, for practical 

applications, TSC ligands are conjugated with support to ease the recovery of spent TSC or to target 

specific sites.14,15 The structural flexibility of TSC is crucial in achieving the conjugation of TSC with 

support. The covalent anchoring of TSCs onto NPs is feasible via two approaches. 

The first approach involved the reaction between thiosemicarbazide and carbonyl/ketone-bearing 

NPs. This is practical for carbon-based NPs. Ribose, galactose, glucose, and graphene-TSC NPs 

conjugates have been synthesized using this approach.41–43 The reaction between the carboxylic acid 
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moiety of graphene oxide and TSC’s terminal amine forms an amide bond. Similarly, the reaction 

between acryl-chloride moiety of carbon nanotubes and TSC’s terminal amine has also been used to 

form an amide bond to anchor TSCs covalently.20 

The second approach involves the covalent reaction of TSC with pre-functionalized NPs. This is the 

most common approach used to synthesize TSC-NP conjugates.  The simplest form is to utilize TSC’s 

terminal-NH to form a covalent bond between TSC and halogen pre-functionalized NPs. 

Alternatively, TSC may be derivatized with different functional groups to explore the affinity by 

relying on the chemistry of individual NP.9 

 

1.3 Thiosemicarbazones in Suzuki-Miyaura Cross-Coupling Reaction 

Thiosemicarbazone (TSC) and its metal complexes are widely known for their biological activities. 

However, their catalytic activities have also been gaining attention. Transition metal complexes of TSC 

are essential catalysts in various chemical reactions, including cross-coupling of aryls.5,6 The enhanced 

catalytic activities of TSC metal complexes have been associated with the air stable N^S donor atoms. 

The donor atoms are responsible for the interesting stereochemical, electrochemical, and electronic 

properties important for catalytic activities.44,45 The donor atoms are also responsible for the varieties 

of coordination modes adopted by TSC, including the pincer motif, which is vital for many catalytic 

reactions.24,46  The chelate pocket of TSC, especially in multidentate coordinated TSC, is also essential 

for the stability of catalysts.47  

 

Generally, the metal centre of a catalyst functions by acting as the binding site for the catalytic 

reaction, and the surrounding ligands and co-ligands offer the appropriate geometrical and electronic 

configuration toward the desired transition state for the required chemical reaction.48 A homogenous 

catalytic system is attractive because the catalytic process can occur under a mild condition, offering 

high chemo- and regio-selectivity and catalytic activities.46  However, since the catalyst phase is the 

same as the reactant and products, more energy and material are required to separate the desired 

products. This is a significant drawback for homogenous catalysts.48 Thus, the quest to recover, 

regenerate, and reuse catalysts has led to a significant shift in the design of many catalysts. Recent 

catalyst designs have seen the use of insoluble NPs or the immobilization of traditional homogenous 

catalysts onto support such as NP.28 However, the new interaction, e.g., the covalent bond between the 

support and metal complex, may negatively impact the electronic state of the metal centre, thus 

altering the catalytic activities.48 
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Pd-based complexes used in the Suzuki-Miyaura cross-coupling type reaction have received the most 

attention because of their industrial importance.49 The reaction involves the coupling of 

organoboranes and organic electrophiles in the presence of a base.50,51  Thus, reports that enhance the 

field continue to grow.50 The mechanism that governs Pd-based cross-coupling has been extensively 

studied.52 The catalytic cycle commences with the active Pd moiety, i.e., [Pd0L4], which is succeeded by 

the oxidative addition of the aryl halide (Ar–X) to afford trans-ArPdXL2 complex, this is followed by 

the nucleophilic attack on the trans-ArPdXL2 complex, resulting in transmetallation, the product is 

finally obtained by reductive elimination (Scheme 4).52 

 

Scheme 4. Mechanism of Suzuki-Miyaura cross-coupling reaction 

 

1.4. Homogenous Thiosemicarbazone Catalyst 

In general, homogenous catalysts have received much attention due to their higher catalytic and 

selectivity rates. A phosphorus-based ligand characterized the traditional Pd catalysts used in the 

Suzuki-Miyaura reaction; the phosphorus ligand provides steric hindrance, essential during 

transmetallation and reductive elimination.53,54 TSC Pd complex has been synthesized to include 

phosphorous ligands, enriching its composition alongside the intrinsic N^S donor atoms. This design 

enhanced the catalytic performance of TSC catalyst (Scheme 5).55 The performance of phosphine-

based TSC catalysts has also been enhanced by introducing additional ligands, highlighted by the 

effect of electron withdrawing and electron donating groups on the coupling of haloaryl with 

organoborane.55 Among the tested ligands (-OCH3, CH3, H, Cl and NO2), the electron-donating ligand 

was the most efficient catalyst for the Suzuki-Miyaura-type reaction. 
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Scheme 5. Phosphine-based TSC Pd complex for Suzuki-Miyaura cross coupling reaction. Adopted 

from Ref.55 

 

Investigating the impact of a more extensive ligand system is a practical tool in designing TSC 

catalysts for cross-coupling reactions. Thus, bis-diphenyl-phosphine ferrocene, bis-phenyl-phosphine 

and phenyl-phosphine TSC Pd complexes were compared in Suzuki-Miyaura-type reaction (Scheme 

6). The catalytic performance of the bis-diphenyl-phosphine ferrocene-containing TSC Pd complex 

was superior to other catalysts, even in mild catalytic conditions. The high catalytic activities were 

attributed to the extensive ligand system.56 

 

Scheme 6. Phosphine-based TSC Pd complex with extensive ligand system for Suzuki-Miyaura cross 

coupling reaction. Adopted from Ref.56 

 

Nitroso-2-naphthol and quinoline-8-ol were also investigated as ancillary ligands as an alternative to 

the traditional phosphine-based ligand (Scheme 7).57 The catalyst was adequate for coupling of wide 

range of haloaryl compounds with boronic acid, including the activation of C-F, C-I and C-Cl.57 The 

reaction also proceed at room temperature, however at longer reaction time.57 
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Scheme 7. TSC Pd complex with ancillary ligands for Suzuki-Miyaura cross-coupling reaction. 

Adopted from Ref.57  

 

The pincer complexes are known for their excellent catalytic activities. This type of ligand is 

characterized as moisture, air and thermal-stable.24 Tridentate TSC ligands usually conform to the 

pincer motif.58  Salicylaldehyde TSC Pd complex was employed as an air and moisture-stable catalyst 

for coupling organoborane with aryl halides (Scheme 8).59 The optimum catalytic condition was 

obtained in DMF solution at 100oC.59 The coupling can also occur under a mild catalytic condition. 

However, activation of chloride substituent was low as compared to bromide substituent.60 

 

 

Scheme 8. Pincer conform TSC Pd complex for Suzuki-Miyaura cross coupling reaction. Adopted 

from Refs.59,60 

 

1.5 Heterogenous Thiosemicarbazone catalyst 

In the quest for a sustainable chemical process, relevance is given to the design of heterogeneous TSC 

catalysts. In lieu, Pd complexes TSC were conjugated with SiO2 NPs. The covalent conjugation of TSC 

Pd complex and SiO2 NP was achieved by reacting –NH pre-functionalized SiO2 with carbonyl pre-

functionalized TSC. The TSC–NP conjugate shows high catalytic activities and selectivity, and the 

spent catalyst can be recovered and regenerated for reuse (Scheme 9).61 Carbohydrate was employed 

as the carbonyl constituent in the synthesis of TSC for the Suzuki-Miyaura type reaction. The 
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coupling reaction was achieved in high yield at 60 minutes reaction time. Substituted aryl chloride at 

the ortho position achieved the lowest coupling.62 

 

Scheme 9. TSC-Pd heterogenous catalyst for Suzuki-Miyaura cross coupling reaction. Adopted from 

Ref.61 

1.6 Thiosemicarbazone Complexes as a Single-Source Precursor 

TSCs are an important source of sulfur due to the inherent N^S donor atoms. Therefore, TSC metal 

complexes are ideal for the synthesis of metal sulfide.63 Thus, several metal sulfide NPs have been 

reported, including transition metals and lanthanides.37,63,64 Usually, the metal sulfide is obtained via 

the thermal decomposition of the TSC metal complex. The decomposition commences with 

eliminating alkene and rearrangement to form the metal sulfide NP (Scheme 10).37  

 

Scheme 10. Thermal decomposition of TSC complex for the synthesis of metal sulfide. Adopted from 

Ref.37 

 

1.7 Thiosemicarbazone Nanoparticle Conjugate in Metal Binding 

TSC are ideal for metal binding due to chelating properties. The inherent N^S donor atoms have 

different affinity for hard and soft acids.65 TSC are anchored on a support (NP) during the binding 

and recovery of metal ions. In lieu, multiwall carbon nanotubes (MWCNs), carboxylate functionalized 

MWCNs and carboxylate functionalized MWCNs anchored with 1-isatin-3-TSCs was investigated for 

the adsorption of Pb2+ ions.20 Increasing the solution pH value from 1 to 5.5 was favourable to all the 

adsorbents. Above the optimum pH (5.5), the surfaces of the carboxylate functionalized MWCNs and 

carboxylate functionalized MWCNs anchored with 1-isatin-3-TSC were characterized by the 

dissolution of the carboxylic group and protonation of amino groups, respectively. The adsorption 
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capacity of carboxylate functionalized MWCNs anchored with 1-isatin-3-TSC was superior (63.67 

mg/g), when compared with the carboxylate functionalized MWCNs (7.36 mg/g). This showed that 

while the contribution of the carboxylate functional group (–OH, a hard base) was lost, the thiol (SH) 

on the TSC retained its binding capacity, thereby contributing to its adsorption capacity. 

 

Another study has also highlighted the impact of the N^S donor atoms by conjugating graphene 

oxide with TSC. Graphene oxide conjugated with TSC improved the affinity of the conjugate for Hg2+ 

ions.43 The improved affinity for Hg2+ was caused by the reaction of the donor atoms (S and N) with 

Hg2+ ions, which results in a strong surface complexation reaction. Mesoporous silica conjugated with 

5-tert-butyl-2-hydroxybenzaldehyde TSC. The resulting adsorbent was used for the removal of Pd2+.66 

At the optimum pH (3.5), in the presence of 10 mg/L competing ions (Ca2+, Fe3+, Co2+, Mg2+, Zn2+, Cu2+, 

K+, Na+, Ag+, Ru3+, Al3+, Ba2+ and Pt2+), the SiO2–TSC conjugate was selective for Pd2+ at 2 mg/L initial 

concentration, with slight loss of activities after the 9th cycle of the regeneration of the SiO2–TSC 

conjugate.67  

 

NP conjugate of TSC has also been used for preconcentration and detection of metal ions. Alumina–

TSC conjugate was employed for the preconcentration and selective extraction of Cr oxyanions in the 

presence of competing metal ions.68 The affinity of the Alumina–TSC towards Cr3+ oxyanion increased 

with increasing solution initial pH from 4 to 7, with adsorption capacity between the range 10 to 760 

µmol/g. In contrast, the affinity for C2O72– increased as the initial pH solution decreased from 4 to 1, 

with adsorption capacity between 100 to 400 µmol/g. Thus, it is viable to selectively extract chromium 

oxyanions by manipulating the initial solution pH. Polystyrene–1-phenyl-1,2-propanedione-2-oxime-

TSC conjugate was employed to preconcentrate Cu2+ ions in aqueous solution, soil and food 

samples.69 The polystyrene–TSC conjugate selectively complexed Cu2+ at initial solution pH 5. The 

adsorbed Cu2+ exhibits high stability in strong acid and alkaline mediums. However, competing ions 

such as Fe3+ and Hg2+ remain a challenge.69  

 

Mesoporous SiO2–TSC conjugate was employed to detect and remove Cu2+ from an aqueous 

solution.67 The removal of Cu2+ ions was influenced by the solution pH, with the maximum 

adsorption capacity of 176.27 mg/g. The removal of optimum Cu2+ ions was observed at a neutral 

solution pH. Therefore, while TSC-based adsorbents show high adsorption capacity and can function 

in selective extraction and preconcentration, competing ions remain challenging. However, this 

shortcoming associated with competing ions can be overcome by manipulating the solution's initial 

pH since N^S donor atoms present in TSCs can function independently at opposing pH values. 
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1.8 Aim of this Work 

 

The aim of this thesis is to synthesize a range of pentadentate BTSC and their NP conjugate (BTSC–

NP). The BTSC–NP conjugate is used for the binding Pd2+. The Pd2+ coordinated BTSC–NP is further 

employed as a catalyst in the Suzuki-Miyaura-type cross-coupling reactions. The conjugation of NP 

with BTSC was attempted via the dicarbonyl backbone and the diamine tail (Scheme 11). A further 

aim was to use BTSC metal complexes as a facile single-source precursor in the synthesis of metal 

sulfides. 

The aim of the project was achieved by following these objectives: 

• Synthesis of pentadentate BTSC and their complexes and derivatization of pentadentate BTSC 

to bear additional functional groups at the dicarbonyl backbone and the diamine tails. 

• The synthesis of pentadentate BTSC functionalization with dopamine hydrochloride, (3–

aminopropyl)–triethoxysilane or (3-chloropropyl)-trimethoxysilane. Covalent anchoring of 

pentadentate BTSC with Fe3O4, SiO2 and Fe2O3. 

• Adsorption of Pd2+ ions in aqueous solution with Fe3O4@SiO2–APTES–BTSC conjugates and 

investigation of the adsorption isotherm and the effect of hydrochemistry 

• Carbon–carbon coupling of aryl compounds in the Suzuki-Miyaura-type reaction using SiO2–

APTES–BTSC–Pd2+ as heterogenous catalyst 

• Synthesis of metal sulfides using BTSC metal complexes of Cu, Pd and Zn. 

 

Scheme 11. NP conjugate of pentadentate BTSC anchored through dicarbonyl backbone or diamine 

tail.  
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Chapter 2. Results and Discussion 

2.1 Synthesis of Pentadentate BTSC and their NP Conjugates 

Pentadentate Bis-Thiosemicarbazones (BTSC) are an essential class of N^S donor ligands for 

synthesizing metal complexes with various applications.8 BTSC ligands comprise a dicarbonyl 

backbone and a core N^S core.70 Both the dicarbonyl backbone and N^S core can be derivatized to 

bear different constituents and functional groups, thus expanding the BTSC library. 

The primary consideration of this study was to synthesize BTSC with different anchoring groups at 

the dicarbonyl backbone or at the amine tail, which can further react with dopamine hydrochloride, 

(3–aminopropyl)–triethoxysilane or (3-chloropropyl)-trimethoxysilane, to finally afford a BTSC that 

can covalently bond with NPs in the simplest chemical reaction. The four functional groups of interest 

are carboxylate, hydroxyl and halogen. This aim was achieved by first synthesizing a series of 

thiosemicarbazides, i.e., the N^S core, followed by the synthesis of the dicarbonyl (backbone) and 

finally, the condensing of the dicarbonyl with thiosemicarbazides to afford a series of pentadentate 

BTSC. 

 

2.2 Results and Discussion 

2.2.1 Synthesis of Thiosemicarbazides 

Two methods have previously been described for the synthesis of thiosemicarbazides.71 1) a two-step 

reaction involving the treatment of carbohydrazide with isothiocyanates or ammonium thiocyanate, 

2) a one-pot reaction involving the treatment of boiling dithiocarbamate salt with hydrazine.71 The 

one-pot is ideal for water-soluble primary amine, gives a reasonable yield, and does not involve the 

highly toxic thiophosgene. After cooling, thiosemicarbazide is obtained as a colourless precipitate in 

an aqueous solution (Scheme 12). Possible contamination arises from the reaction of 

thiosemicarbazide terminal amine with common solvents such as acetone and ethyl acetate. The 

synthesized series of thiosemicarbazides are presented in Scheme 13. The hydrazine protons of the 

thiosemicarbazide appeared at the opposing end of the proton NMR spectrum (Table 1). 

 

 

Scheme 12. General method for the synthesis of thiosemicarbazide 
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Scheme 13. Synthesized thiosemicarbazides in this study. 

 

Table 1: 1H NMR data of thiosemicarbazide measured in DMSO–d6 

Comp Aryl  Alkyl Hydrazine 

1 7.07 – 6.97 7.13 7.76 8.22    5.23 12.59 

2  7.28 7.61 8.22  2.67 1.25 4.03 9.04a 

3 6.94 7.72 7.72 8.33    5.24 12.43 

4 7.33 8.07 8.31 – 8.23  9.28    5.24 9.28 

5  6.86 6.94 8.08   2.26 5.21 12.65 

6 7.14 – 7.07 7.21 7.50 7.69   1.27 4.78 9.64a 

7   7.31 – 7.21  8.53 – 8.39   4.64 – 4.45 4.74 8.84 

8   7.38 – 7.27 7.67    4.86 9.17 

9     3.63 1.48 – 1.32 0.96 3.80 7.78a 

a Samples measured in CDCl3. 

 

2.2.2 Synthesis of 2,6-diacetyl-pyridine (DAP) derivatives 

With the successful synthesis of the thiosemicarbazide. The study proceeds to the synthesis of the 

dicarbonyl backbone and its derivatives. The dicarbonyl was synthesized by acetylation of substituted 

pyridine (Scheme 14).72,73 First, substituted pyridine and pyruvic acids were dissolved in an aqueous 

acidic solution. The addition of ammonium thiosulfate salt in the presence of AgNO3 caused the 

evolution of CO2. Substituted 2,6–diacetyl–pyridine was purified via column chromatography using 

neat DCM. 4–chloro–pyridine and 4–bromo-pyridine were purchased as hydrochloride salts. The 
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hydrochloride salts were basified with saturated NaOH before acetylation to avoid generating silver 

chloride salts. In the case of 4–(diethyl–phosphite)–2,6–diacetyl–pyridine, substituted pyridine, i.e., 4–

(diethyl–phosphite)–pyridine, was obtained via coupling of diethyl–phosphite with 4–bromo–

pyridine in the presence of triethylamine using Pd-catalyst to eliminate triethylamine–hydrobromide. 

The product 4–(diethyl–phosphite)-pyridine was subsequently treated with pyruvic acid to obtain the 

4–(diethyl–phosphite)–2,6–diacetyl-pyridine. 

 

 

Scheme 14. General method for the synthesis of substituted 2,6-diacetyl-pyridine derivatives. 

A series of DAP backbones were synthesized (Scheme 15), primarily focusing on synthesizing 

dicarbonyl with additional functional groups to allow functionalization with linkers and the 

subsequent covalent functionalization with NP. Another benefit of functionalizing the dicarbonyl 

backbone is to improve the solubility of the resulting BTSCs. The dicarbonyl is characterized by a 

relatively low isolated yield (< 12%). The lowest isolated yield of 2% was obtained 4–(diethyl–

phosphite)-DAP. 
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Scheme 15. Series of 2,6-diacetyl-pyridine derivatives synthesized in this study. 

 

2.2.2.1 1H NMR of Dicarbonyl 

The representative 1H NMR spectra of the dicarbonyl are presented in Fig. 2 and 3 for 4-methyl-

isonicotinate-2,6-DAP and 4–(diethyl–phosphite)-DAP. The most identifying peaks are the two 

symmetrical -CH3 peaks associated with the diacetyl, which appeared at δ = 2.8 and 2.7 ppm. The 

additional -CH3 of the ester moiety for compound 11 appeared at 4.03 ppm. The symmetric -CH2 and -

CH3 parts of the phosphonic acids appeared at 4.28 and 1.38 ppm.  

 

Fig. 2. 1H NMR spectrum of 4-methyl-isonicotinate-2,6-DAP measured in CDCl2 
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Fig. 3. 1H NMR spectrum of 4–(diethyl–phosphite)-DAP measured in CDCl2 

 

2.2.3 Synthesis of pentadentate Bis-Thiosemicarbazones 

Having successfully obtained the substituted dicarbonyl, series of BTSC was obtained via a 

condensation reaction involving 2,6-diacetyl-pyridine or substituted 2,6-diacetyl-pyridine (ratio 1) 

with thiosemicarbazide (ratio 2) in acetic acid solution (Scheme 16). The reaction was catalyzed with 

0.1 mL of CF3COOH. BTSCs were obtained as yellow solids with reasonable yields (52 – 66%). Earlier 

attempts to synthesize BTSC in ethanol and methanol using acetic acid as a catalyst yielded impure 

products.74,75 This is due to the solubility of the thiosemicarbazide precursors. 

 

  

Scheme 16. General method for the synthesis of BTSC. 
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Using the method mentioned earlier, commercially available 2,6-diacetyl-pyridine was used to 

synthesise a series of BTSC presented in Scheme 17. 

 

 

Scheme 17 A series of BTSC starting with 2,6–diacetyl–pyridine 

 

2.2.3.1. 1H NMR of Bis-Thiosemicarbazones 

The structural information of all the new compounds was elucidated using 1H NMR. Representative 

spectra are presented in Fig. 4 and 5. The most identifying peaks are the two symmetrical -CH3 at both 

arms of the dicarbonyl backbone, which appeared upfield at around 2.59 ppm, and the two 

characteristic hydrazine protons appearing downfield at around 15.08 and 11.18 ppm for 2,6-

diacetylpyridine-bis-4-N-2-pyridyl BTSC (Table 2). One of these hydrazine protons appeared upfield 

in thiosemicarbazide; however, when BTSC was formed, the signal appeared downfield. The three 

aforementioned characteristic peaks have been reported at 2.45, 10.35 and 8.45 ppm, respectively.76 A 

triplet dividing both arms of the BTSC appeared at 8.01 ppm. This triplet is absent with 4-substituted 

BTSC. 
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Fig. 4.  1H NMR spectrum of 2,6-diacetylpyridine-bis-4-N-2-pyridyl-BTSC measured in DMSO–d6  
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Fig. 5. 1H NMR spectrum of 2,6-diacetylpyridine-bis-4-N-2-pyridyl-BTSC measured in DMSO–d6, 

showing the aryl portion of the spectrum. 

 

Fig. 6. 1H NMR spectrum of 4-bromo-2,6-diacetylpyridine-bis-4-N-2-pyridyl-BTSC measured in 

DMSO–d6, showing a magnified portion of the spectrum. 

 

Table 2: 1H NMR data of thiosemicarbazide measured in DMSO–d6 

Compound Aryl Alkyl Hydrazine 

17 7.94 8.01 8.21 8.40 – – 2.59 11.18 15.08 

18 – 7.28 7.28 7.79 – 2.61 2.54 10.10 10.67 

19 6.61 6.73 7.17 7.97 – – 2.48 8.11 15.49 

20 8.14 8.40 8.59 8.70 – – 2.55 – 10.55 

21 7.98 8.09 8.29 8.39 – 2.33 2.57 11.09 15.18 

22 7.28 7.35 7.38 7.87 – 1.32 2.79 8.05 8.26 

23 – – 7.62 8.66 – 5.01 2.48 9.43 10.77 

24 – 7.40 7.60 7.82 – – – 8.50 10.40 

25 – – – 8.39 1.64 3.64 2.44 8.67 10.26a 

a Samples measured in CDCl3. 
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2.2.3.2 Molecular Structure of Bis-Thiosemicarbazones 

The crystal and molecular structures of 2,6-diacetylpyridine-bis-4-N-2-pyridyl-BTSC and its -bromo 

derivatives are presented in Fig. 7 – 9 as the representative structure, and the crystallography data are 

presented in Table 3. Both compounds were recrystallized from hot DMSO. 2,6-diacetylpyridine-bis-

4-N-2-pyridyl-BTSC was crystallized as a dimeric compound in the triclinic space group P-1, 4-

bromo-2,6-diacetylpyridine-bis-4-N-2-pyridyl-BTSC was crystallized in the monoclinic space group P 

21/n. The ligand arms showed open conformations; the conformations were obtained through an E 

configuration about the two hydrazone motifs.77,78 The crystal arrangement of 2,6-diacetylpyridine-

bis-4-N-2-pyridyl-BTSC is similar to a tilted edge-to-face herringbone arrangement with three co-

crystallized DMSO. 4-bromo-2,6-diacetylpyridine-bis-4-N-2-pyridyl-BTSC unit cell also showed a 

flattened herringbone packing with translated related moieties co-crystallized with DMSO. The 

average bond distances between C=S (1.69) and C=N (1.29) are consistent with the literature. 77 
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Fig. 7. Molecular structure of 2,6-diacetylpyridine-bis-4-N-2-pyridyl-BTSC showing two independent 

BTSC molecules with 3 co-crystallized DMSO in BTSC.3DMSO, ellipsoids drawn at the 50% 

probability level. 
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Fig. 8. Crystal structure of 2,6-diacetylpyridine-bis-4-N-2-pyridyl-BTSC viewed along the 

crystallographic a-axis with 3 co-crystallized DMSO  
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Fig. 9. Molecular structure of 4-bromo-2,6-diacetylpyridine-bis-4-N-2-pyridyl-BTSC with 2.EtOH, 

ellipsoids drawn at the 50% probability level; Crystal structure viewed along the crystallographic b-

axis (right). 

 

Table 3. Cell and refinement parameters of the crystal structures of 2,6-diacetylpyridine-bis-4-N-2-

pyridyl-BTSC, its tertbutyl and bromo derivatives.a 

Compounds 17.3DMSO 17-3.2EtOH 17-4.DMSO 

Empirical formula C24H30N9S3.5 C58H76N18S4O6 C23H26BrN9OS3 

Formula weight (g/mol) 580.78 1249.62 620.62 

Crystal system Triclinic Triclinic Monoclinic 

Space group P-1 P-1 P21/n 

a (Å) 10.4117(5) 11.0093(5) 11.9508(7) 

b (Å) 13.4568(7) 12.1613(6) 10.6152(5) 

c (Å) 21.8339(11) 12.2514(5) 21.5916(13) 

α (°) 82.427(2) 108.019(2) 90 

β (°) 78.435(2) 97.002(2) 93.680(2) 

γ (°) 67.895(2) 102.782(2) 90 

Volume (Å3) / Z 2771.4(2) / 2 1488.8(1) / 2 2733.5(3) / 4 

ρcalc (g/cm–3) 1.392 1.309 1.508 

μ (mm–1) 0.344 0.219 1.769 
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Limiting indices –14 < h < 14 –15 < h < 15 –14 < h < 14 

 –19 < k < 19 –17 < k < 17 –19 < k < 19 

 –31 < l < 31 –17 < l < 17 –31 < l < 31 

Reflection collected 252789 140417 6797 

Independent reflections / Rint  16944 / 0.0795 9112 / 0.0486 6797 / 0.0727 

Data/restraints/parameters 16944/0/695 9112/ 0 / 376 6797 / 0 / 338 

goof on F2 1.067 1.073 1.087 

R1, wR2 [I > 2σ(I)] 0.0530 0.0526 0.0703 

R1, wR2 (all data) 0.1403 0.1516 0.1479 

Residual electrons and holes (e Å–3) 1.163/–0.753 1.163/–0.753 0.1203/ 0.1644 

CCDC 2181735 2181658 2183984 

a From single crystal structure determination at 100 K using Mo-Kα radiation (λ = 0.71073 Å). 

Refinement by full–matrix least–squares methods on F02 ≥ 2σ(F02). 

 

2.2.4 Anchoring Bis-Thiosemicarbazone with APTES 

Having successfully synthesized BTSC, we proceed with the covalent anchoring of BTSC with 

different linkers. This is important because one of the goals of this thesis is the covalent anchoring of 

BTSC with NP. The linker can bind with BTSC and NP at opposite ends. Therefore, three linkers (3-

aminopropyl)-triethoxysilane (APTES), 3-chloropropyl-trimethoxysilane (CPTES), and dopamine 

hydrochloride were chosen in this study. APTES was anchored with 2,6–diacetyl–pyridine–bis–(4–N–

2–ethylaniline)–BTSC via the dicarbonyl backbone (Scheme 18), while CPTES and dopamine 

hydrochloride were anchored with 2,6-diacetylpyridine-bis-(4-N-3-hydroxyl-2pyridyl)-BTSC and 2,6-

diacetylpyridine-bis-(4-N-chlorophenyl)-BTSC via the diamine tail (Scheme 19). The covalent 

conjugation of 2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC with (3-aminopropyl)-

triethoxysilane was achieved in THF, while the covalent conjugation of 2,6-diacetylpyridine-bis-(4-N-

3-hydroxyl-2pyridyl)-BTSC  with 3-chloropropyl-trimethoxysilane and 2,6-diacetylpyridine-bis-(4-N-

chlorophenyl)-BTSC with dopamine hydrochloride was achieved in DMF. APTES and CPTES are 

prone to hydrolysis in DMF. Thus, one arm of APTES and CPTES were isolated as hydrolyzed parts. 
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Scheme 18. Conjugation of 2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC with APTES 

 

2.2.4.1 1H NMR of Bis-Thiosemicarbazones conjugate of APTES 

The most identified peaks are the pairs of two symmetrical -CH3, which appeared at 1.31 and 2.52 

ppm as part of the parent BTSC. Additional protons in the upfield correspond to the APTES moiety, 

which includes the three -CH3 at 1.58 ppm and the six -CH2 appearing at 1.23, 2.73 and 3.83 ppm. The 

new amide bond was found at 5.66 ppm (Fig. 10). The symmetric hydrazine protons appeared 

downfield at 8.92 and 9.19 ppm, consistent with the parent BTSC described earlier (Fig. 11). 
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Fig. 10. 1H NMR spectrum of 4–chloro–2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC–

APTES conjugate, sample measured in CDCl3. 

 

 

Fig. 11. 1H NMR spectrum of 4–chloro–2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC–

APTES conjugate showing a magnified portion of the spectrum. Sample measured in CDCl3. 

 

2.2.5 Anchoring Bis-Thiosemicarbazone with Dopamine 

Having conjugated BTSC with (3-aminopropyl)-triethoxysilane at the dicarbonyl site, we focus on 

conjugating BTSC with dopamine at the diamine tail. 2,6-diacetylpyridine-bis-(4-N-chlorophenyl)-

TSCwas dissolved in DMF, and Et3N was dopamine hydrochloride was added (Scheme 19). 
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Scheme 19. Conjugation of Compound 24 with dopamine 

 

2.2.5.1 1H NMR of Bis-Thiosemicarbazone with Dopamine 

The 1H NMR spectra showed the symmetrical -CH3 at 2.55 ppm, and the alkyl chain from the 

dopamine moiety appeared at 2.38 and 2.69 ppm (Fig. 12). The new amide bond appeared at 6.56 

ppm. The aryl moiety of the dopamine appeared at 6.69, 7.35 and 8.81 ppm. The dicarbonyl signals 

appeared at 7.86 and 8.56 ppm. The hydrazine protons appeared downfield at 10.24 and 10.81 ppm 

(Fig. 13). Thiol-thione tautomeric character is visible in the 1H NMR spectrum of 2,6-diacetylpyridine-

bis-(4-N-chlorophenyl)-BTSC–Dopamine conjugate. This character is also visible in the 1H NMR 

spectrum of unconjugated 2,6-diacetylpyridine-bis-(4-N-chlorophenyl)-BTSC (Fig. 14). 
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Fig. 12. 1H NMR spectrum of 2,6-diacetylpyridine-bis-(4-N-chlorophenyl)-BTSC measured in DMSO–

d6. 
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Fig. 13. 1H NMR spectrum of 2,6-diacetylpyridine-bis-(4-N-chlorophenyl)-BTSC–Dopamine 

conjugate. A magnified portion of the spectrum. Sample measured in DMSO–d6. 
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Fig. 14. Magnified 1H NMR spectrum of unconjugated 2,6-diacetylpyridine-bis-(4-N-chlorophenyl)-

BTSC. Showing the minor tautomeric characters. Sample measured in DMSO–d6. 

 

2.2.6 Synthesis of Pentadentate Bis-Thiosemicarbazone Metal Complexes 

The BTSC metal complexes were obtained by deprotonating BTSC with triethylamine, followed by 

coordination with metal ions. The metal complexes were obtained in good yield (55 – 90%). 

 

2.2.6.1. 1H NMR of BTSC complexes.  

The Pd complexes spectra showed the most interesting features due to the bonding. Several single 

protons were observed rather than the appearance of several two protons signals. The coordination of 

BTSC with Pd ions caused the BTSC Pd complex to lose its symmetry. A representative 1H NMR is 

presented in Fig. 15. The usual single protons of the free ligand associated with the two -CH3 from the 

dicarbonyl backbone now appeared as two singlets upfield δ = 2.3 and 2.6 ppm, and the dicarbonyl 

aryl protons also appeared as two asymmetrical protons at δ = 7.9 and 7.88 ppm. The aryl protons at 

the ortho and meta position of the thiosemicarbazide moiety are also asymmetric, appearing at δ = 

8.87 and 8.32 ppm and δ = 7.04 and 8.11 ppm, respectively. The uncoordinated hydrazine proton 

appeared as a singlet downfield (δ = 10.3 ppm) in contrast to the two hydrazine signals observed for 

the free ligand. 
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Fig. 15. Magnified portion of the 1H NMR spectrum of Pd complex of 2,6-diacetylpyridine-bis-(4-N-2-

pyridyl)-BTSC measured in DMSO–d6. 

 

The representative 1H NMR of Zn complexes is presented in Fig. 16. The Zn complex has retained its 

symmetry. Thus, most signals appeared as two protons in the NMR spectra. The two symmetrical CH3 

protons appeared as a single at δ = 2.3 ppm, and the uncoordinated hydrazine protons appeared at δ = 

9.0 ppm. The distinguishable proton which divides both arms appeared as a triplet at δ = 8.1 ppm, 

and the aryl protons from the thiosemicarbazide moiety appeared at δ = 7.05, 7.76, 7.87 and 8.28 ppm. 

Unlike Pd complex of BTSC, the Zn complex of the pentadentate BTSC has retained its symmetry. 
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Fig. 16. Magnified portion of the 1H NMR spectrum of Zn complex of 2,6-diacetylpyridine-bis-(4-N-2-

pyridyl)-BTSC measured in DMSO–d6. 

 

2.2.6.2 Molecular Structure of Bis-Thiosemicarbazone Metal Complexes 

Single crystals, suitable for X-ray diffraction, were obtained for Pd and Zn complexes of 2,6–diacetyl–

pyridine–bis–(4–N–2–ethylaniline)–BTSC; Cu complex of 2,6–diacetyl–pyridine–bis–(4–N–2–

ethylaniline)–BTSC was also included as part of the synthesis of metal sulfide in future studies. Cu 

and Pd single crystals were obtained by slow evaporation in DCM, while Zn single crystal was 

obtained by the vapour diffusion of pentane over DCM.  The crystal structure and molecular 

structures are shown in Fig. 17, and interatomic distances and angles are given in Table 4 and 5. 

[Cu(BTSC)] was isolated as a dimeric neutral compound exhibiting a trigonal bipyramidal geometry. 

Each Cu atom is coordinated as S^N^N^N^S, bridging through N–imine from either arm of the BTSC. 

[Cu(BTSC)] is predominantly a thiolate complex, with an average C–S bond distance of 1.73 [Å]. The 

distance (3.4 [Å]) between Cu–Cu suggests no metal-metal interaction. [Pd(BTSC)] is a neutral 

mononuclear complex exhibiting square-planar coordination with a slight distortion attached in a 

tetradentate binding through S^N^N^N (Fig. 18). The thione–thiol character of the complex is 

noticeable from the bond length between coordinated C–S (1.760 Å) and uncoordinated C=S (1.688 Å). 
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The bond distance between N–N (1.366 and 1.372 Å) and C–N (1.290, 1.311 and 1.307 Å) is 

intermediate between formal single and double bonds, indicative of delocalised electrons.70,79 

[Zn(BTSC)] was also isolated as a binuclear neutral compound, exhibiting a distorted square planar 

coordination. Each Zn atom is surrounded by two imines (N) and two thiols (S) atoms from both arms 

of the BTSC, forming two pairs of five-member rings (Fig. 19). Interestingly, the tetradentate 

coordination S^N^S^N does not include the pyridinic nitrogen. The average bond distance between 

M–N and M–S is comparable with reported complexes of BTSC.80–82 
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Fig. 17. Molecular structure and the molecular packing of Cu complex of 2,6–diacetyl–pyridine–bis–

(4–N–2–ethylaniline)–BTSC, [Cu(BTSC)].H2O with a co-crystalized H2O, projected along the a-axis. 
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Fig. 18. Molecular structure and the molecular packing of Pd complex of 2,6–diacetyl–pyridine–bis–

(4–N–2–ethylaniline)–BTSC, [Pd(BTSC)], projected along the c-axis. 
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Fig. 19. Molecular structure and the molecular packing of Zn complex of 2,6–diacetyl–pyridine–bis–

(4–N–2–ethylaniline)–BTSC, [(Zn(BTSC)], projected along the c-axis. 
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Table 4. Cell and refinement parameters of the crystal structures of Cu, Pd and Zn complexes of 2,6–

diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC.a 

 [Cu(BTSC)]·H2O [Pd(BTSC)] [Zn(BTSC)] 

Empirical formula C54H59N14OS4Cu2 C27H29N7S2Pd C55H57N13S4Zn2 

Formula weight (g/mol) 1175.47 622.09 1159.209 

Crystal system Triclinic Triclinic Triclinic 

Space group P-1 P-1 P-1 

a (Å) 11.153(2) 9.0446(10) 13.9789(9) 

b (Å) 14.739(3) 10.0562(14) 14.1130(9) 

c (Å) 18.201(3) 15.539(2) 16.6446(12) 

α (°) 71.985(7) 75.797(5)  78.212(3) 

β (°) 77.609(7) 86.605(5) 68.387(2) 

γ (°) 81.240(7) 69.854(5) 60.583(2) 

Volume (Å3) / Z 2767.0(9) / 2 1285.8(3) / 2 2658.1(3) / 2 

ρcalc (g/cm–3) 1.411 1.607 1.448 

μ (mm–1) 0.972 0.916 1.112 

Limiting indices -14 ≤ h ≤ 14 -12 ≤ h ≤ 12 -19 ≤ h ≤ 19 

 -19 ≤ k ≤ 19 -13 ≤ k ≤ 13 -20 ≤ k ≤ 20 

 -24 ≤ l ≤ 24 -20 ≤ l ≤ 20 -23 ≤ l ≤ 23 

Reflection collected 153669 61769 208553 

Independent reflections / Rint  13897 / 0.0983 6413 / 0.0813 16261 / 0.0763 

Data/restraints/parameters 13897/2/711 6413/0/338 16261/0/675 

goof on F2 1.046 1.105 1.047 

R1, wR2 [I > 2σ(I)] 0.0721 0.0472 0.0504 

R1, wR2 (all data)  0.0975 0.1224 0.0737 

Residual electrons and holes (e Å–3) 2.47/-1.09 2.66/-0.67 1.40/-1.39 

CCDC 2371292 2248575 2389147 

a From single crystal structure determination at 100 K using Mo-Kα radiation (λ = 0.71073 Å). 

Refinement by complete–matrix least–squares methods on F02 ≥ 2σ(F02). 

 

Table 5. Selected experimental metrics Cu, Pd and Zn complexes of 2,6–diacetyl–pyridine–bis–(4–N–

2–ethylaniline)–BTSC. 

 [Cu(TSC]  a  [Pd(TSC] a  [Zn(TSC] a 
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 distances (Å)  distances (Å)  distances (Å) 

Cu(1)–S(3) 2.3290(11) Pd–S(2) 2.2946(10) Zn(1)–S(1) 2.3630(8) 

Cu(1)–S(1) 2.4379(12) Pd–N(4) 2.042(3) Zn(1)–S(2) 2.3500(7) 

Cu(1)–N(9) 1.964(4) Pd–N(5) 1.987(3) Zn(1)–S(3) 2.3509(7) 

Cu(1)–N(3) 1.998(3) Pd–N(2) 2.032(3) Zn(1)–S(4) 2.3487(8) 

Cu(1)–N(8) 2.200(3) S(2)–C(19) 1.760(4) Zn(1)–N(3) 2.051(2) 

Cu(2)–S(4) 2.3290(11) S(1)–C(9) 1.688(4) Zn(1)–N(11) 2.050(2) 

Cu(2)–S(2) 2.4336(12) N(4)–C(16)  1.356(5) Zn(2)–N(5) 2.058(2) 

Cu(2)–N(5) 1.967(4) N(4)–C(12)  1.344(5) Zn(2)–N(9) 2.051(2) 

Cu(2)–N(12) 1.996(4) N(5)–N(6)  1.366(4) S(1)–C(19) 1.735(3) 

Cu(2)–N(4) 2.204(3) N(5)–C(17)  1.307(5) S(2)–C(47) 1.732(3) 

S(4)–C(20) 1.730(4) N(2)–N(3)  1.372(4) S(3)–C(37) 1.724(3) 

S(3)–C(37) 1.743(4) N(2)–C(9) 1.395(5) S(4)–C(9) 1.745(3) 

S(2)–C(47) 1.731(4) N(6)–C(19)  1.311(5) N(3)–N(2) 1.381(3) 

S(1)–C(10) 1.730(4) N(3)–C(10)  1.290(5) N(9)–N(10) 1.370(3) 

N(5)–N(6) 1.381(5) N(1)–C(9)  1.355(5) N(5)–N(6) 1.383(3) 

N(9)–N(10) 1.378(5) N(1)–C(8) 1.411(5) N(11)–N(12) 1.372(3) 

N(3)–N(2) 1.380(5) N(7)–C(19)  1.365(5) C(17)–N(3) 1.295(3) 

N(12)–N(13) 1.390(5) N(7)–C(20) 1.410(5) C(10)–N(5) 1.292(3) 

      

  angles (ο)    

S(3)–Cu(1)–S(1) 104.00(4) N(4)–Pd–S(2) 163.23(9) S(1)–Zn(1)–S(2) 112.25(3) 

N(9)–Cu(1)–S(3) 83.47(10) N(5)–Pd–S(2) 82.92(9) S(4)–Zn(1)–S(3) 116.72(3) 

N(9)–Cu(1)–S(1) 108.37(10) N(5)–Pd–N(4) 80.36(13) N(3)–Zn(1)–S(2) 114.12(6) 

N(9)–Cu(1)–N(3) 167.88(14) N(5)–Pd–N(2) 172.54(13) N(3)–Zn(1)–S(1) 83.58(6) 

N(9)–Cu(1)–N(8) 78.10(13) N(2)–Pd–S(2) 104.49(10) N(11)–Zn(1)–S(1) 106.79(6) 

N(3)–Cu(1)–S(3) 99.48(10) N(2)–Pd–N(4) 92.24(13) N(11)–Zn(1)–N(3) 153.47(9) 

N(3)–Cu(1)–S(1) 82.45(10) C(19)–S(2)–Pd 94.64(13 S(4)–Zn(2)–S(3) 116.72(3) 

N(3)–Cu(1)–N(8) 96.72(13) C(16)–N(4)–Pd 112.2(2) N(5)–Zn(2)–S(3) 109.62(6) 

N(8)–Cu(1)–S(3) 159.31(10) C(12)–N(4)–Pd 120.8(3) N(5)–Zn(2)–S(4) 84.13(6) 

N(8)–Cu(1)–S(1) 90.79(9) C(12)–N(4)–C(16) 120.8(3) N(9)–Zn(2)–S(3) 85.23(6) 

S(4)–Cu(2)–S(2) 104.31(4) N(6)–N(5)–Pd 125.2(2) N(9)–Zn(2)–S(4) 110.85(7) 

N(5)–Cu(2)–S(4) 83.44(10) C(17)–N(5)–Pd 117.0(3) N(9)–Zn(2)–N(5) 152.07(9) 
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N(5)–Cu(2)–S(2) 108.14(10) C(17)–N(5)–N(6) 117.7(3) C(47)–S(2)–Zn(1) 92.38(9) 

N(5)–Cu(2)–N(12) 167.97(13) N(3)–N(2)–Pd 121.6(3) C(37)–S(3)–Zn(2) 92.16(9) 

N(5)–Cu(2)–N(4) 78.01(13) N(3)–N(2)–C(9) 109.5(3) C(9)–S(4)–Zn(2) 93.04(9) 

N(12)–Cu(2)–S(4) 99.42(10) C(9)–N(2)–Pd 128.9(2) C(19)–S(1)–Zn(1) 91.84(9) 

N(12)–Cu(2)–S(2) 82.6(1) C(19)–N(6)–N(5) 128.9(2) N(2)–N(3)–Zn(1) 120.03(16) 

N(12)–Cu(2)–N(4) 96.85(13) C(10)–N(3)–N(2) 128.9(4) C(17)–N(3)–Zn(1) 123.47(18) 

 

2.2.6.3 FT-IR Spectroscopy of Bis-Thiosemicarbazone Metal Complexes 

2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC and its Cu2+, Pd2+ and Zn2+ complexes will be 

selected as the representative vibration to give a specific overview of the vibration of BTSC 

complexes. Thus, the vibrational bands of the Cu2+, Pd2+ and Zn2+ complexes of 2,6–diacetyl–pyridine–

bis–(4–N–2–ethylaniline)–BTSC are compared with the uncoordinated ligand (Fig. 20). The free 

ligands is characterized by a distinct vibrations for N–H (1591, 2959 and 3295 cm-1), C=S (755, 1156 

and 1258 cm-1) and C=N (1259 cm-1), comparable with reported TSC.83–86 The vibrational contribution 

from C–H, phenyl ring and C=C are noticeable around 530, 634, and 1318 cm-1. For the BTSC metal 

coordinated system, a new vibration around 1720 cm-1 appeared, corresponding to C=N. The initial 

C=N vibration (1510 cm-1) shifted or/and deformed (1408 cm-1 for Cu complex, 1453 cm-1 for Pd 

complex and 1445 cm-1 for Zn complex.87,88 The coordinative contribution from C=S and N–H is 

noticeable by the deformation and shifting of bands. The N–H singlet vibration (2959 cm-1) in the free 

ligand deformed into a doublet for all the complexes. Similarly, the N–H doublet vibration (3295 cm-1) 

in the free ligand deformed into a narrow singlet for the Cu complex, a broad singlet for the zinc 

complex and a wide-broad singlet for the Pd complex. The changes in the vibrations are evidence of 

the successful coordination of BTSC with the metal ions. 
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Fig. 20. FT-IR spectra of Cu2+, Pd2+ and Zn2+ complexes of 2,6–diacetyl–pyridine–bis–(4–N–2–

ethylaniline)–BTSC ligands recorded between 400 – 4000 nm. 
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2.2.7 Synthesis of Bis-Thiosemicarbazone NP Conjugates. 

Fe3O4, SiO2 and Fe2O3 were the three NPs used in the thesis. Fe3O4 was chosen for its magnetic 

properties, and SiO2 and Fe2O3 were selected for their biological relevance. 

 

2.2.7.1 Synthesis of Fe3O4–APTES–BTSC Nanoparticle Conjugates 

Fe3O4 NP was conjugated with BTSC (2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-BTSC) via the well-

established 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)/N,N′-dicyclohexylcarbodiimide 

(NHS) coupling route.89,90  In the EDC/NHS coupling, an amide bond is formed from the reaction 

between carboxylate and amine functional groups (Scheme 20). In this case, ester-functionalized 

BTSC was synthesized by the condensation of Compound 1 (2–pyridyl-thiosemicarbazide) with 

Compound 11 (4–methyl–isonicotinate–2,6–diacetyl–pyridine). The hydrolysis of 4-methyl-

isonicotinate 2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-BTSC in DMF using saturated NaOH affords a 

carboxylic acid-functionalized BTSC (2,6-diacetylpyridine-4-carboxylic acid-bis-(4-N-2-pyridyl)-

BTSC). Fe3O4 was obtained from a mixture of Fe2+ and Fe3+ salts via co-precipitation in a separate 

reaction. The obtained Fe3O4 NP was coated with triethoxy-(ethyl)silane (TOES)  to obtain Fe3O4@SiO2 

and was conjugated with (3-aminopropyl)-triethoxysilane (APTES).91  Fe3O4@SiO2–APTES–BTSC was 

eventually obtained by reacting pre-functionalized  Fe3O4@SiO2–APTES with carboxylate 

functionalized BTSC. The covalent conjugation of Fe3O4@SiO2–APTES with BTSC was achieved in 

DMF for 24 hours. 

 

 

Scheme. 20. Hydrolysis of 4-methyl-isonicotinate 2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-BTSC to 

afford the carboxylic functional group and conjugation of Fe3O4 with 2,6-diacetylpyridine-4-

carboxylic acid-bis-(4-N-2-pyridyl)-BTSC . 
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2.2.7.2 1H NMR of Carboxylate Functionalized Bis-Thiosemicarbazone 

The hydrazine protons for 4-methyl-isonicotinate 2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-BTSC 

appeared at δ = 15.09 and 11.20 ppm (Fig. 21). The most identifying signals are the two symmetrical -

CH3 groups, 2.6 ppm. while the methyl group associated with the ester functional group appeared at 

δ = 3.9 ppm. The hydrazine protons for 2,6-diacetylpyridine-4-carboxylic acid-bis-(4-N-2-pyridyl)-TSC 

shifted downfield δ = 15.1 and 11.24 ppm on hydrolysis of the ester group  (Fig. 22). 

 

Fig. 21. 1H NMR spectrum of 4-methyl-isonicotinate 2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-BTSC 

measured in DMSO–d6. 
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Fig. 22. 1H NMR spectrum of 2,6-diacetylpyridine-4-carboxylic acid-bis-(4-N-2-pyridyl)-BTSC 

measured in DMSO–d6 

 

2.2.7.3 FT-IR Spectroscopy of Fe3O4–APTES–BTSC Nanoparticles Conjugates 

2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-BTSC spectra showed several sharp and narrow bands at 516, 

639, 767, 832, 1149, 1200, 1339, 1347, 1428, 1524 and 1603 cm-1. The intense band at 767, 1149, 1524 and 

1603 cm-1 correspond to out-of-plane bending of N-H, C=N stretching, N-H bending, and C=C bond 

stretching, based on comparison with 3,5-dimethyl-1H-pyrrole-2-carboxylate-4-thiosemicarbazone.92,93 

The C=S stretching was assigned to the band at 832 and 1428 cm-1, and the aromatic ring associated 

C=N bond was observed at 1339 cm-1. The weak broadband at 2882 and 3194 cm-1 suggests a 

symmetric N-H stretching since the asymmetric N-H band produces a strong band.92,93 These sets of 

bands appeared for 4-methyl-isonicotinate 2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-BTSC and 2,6-

diacetylpyridine-4-carboxylic acid-bis-(4-N-2-pyridyl)-BTSC. The ester group and the corresponding 

OH vibration for 2,6-diacetylpyridine-4-carboxylic acid-bis-(4-N-2-pyridyl)-BTSC were observed as an 

intense band at 1727 cm-1 and 3247 cm-1, respectively, with the appearance of a carboxylate signal at 

1646 cm-1 (Fig. 23). 
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Fig. 23. FT-IR spectra of 4-methyl-isonicotinate 2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-BTSC (17-1) 

and 2,6-diacetylpyridine-4-carboxylic acid-bis-(4-N-2-pyridyl)-BTSC (17-2) recorded between 400 – 

4000 nm. 
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The pristine Fe3O4 exhibits two characteristic bands at 547 cm–1 and 3357 cm–1, corresponding to Fe–

O–Fe bond deformation and the O–H stretching (Fig. 24).94 On coating Fe3O4 with TEOS, the band 

corresponding to the asymmetric stretching vibration of Si–O–Si bond and C–H bending appeared as 

an intense peak at 1067 cm–1 and a broad signal at 1638 cm–1, respectively.95 On pre-functionalization 

with APTES, a band for the symmetric N–H bending mode appeared at 2982 cm–1 confirming the 

presence of –NH functional group.55 The covalent bonding of 2,6-diacetylpyridine-4-carboxylic acid-

bis-(4-N-2-pyridyl)-BTSC with Fe3O4@SiO2–APTES forming Fe3O4@SiO2–APTES–BTSC caused the 

appearance of additional bands at 1477 cm–1 (C=C and C–C stretching), 1532 cm–1 (C=N stretching), 

1591 cm–1 (C=S stretching) and 1606 cm–1 (N–H scissoring).22,96 
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Fig. 24. FT-IR spectra of Fe3O4, Fe3O4@SiO2, Fe3O4@SiO2–APTES and Fe3O4@SiO2–APTES–BTSC 

recorded between 400 – 4000 nm. 

 

2.2.7.4 Powder XRD Patterns of Fe3O4–APTES–BTSC 

The powder X-ray diffraction (PXRD) patterns of the Fe3O4, Fe3O4@SiO2–APTES and Fe3O4@SiO2–

APTES–BTSC NPs are shown in Fig. 25. The Miller indices (202, 311, 400, 422, 511, 404, 533 and 731) 

observed from the PXRD patterns of the Fe3O4 NPs were comparable with spinel magnetite phase 
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(JCPDS: 19-0629). The crystallite size was calculated using the Debye–Scherrer equation D = 

0.89/βcos(θ), where  = 0.7093 (wavelength), β is the Full Width at Half Maxima (FWHM) of the most 

substantial peak (311). The sharp peaks align with the nanocrystalline character (crystallinity index = 

78% and crystallite size = 72 nm) of the Fe3O4 sample. Coating the Fe3O4 NPs with the silane 

derivatives (Triethoxy(ethyl)silane (TOES) and (3-aminopropyl)-triethoxysilane (APTES)) caused a 

reduction in the crystallinity index to 48% and an increase in the crystallite size (84 nm). Finally, 

covalent functionalization with 2,6-diacetylpyridine-4-carboxylic acid-bis-(4-N-2-pyridyl)-BTSC 

further reduced the crystallinity index to 35% and a slight increase in the crystallite size (86 nm), in 

keeping with the surface functionalization through non-crystalline molecular entities. 
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Fig. 25. PXRD patterns of Fe3O4, Fe3O4@SiO2–APTES and Fe3O4@SiO2–APTES–BTSC. JCPDS 19-0629 

represents magnetite Fe3O4. 

 

2.2.7.5 SEM and EDX Investigation of Fe3O4@SiO2–APTES–BTSC Nanoparticles 
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Scanning electron microscopy (SEM) images of the Fe3O4@SiO2–APTES–BTSC showed non-defined 

nanoparticles with some agglomeration (Fig. 2.14). The Energy Dispersive X-ray (EDX) analysis 

showed the presence of Fe, O, Si, C, N and S (Fig. 2.15). 

 

Fig. 26. SEM image of Fe3O4@SiO2–APTES–BTSC NPs 
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Fig. 27. EDX analysis of Fe3O4@SiO2–APTES–BTSC 

 

2.2.7.6 Thermogravimetry Analysis. 

The thermal behaviour of the NPs (Fe3O4, Fe3O4@SiO2–APTES and Fe3O4@SiO2–APTES–BTSC) were 

examined using thermogravimetric analysis (TGA) under an inert (N2) atmosphere (Fig. 2.16).  

Minimal weight loss was observed for the non-functionalized Fe3O4 NPs compared to Fe3O4@SiO2–

APTES and Fe3O4@SiO2–APTES–BTSC. The Fe3O4 NPs was characterized by a two-step weight loss 

corresponding to adsorbed solvents (0.74%) and the release of surface functional groups or residual 

organic entities of Fe3O4 NPs (9.2%), respectively.97 The amino-functionalized Fe3O4@SiO2–APTES NPs 

are characterized by three-step weight losses (14.4%). The Fe3O4@SiO2–APTES–BTSC adsorbent was 

also characterized by three-step weight losses, however, with a total weight loss of 16.8%. The 

additional weight loss compared to Fe3O4@SiO2–APTES is attributed to the covalently bonded BTSCs. 
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Fig. 28.  TGA curve of Fe3O4, Fe3O4@SiO2–APTES and Fe3O4@SiO2–APTES–BTSC. 

 

2.2.7.7 X-ray Photoelectron Spectroscopy of Fe3O4@SiO2–APTES–BTSC NPs. 

The XPS survey spectrum of the Fe3O4@SiO2–APTES–BTSC NP showed signals for Fe, O, Si, N, C, and 

S at binding energies of 711.39, 532.39, 399.39, 338.72, 284.89, 228.22, and 103.39 eV, respectively (Fig. 

29).98 High-resolution XPS of the C 1s signals shows signals at 284.80, 286.30, 287.80, and 288.80 eV 

corresponding to different chemical environments such as C–C, C–OH, C=O, O–C=O, respectively.99 

The small peaks (%Area = 1.38 and 9.31) at 295.32 and 292.00 eV are impurities stemming from 

CF3COOH. The N 1s signals of Fe3O4@SiO2–APTES–BTSC at 399.2, 400.6 and 402.8 eV (Fig. 29) are 

related to pyridine N,100,101 amide N,102 and imine N atoms.103 
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Fig. 29. XPS survey spectra of Fe3O4@SiO2–APTES–BTSC. 

 

2.2.8 Synthesis of SiO2–APTES–BTSC 

N-4–(2–ethylaniline)–thiosemicarbazide was reacted with 4-chloro-isonicotinate–2,6–diacetylpyridine 

to obtain compound 4–chloro–2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC in 29% yield. 

The reaction between 4–chloro–2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–TSC with APTES pre-

functionalized SiO2 afford SiO2–APTES–BTSC. SiO2–APTES–BTSC was subsequently coordinated 

with Pd2+ ions (Scheme 21). 

 

 

Scheme 21. Covalent conjugation of 4–chloro–2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC 

with SiO2–APTES. 
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2.2.8.1 FT-IR Spectroscopy of SiO2–APTES–BTSC 

4–chloro–2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC  shows intense peaks at 748 and 864 

cm-1, corresponding to C–Cl and C=S vibration, and the strong band between 1515 – 1588 cm-1 

corresponds to C=N stretching based on comparison with 9–undecenal–TSC (Fig. 30).96 The bands at  

2956 and 3330 cm-1 are assigned to asymmetrical stretching of N–H based on comparison with 

coumarin–thiosemicarbazone and benzaldehyde–TSC.104,105 On the bare SiO2, the intense bands (450 

and 1076 cm-1) correspond to the bending and stretching of Si–OH and the asymmetric stretching of 

the Si–O–Si bond, respectively.106 On coating SiO2 with APTES, two additional bands appeared at 

1863 and 2982 cm-1 corresponding to C–H and N–H vibration and the deformation of the band at 1634 

cm-1 corresponding to Si–O. Additional bands were observed at 1494, 1561 and 2885 cm-1 on covalent 

functionalization with BTSC; the bands were assigned to N–H bending, C=S vibration, and N–H 

stretching, compared with ethyl–pyrrole–thiosemicarbazone.93 New bands were observed after the 

coordination of Pd2+ at 668 and 1384 cm-1 assigned to Pd–N and Pd–S stretching.107 
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Fig. 30. FT-IR spectra of SiO2–APTES, SiO2–APTES–BTSC and SiO2–APTES–BTSC–Pd Conjugate 

 

2.2.8.2 X-ray Photoelectron Spectroscopy of SiO2–APTES–BTSC–Pd Nanoparticles 

The main peaks observed in the survey scan for SiO2–APTES–BTSC NPs are Si 2p, Si 2s, Cl 2p, C 1s, N 

1s and O 1s centred at 103, 153, 284, 400 and 532 eV (Fig. 31). For the survey scan of SiO2–APTES–

BTSC–Pd NPs, additional peaks appeared for Cl 2p and Pd 3d centered at 198 and 338 eV (Fig. 31). 

The absence of Cl 2p in the survey scan of SiO2–APTES–BTSC is a strong indication that the covalent 

anchoring of BTSC to SiO2 NPs was successful. 
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Fig. 31. XPS survey scan of SiO2–APTES–H2L and SiO2–APTES–BTSC–Pd NPs. 

 

The high-resolution XPS analysis of uncoordinated SiO2–APTES–BTSC for C 1s spectra are 

deconvoluted into three peaks: C–C (284.5 eV), C–N (286.2 eV), and C=N (288.3 eV) (Fig. 32).108,109 On 

coordination with Pd2+, C–N (285.9 eV) and C=N (287.9 eV) shifted to a lower binding energies, 

suggesting that C=N was responsible for binding with Pd2+ ions (Fig. 32).110 However, the binding 

energy of C–C (284.6 eV) remains unchanged because C–C was not involved in coordinating Pd2+. N 

1s spectra are deconvoluted into two peaks: pyridinic N (401.1 eV) and amine (399.6 eV).111 On 

coordination, N 1s spectra are deconvoluted into three peaks, the binding energy of pyridinic N (400 

eV) and imine (399.1 eV) shifted to a lower binding energy by 1.1 eV and 0.5 eV. The third peak (401.1 

eV) is assigned to Pd–N. S 2p peak was located at 163.5 eV and shifted slightly to a lower binding 

energy (162.8 eV) by 0.7 eV on coordination with Pd2+ (Fig. 33).112 Si 2p spectra are deconvoluted into 

two peaks: SiO2 (103.1 eV) and Si–O–Si (101.9 eV).113 SiO2 shifted slightly to a higher binding energy 

by 0.2 eV; this may be associated with the interaction of Si atoms with Cl– ions from the K2PdCl4 

precursor. The Pd 3d spectra are composed of two asymmetric peaks Pd 3d3/2 (343.2 and 341.6 eV) and 

Pd 3d5/2 (337.9 and 336.3 eV). These binding energies agree with the expected values of Pd2+ (343.2 and 

337.9) and Pd0 (341.6 and 336.3 eV). Similar binding energies have been reported for Pd2+ complexes of 

dithiocarbamates and [poly(styryl)phenanthroline] complexes.114,115 The binding energy for Pd(0) 

oxidation states is comparable with Pd metals.116–118 
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Fig. 32. XPS high-resolution spectrum of SiO2–APTES–BTSC NPs. 
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Fig. 33. High-resolution XPS spectrum of SiO2–APTES–BTSC–Pd NPs. 

 

2.2.8.3 UV-vis Absorption Spectroscopy of SiO2–APTES–BTSC Nanoparticles 

The UV-Vis absorption spectrum of SiO2–APTES is characterized by a shoulder at 285 nm (Fig. 34).119 

4–chloro–2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC is characterized by an intense 

absorption band at 1 = 344 nm, corresponding to a π → π* transition. On covalent anchoring of 4–

chloro–2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–TSC with SiO2–APTES, the broad intense 

absorption band at 344 nm was deformed and shifted to 339 nm (hypsochromic shift).  
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Fig. 34. UV–vis absorption spectra of SiO2–APTES NPs, SiO2–APTES–BTSC NPs and 4–chloro–2,6–

diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC ligand. 
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2.2.8.4 Thermographimetry Analysis of SiO2–APTES–BTSC  

The thermal behaviour of SiO2, SiO2-APTES and SiO2–APTES–BTSC were investigated under N2 

atmosphere over a temperature range between 30 – 800oC (Fig. 35). A 10%, 15% and 28% weight loss 

was observed for SiO2, SiO2-APTES and SiO2–APTES–BTSC NPs, respectively.120 The initial weight 

loss of 10% at temperatures between 30oC and 300oC is attributed to sorbed solvents. The additional 

5% and 13% at temperatures between 400oC and 800oC were attributed to the decomposition of 

APTES and BTSC. 
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Fig. 35. TGA analysis of SiO2, SiO2–APTES and SiO2–APTES–BTSC 

 

2.2.8.5 Powder XRD Pattern of SiO2–APTES–BTSC–Pd 

All sample patterns appeared amorphous (Fig. 36), with a single broad peak,121 similar to Stöber’s 

results.122,123 The non-crystalline nature of the particles is preserved (2θ = 21.18) after functionalizing 

with APTES and covalently bonding with the TSC ligand.124 
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Fig. 36. PXRD patterns of SiO2–APTES, SiO2–APTES–BTSC and SiO2–APTES–BTSC–Pd NPs. 

 

2.2.8.6 SEM and EDX Investigation of SiO2–APTES–BTSC–Pd  

SEM images showed that the SiO2–APTES NPs are monodispersed nanospheres with a mean 

diameter of 207 nm (Fig. 37). The diameter of individual particles was calculated using Image J 

software.125 The EDX analysis shows Si and O as the main elemental composition, highlighting the 

purity of the NPs. On covalent conjugation of SiO2–APTES NPs with 4–chloro–2,6–diacetyl–pyridine–

bis–(4–N–2–ethylaniline)–BTSC  and coordination with Pd2+, the SEM image showed the non-uniform 

distribution of Pd2+ particles on the surface of the SiO2 NPs (Fig. 38). 
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Fig. 37. SEM image and EDX analysis of SiO2 NPs. 
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Fig. 38. EDX analysis of SiO2–APTES–BTSC–Pd NPs. 

 

2.2.9 Synthesis of Fe2O3–Dopamine–BTSC 

2,6-diacetylpyridine-bis-(4-N-chlorophenyl)-TSC was conjugated with Fe2O3 (Scheme 22) This was 

achieved by reacting Dopamine pre-functionalized Fe2O3 with compound 24 in DMF for 4 days in the 

presence of Et3N. The black Fe2O3–Dop–BTSC conjugate was recovered via vacuum filtration. 
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Scheme 22. Conjugation of 2,6-diacetylpyridine-bis-(4-N-chlorophenyl)-BTSC ligand with Dopamine 

pre-functionalized Fe2O3 NPs. 

 

2.2.9.1 Powder-XRD Pattern of Fe2O3–Dop–BTSC 

The PXRD pattern for Fe2O3 and Fe2O3–Dop–BTSC NP is presented in Fig 39. The powder XRD 

pattern is similar to α-Fe2O3 126. The sharp patterns implied that Fe2O3 is more crystalline compared 

with Fe2O3-Dop. On covalent functionalisation with BTSC, Fe2O3–Dop–BTSC displayed a significant 

reduction in the sharp edges, indicating successful covalent functionalisation. The amorphous nature 

of Fe2O3–Dop–BTSC is due to the covalent anchoring of BTSC on the surface of Fe2O3. 
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Fig. 39. Powder XRD pattern of α-Fe2O3, Fe2O3–Dop and Fe2O3–Dop–BTSC NPs 

 

2.2.9.2 FT-IR Spectroscopy of Fe2O3–APTES–BTSC 

The FT–IR spectra of pristine Fe2O3 (Fig. 40) are characterized by prominent bands at 452 and 527 cm–1 

corresponding to Fe–O bending vibrational modes, while N–H and O–H bending and stretching 

appeared at 1106 and 3089 cm–1, respectively, due to residual organic content from DMF, PVP and 

hydrazine.  BTSC–Dop is characterized by prominent bands at 1507, 3114 and 817 cm-1 corresponding 

to N–H, O–H and C=S.127–129 On conjugating dopamine pre-functionalized Fe2O3 with BTSC, an 

additional band was observed for N–H at 2930 cm-1, and other prominent bands were observed at 798, 

1081 and 3380 cm-1, corresponding to C=S, N–H bending, and O–H stretching.130 
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Fig. 40. FT–IR spectra of Fe2O3, Fe2O3–Dop and Fe2O3–Dop–BTSC NPs. 

2.2.9.3 Thermal Analysis of Fe2O3–Dopamine–BTSC Nanoparticles 

The thermogravimetry analysis of the NPs (Fe2O3, Fe2O3–Dop and Fe2O3–Dop–BTSC) between 30 and 

800oC (Fig. 41), provides an insight into the thermal stability of the NPs. Fe2O3 showed two stages of 
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weight loss: 6.79% between 200 – 250oC and 15.49% between 300 and 550oC, corresponding to the 

elimination of water molecules and decomposition of organic solvents present in the Fe2O3 NPs, 

respectively.131 Additional weight loss (17.70%) between 450 and 800oC corresponding to the 

decomposition of dopamine molecules was observed for Fe2O3–Dop. The final steep weight loss 

(28.54%) in Fe2O3–Dop–BTSC NPs corresponds to the decomposition of BTSC between 600 – 800oC. 

This is an indication that the covalent functionalisation was successful. The decomposition of the 

covalently attached BTSC at a high temperature indicates that Fe2O3–Dop–BTSC NPs have high 

thermal tolerance. 
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Fig. 41. TGA analysis of Fe2O3, Fe2O3-Dop, Fe2O3-Dop-BTSC nanoparticles. 

 

2.2.10 Synthesis of Metal Sulfide Nanoparticles 

Metal complexes (Cu, Pd, Zn) of 2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–BTSC were used for 

synthesizing metal sulfides NP. The complexes were dissolved in N–methyl–2–pyrrolidione solution. 

Metal sulfide NP was obtained after 10 minutes of decomposition in the microwave (Scheme 23). An 

attempt to synthesize PdSn bimetallic NP was unsuccessful because all the protons in the 1H NMR 

spectra could not be assigned. Therefore, the study of the synthesis of bimetallic NP was not explored 

further. 
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Scheme 23. Microwave-assisted decomposition of metal complexes of BTSC  

 

2.2.10.1 Thermal Decomposition of Metal Complex of Bis-Thiosemicarbazone 

The TGA and DSC thermogram of Cu, Pd and Zn complexes of 2,6–diacetyl–pyridine–bis–(4–N–2–

ethylaniline)–BTSC were recorded between 30οC and 600οC. The first stage of weight loss, between 30 

– 38%, which occurred at 130, 170, and 164οC for Cu, Pd, and Zn complexes, suggests that the 

complexes do not contain superficial water molecules, and the weight loss is attributed to the 

degradation of the complexes (Fig. 42). This is consistent with the DSC profile. The melting of the 

complexes commences at 191, 198, and 210οC, respectively. This is followed by the thermal 

decomposition to form the metal sulfides between 300 and 350οC for all the metal complexes. This is 

also consistent with the microwave-assisted synthesis of the metal sulfides. Further heating caused 

the decomposition of the metal sulfides, which corresponded with the final weight loss. 
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Fig. 42. Thermogravimetry analysis of Cu2+, Pd2+ and Zn2+ complexes of 2,6–diacetyl–pyridine–bis–(4–

N–2–ethylaniline)–BTSC. TGA in black and DSC heating (red) and cooling (blue) lines. 

 

2.2.10.2 Powder–XRD Pattern of Metal Sulfide NPs 

The diffraction patterns of copper sulfide can be indexed to cubic Cu7.2S4 (digenite, PDF no. 01-072-

1966) and the space group Fm–3m. The significant diffraction peaks are at 2θ = 14.6 (020), 20.7 (220) 

and 24.3 (311). Palladium sulfide can be indexed to cubic Pd16S7 (PDF no. 01-073-9923) and the space 

group I–43m. The prominent diffraction peaks are 2θ = 11.1 (211), 17.0 (123), 18.2 (040) and 19.3 (411). 

ZnS can be indexed to the cubic ZnS (sphalerite, PDF no: 01-071-5976) and the space group F- 4 3 m. 

All the NPs appeared amorphous. No impurity pattern was noticeable in all the synthesized NPs (Fig. 

43). 
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Fig. 43. Powder–XRD pattern of Cu7.2S4, Pd16S7 and ZnS NPs. 

 

2.2.10.3 SEM and EDX Investigation of Metal Sulfides NPs 

The Cu7.2S4 NPs are polydisperse irregular agglomerated particles with rough edges. The average 

particle size was determined to be 88 nm. The EDX analysis revealed copper and sulfur as prominent 

peaks with atomic percentages of 24.79 and 11.80%, highlighting the purity of the Cu7.2S4 NPs. Pd16S7 

NPs appeared spherical with an average particle size of 78 nm. The prominent peaks are palladium 

and sulfur, with 58.33 and 32.00% atomic percentages. ZnS appeared to be irregular, with rough edges 

and polydisperse. The main atoms are Zn (22.02%) and S (17.18%), suggesting that ZnS was obtained 

pure. C and O atoms are impurities from the device (Fig. 44 – 46). The atomic percentage of the metal 

sulfide NPs is consistent with the PXRD phase. 
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Fig. 44. SEM image and EDX analysis of Cu7.2S4 NP 
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Fig. 45. SEM image and EDX analysis of Pd16S7 NP 
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Fig. 46. SEM image and EDX analysis of ZnS NPs 

 

2.3 Conclusion 

This chapter discussed the synthesis of several new pentadentate BTSC ligands by the condensation 

reaction between thiosemicarbazide and dicarbonyl in acetic acid solution. The condensation reaction 
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in MeOH did not achieve the desired products, implying the importance of an acidic solution to drive 

the reaction. The primary focus was to synthesize pentadentate BTSC, which bears an additional 

functional group, either at the carbonyl backbone or the diamine tails. This was achieved by 

derivatizing the dicarbonyl backbone or the parent thiosemicarbazide. Complexation of BTSC with 

Zn2+ and Pd2+ indicates that the two metal ions bond differently. [Zn(BTSC)] complex is symmetrical 

while [Pd(BTSC)] complex is asymmetry. 

 

The main goal of this thesis is to conjugate BTSC with different NPs covalently. Therefore, a reaction 

pathway was first established to confirm the condition necessary for the reaction of BTSC with 

different linkers. Thus, BTSC covalently conjugated dopamine and (3-aminopropyl)-triethoxysilane 

(APTES). The covalent conjugation of BTSC with APTES in THF achieved the desired products. 

However, due to solubility concerns, other BTSC derivatives were conjugated with dopamine in DMF. 

The hydrolysis of APTES was noticeable in DMF, thus causing the loss of at least one ethyl in one arm 

of the desired product. 

 

EDC/NHS coupling chemistry was initially relied on to conjugate amine pre-functionalized Fe3O4, 

which was covalently anchored with BTSC. Subsequently, a new condition established in this thesis 

was relied upon for the covalent anchoring of BTSC with amine pre-functionalized SiO2 and 

dopamine pre-functionalized Fe2O3. The chapter concluded with the microwave-assisted 

decomposition of [Cu(BTSC)], [Pd(BTSC)] and [Zn(BTSC)]. The result indicates that high-quality 

metal sulfides can be synthesized within 10 minutes. An attempt to make bimetallic Pd2S NP was also 

successful. 
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CHAPTER 3. Results and Discussion 

  

3.1 Fe3O4@SiO2–APTES–BTSC Nanoparticles in Binding Pd2+ ions 

Fe3O4@SiO2–APTES–BTSC was used to adsorb Pd2+ ions in an aqueous solution. The two UV 

absorption bands at 210 and 240 nm were used to monitor the absorbance change of Pd2+ removal 

from HCl solutions. The calibration curve is presented in Fig. 48. The adsorption of Pd2+ with non-

functionalized Fe3O4@SiO2–APTES was also monitored for comparison (Fig. 48). The maximum 

adsorption was achieved after 25 min for Fe3O4@SiO2–APTES–BTSC, while the blank experiment 

using Fe3O4@SiO2–APTES showed saturation after 15 min. The time concentration profile, as 

monitored by UV-vis spectroscopy, showed that the conjugation of Fe3O4@SiO2–APTES–BTSC with 

BTSC enhances the affinity for Pd2+. 
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Fig. 48. UV-vis absorption spectra for the calibration curve used to investigate Pd2+ absorbance change 

(top). Time-concentration profile for the adsorption of Pd2+ ions using Fe3O4@SiO2–APTES (middle) 

and Fe3O4@SiO2–APTES–BTSC (bottom) adsorbents.  

 

The adsorption isotherm data were fitted into non-linear Langmuir and Freundlich adsorption 

equations. The adsorption isotherm data is presented in Table 6. The adsorption capacity increased 

with increasing initial K2Pd2Cl4 concentration (Fig. 49). The Freundlich isotherm is in keeping with an 
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adsorption process occurring on a heterogenous surface, it is reversible and non-uniform, while the 

Langmuir model is best suited for monolayer adsorption.132,133 Furthermore, the calculated Freundlich 

parameters KF = 0.4712 (mg/g)/(mg/L) and n = 1 suggest that the adsorption follows a cooperative 

mechanism, which is in line with multidentate binding of Pd2+ in the BTSC pocket. The maximum 

adsorption capacity for Fe3O4@SiO2–APTES–BTSC was 793.44 mg/g. For the blank Fe3O4@SiO2–

APTES, the adsorption capacity was 270.2 mg/g, an indication that the major adsorption contribution 

was from the functionalized BTSC unit. Initial solution pH does not have a severe impact on the 

adsorption capacity. Thus, the Fe3O4@SiO2–APTES–BTSC can function at a wide pH range. This is 

attributed to the N^S donor atoms of BTSC that can function at opposing pH ranges.20 

 

Table 6. Equilibrium adsorption isotherm data. a 

Initial Conc (Co) (mg/L) qe (mg/g) Langmuir isotherm parameters 

1 38.56 qmax (mg/g) KL (L/mg) R2 

5 197.16 813.008 0.124 0.9365 

10 396.704 Freundlich isotherm parameters 

15 595.88 n KF (mg/g)/(mg/L) R2 

20 793.44 1 0.4712 1 

Effect of pH 

Initial pH 2.2 4 6.1 8.2 

Final pH 2.2 4.1 6.5 7.4 

qe (mg/g) 322.96 394.12 397.68 316 

a Co and Ce are the initial and final concentration, qe and qmax are the adsorption capacity, while KL and 

KF are the Langmuir and Freundlich constants. 
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Fig. 49. Adsorption isotherm and effect of pH in removing Pd2+ ions from an aqueous solution using 

Fe3O4@SiO2–APTES–BTSC. 

 

3.1.1 Fe3O4@SiO2–APTES–BTSC Nanoparticles Mechanism in Binding Pd2+ ions – (Adsorbed Species). 

To gain an insight into the adsorption mechanism, a combination of characterization techniques and 

modelling was employed. 2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-BTSC ([Pd(BTSC)]) was 
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coordinated with Pd2+. The single-crystal XRD (Fig. 50) showed a Sthiolate^Nimmine^NPy^Namide 

coordination and the packing clearly showed a Pd–Pd interaction with a distance of 3.323 Å, while the 

DFT-calculated optimized geometries confirm that this is the most stable species (-60,661.75 eV). 
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Fig. 50 Molecular structure (Top) and packing (bottom) of Pd complex of 2,6-diacetylpyridine-bis-(4-

N-2-pyridyl)-BTSC, projected along the a-axis.  
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However, other calculated configurations, including S^N^N^S coordination (60,664.61 eV) and Pd–Cl-  

containing complex species (-73,206.17 eV), are very close in energy (Fig. 51). These species have the 

Sthiolate^Nimine chelate coordination in common (Table 7). Thus, it is assumed that, sooner or later, any 

initially present thione is deprotonated upon Sthione^Nimine chelate coordination. This thione-thiolate 

transformation is in agreement with a strong increase in softness 10,11,69 and is probably driven by the 

soft but also electrophilic Pd(II).10,65,134 

 

 

Fig. 51. DFT calculated possible isomers configuration for Pd complex of 2,6-diacetylpyridine-bis-(4-

N-2-pyridyl)-BTSC. 

 

The geometry of the Cl-containing structure [Pd(BTSC)Cl] with a Sthiolate^Nimine^NPy/Cl bonding 

motive, shows the same preference for pyridine N binding as the experimental and the calculated 

structure derivative [Pd(BTSC)] but it does not include a six-ring N^N chelate motive. Therefore, it is 

assumed that the overall chemical preference of Pd(II) to the central pyridine N atom, while the 

electronically favorable six-ring N^N chelate found in the experimental and calculated structure 

[Pd(BTSC)] might govern the formation of this structure, but seems not to be a very important feature 

in binding Pd(II).  
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Table 6. Selected metrics in experimental and DFT-calculated [Pd(BTSC)] and [Pd(BTSC)Cl] 

structures. 

 [Pd(BTSC)] a [Pd(BTSC)] b [Pd(BTSC)Cl] b [Pd(BTSC)] b,c 

 Exp.  Calc. Calc. Calc. 

Bond length (Å)     

Pd–S(1) 2.2971(9) 2.304 2.257 2.238 

Pd–N(4) (TSC-N1) 1.981(3) 1.991 1.966 2.171 

Pd–N(5)Py 2.035(3) 2.043 2.117 – 

Pd–N(7) (TSC-N2) 2.044(3) 2.041 – 2.327 

Pd–S(2) – – – 2.294 

Pd–Cl(1) – – 2.297 – 

Angles (°)     

S(1)–Pd–N(4) 82.87(8) 83.51 84.99 82.37 

N(4)–Pd–N(5) 80.32(11) 80.43 79.83 – 

N(5)–Pd–N(7) 91.61(11) 91.97 – – 

N(7)–Pd–S(1) 105.12(8) 104.09 – 153.44 

N(4)–Pd–N(7) 171.87(11) 172.38 – 123.87 

N(5)–Pd–S(1) 162.91(8) 163.93 164.59 – 

N(4)–Pd–N(6) – – – – 

N(6)–Pd–(N(2) – – – – 

N(6)–Pd–S(1) – – – – 

N(7)-Pd-S(2) – – – 66.65 

S(1)–Pd–S(2) – – – 86.92 

N(4)–Pd–S(2) – – – 169.00 

S(1)–Pd–Cl(1) – – 93.27 – 

N(5)–Pd–Cl(1) – – 102.13 – 

N(4)–Pd–Cl(1) – – 171.97 – 

Σ angles Pd 360.71 360.00 360.23 359.81 

a From single crystal X-ray diffraction on [Pd(BTSC)]. b From DFT geometry optimization using def2-

TZVP basis sets and BP86 functionals including Grimme’s D3 dispersion parameterized for gas-phase. 

c Pd coordinated with two imine. 
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In agreement with the EDX analysis (Fig. 52), the XPS survey scan (Fig. 53) showed that Pd–Cl species 

play a role in final Pd-binding. The adsorption isotherm results are in line with a cooperative 

adsorption. This agrees with the idea of more than one Pd binding mode contributing to the overall 

adsorption process. This also agrees with the Pd-BTSC binding models above (Fig. 50). 

 

 

Fig. 52. EDX analysis of Fe3O4@SiO2–APTES–BTSC–Pd NP 

 

The XPS survey spectrum of the Fe3O4@SiO2–APTES–BTSC–Pd spent-adsorbent showed signals for O, 

C, N, Cl, Si, S and Pd at binding energies of  532.72, 285.22, 400.22, 199.22, 103.39, 288.22 and 338.72 

eV, respectively.93 This is in agreement with the Cl atom found in the EDX analysis (Fig. 52). The high-

resolution N 1s signals of Fe3O4@SiO2–APTES–BTSC–Pd at 400.1, 402.1 and 405.1 eV (Fig. 53) are 

related to pyridine N, amide N, and imine N atoms.104,135,136 These binding energy values increase 

significantly by 0.89, 3.16 and 1.53 eV compared to the XPS values N1s of Fe3O4@SiO2–APTES. The Pd 

3d peaks centred at 338.40, and 343.71 eV suggests that Pd is predominately Pd2+ and was not partially 

reduced to Pd0. Compared with the standard spectra of PdCl2 (ca. 337.9 eV), the binding energy 

decreased by 0.8 eV.98 Together with the finding of Cl, the Pd-binding energy at 343.71 eV suggests a 

chlorido–Pd(II) complex such as [Pd(BTSC)Cl] (Fig. 51) as “extracted species”. Similar Pd–binding 

energies have been reported for [PdCl2(PPh3)3] (343.1 eV) and Pd2F6 (343.7 eV).99,137 
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Fig. 53. XPS survey scan and high resolution XPS analysis of Fe3O4@SiO2–APTES–BTSC–Pd NP 

 

Alternatively, the isotherm adsorption results can also mean that different species are involved in the 

initial Pd-binding, as shown in Fig. 54. This also highlights the potential function of the pending 4-N-

(2-pyridyl) groups in the Fe3O4@SiO2–APTES–BTSC adsorbent. Assuming that in an aqueous HCl 

solution the complex [PdCl4]2– is the dominating species, the assumed initial species A show [PdCl3]– 

ion binding to NPy or Sthione after cleaving one Cl–.138,139 Very rapidly either an NPy^Sthione (B) or 

NPy^NHamine (C) chelate binding might force another Cl– cleavage. The initial NPy coordination of the 

peripheral 4-N-(2-pyridyl) group will then be replaced by the typical TSC-type Nimine^S bonding, 

presumably including deprotonation and formation of Sthiolate– (D). This will lead to another Cl– 

cleavage forming the assumed final minor species E. The last Cl– cleavage is forced by another 

deprotonation and formation of the final (major) product F. However, these initial species remain 

speculative and species such as [PdCl3(H2O)]– or [PdCl(H2O)3]+ resulting from de-chlorination of the 

[PdCl4]2– in the test solutions,28,29 might be the first to coordinate to the BTSC ligand.138,139 
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Fig. 54. Proposed adsorbed Pd-BTSC species. 

 

Table 3.2 compared the adsorption capacity of some reported adsorbents with Fe3O4@SiO2–APTES–

BTSC. Fe3O4@SiO2–APTES–BTSC have outperformed other adsorbents in removing Pd2+ from an 

aqueous solution (Table 7). This is attributed to the BTSC covering the large non-uniform surface area 

of the Fe3O4@SiO2–APTES–BTSC, as revealed by the SEM image (Fig. 54). 

 

Table 7. Comparison of Fe3O4@SiO2–APTES–BTSC NPs with other absorbents used for the removal of 

Pd(II) ions. 

Adsorbent Initial 

conc 

(mg/L) 

pH Adsorbent 

dosage (g) 

Adsorption 

capacity (mg/g) 

Ref. 

PMMA/PEO/DTE EFs a 80 1.0 4 37 138 

TN modified PAN EFs b 100 1.0 0.02 348.4 139 

Activated carbon – 1.0 – 42.20 137 
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TAA-PP beads c 10 0.1 0.01 206.93 140 

AHPP-MOF d 500 4.0 0.01 283.5 141 

Zr(MOF)-pyromellitic acid 300 2.0 0.01 226.1 142 

Glycine@chitosan 50 2.0 0.1 120.39 143 

MOF-poly(propylene imine) 110 4.0 0.125 291 144 

Thiourea@chitosan 400 2.0 0.1 112.4 145 

Dispersive SPE e 30 6.0 0.02 24.6 146 

Pd-Fe3O4@SiO2-EGDMA/HEMA/AIBN f 300 4.0 1 65.75 147 

SiO2@THTB-TSC g 5 3.5 0.01 171.65 148 

mGO@SiO2@PPy-PTh h – 4.8 0.02 45 149 

Fe3O4@SiO2@PT i 700 3 0.5 191.47 150 

Fe3O4@SiO2–APTES–BTSC 20 4.0 0.0005 793.44 This study 

a Poly(methyl methacylat) (PMMA), poly(ethylene oxide) (PEO) electrospun fibers doped with 2-

cyano-2-propyl benzodithioate (DTE). b Thionicotinic acid-modified polyacrylonitrile (PAN) 

electrospun fibers. c AHPP = 4-amino-3-hydroxybenzoic acid and p-phthalaldehyde. d Tris(2-

aminoethyl)amine polystyrene polymer beads. e SPE = Solid Phase Extraction. f EGDMA = ethylene 

glycol dimethacrylate, HEMA = 2-hydroxyl methacrylate, AIBN = α-α′-azoisobisbutyronitrile.g THTB 

= hydroxybenzaldehyde. h PPy-PTh = polypyrrole-polythiophene. i PT = Plant Tannin. 
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Fig. 54. SEM image of Fe3O4@SiO2–APTES–BTSC–Pd 

 

3.2 SiO2–APTES–BTSC Nanoparticles in Suzuki-Miyaura sp2 – sp2 Cross-Coupling Reaction 

The SiO2–APTES–BTSC–Pd catalyst was investigated for the Suzuki cross-coupling reaction. 

Bromophenyl and phenylboronic acid were selected for optimization conditions (Table 8). The 

coupling reactions were carried out using different solvents (THF, EtOH and H2O). EtOH gives the 

best results (70 %). K2CO3 gives the best results among the tested bases (Na2CO3 and Et3N). The 

catalytic dosage was also varied between 2, 4, and 6 mol%. Increasing the catalytic dosage from 2 to 6 

mol% enhanced the formation of biphenyl. However, increasing the reaction temperature from 60 to 

100οC did not significantly change the isolated yield. Therefore, the 80οC was selected as the optimal 

dosage. 

 

Table 8. Optimization of the reaction condition for Suzuki-Miyaura cross-coupling reactions between 

1 equivalent bromobenzene and 1.2 equivalent of phenylboronic acid. 

Entry Solvent Base SiO2–APTES–BTSC–Pd (g) Temp. (οC) Isolated Yield 

1 THF K2CO3 0.4 80 54 
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2 EtOH K2CO3 0.4 80 70 

3 H2O K2CO3 0.4 80 Traces 

4 EtOH Na2CO3 0.4 80 50 

5 EtOH Et3N 0.4 80 45 

6 EtOH K2CO3 0.6 80 72 

7 EtOH K2CO3 0.8 80 80 

8 EtOH K2CO3 0.8 60 66 

9 EtOH K2CO3 0.8 100 81 

Reaction conditions: phenylboronic acid (1.2 mmol), bromobenzene (1 mmol), base (6 mmol), 15 mL 

solvent, 20 hours, inert conditions. 

 

The optimal condition was applied for the synthesis of different bi-aryl compounds. The coupling 

reaction gave a satisfactory result (Table 9).  Table 2 shows that substrates with electron-donating 

groups are isolated in higher yield compared to substrates with electron-withdrawing groups. The 

highest yield was obtained for diphenyl and 2-methyl-diphenyl. Other authors have reported similar 

results for TSC complexes used in the Suzuki-Miyaura cross-coupling reactions.151,152 The SiO2–

APTES–BTSC–Pd can be recycled up to three times without a significant loss in catalytic activities, 

highlighting the catalyst stability (Fig. 3.8). 

 

Table 9. Suzuki-Miyaura cross-coupling reaction of different aryl halides with phenylboronic acids. 

 

Entry Substrate Entry Substrate Product Isolated Yield (%) 

 
  

80 

 
  

70 

 
  

77 
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Reaction condition: 15 mL solvents, SiO2–APTES–BTSC–Pd (0.4 g), inert condition, K2CO3 (6 mmol), 

aryl-halid (1 mmol), aryl-boronic-acid (1.2 mmol). 
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Fig. 55. Recyclability of SiO2–APTES–BTSC–Pd for Suzuki-Miyaura coupling of biphenyl. 

 

3.3 Conclusion 

Chapter 3 described the adsorption of Pd2+ with Fe3O4–APTES–BTSC NP in an aqueous solution. Due 

to solubility concerns of the Pd source (K2PdCl4), Pd2+ was accessible in HCl solution. Fe3O4–APTES–

BTSC exhibits a high adsorption capacity in a wide pH range. The parent BTSC was also coordinated 

with Pd2+ ions. The molecular structure revealed non-symmetric Sthiolate^Nimine^Npyridine^Namide binding 

modes, and the crystal packing showed Pd–Pd interaction. The fitted isotherm adsorption data 

showed that the Freundlich isotherm adsorption model best described the adsorption process, which 
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suggests cooperative adsorption. In lieu, DFT calculation reveals that other binding motifs could be 

involved in the adsorption process and the EDX and XPS investigations supported this claim. 

Chapter 3 concluded by using SiO2–APTES–BTSC–Pd conjugate as a heterogeneous catalyst in the 

Suzuki-Miyaura cross-coupling reaction of aryls. SiO2–APTES–BTSC–Pd conjugate coupled a wide 

range of aryl in moderate yields and SiO2–APTES–BTSC–Pd conjugate can be regenerated upto 4 

cycle with slight loss in catalytic performance. XPS investigation showed that Pd in SiO2–APTES–

BTSC–Pd catalyst is predominantly Pd0, a vital characteristic of the catalyst in the Suzuki-Miyaura 

cross-coupling reaction. 
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Chapter 4 Conclusion and Outlook 

 

Bis-thiosemicarbazones (BTSCs) and their metal complexes are known for their biological properties 

in treatment or imaging. The uncoordinated BTSCs have also been used to probe or sense metal ions 

in food and beverages. BTSC metal complexes have also found application in homogeneous catalysis. 

The main drawback to BTSC, which has limited the activities of BTSC as a biological agent, is the 

challenge of targeting a specific cell. Similarly, unrecovered BTSC employed in sensing metal ions in 

food and beverages is secondary contamination and potential food and beverage poisoning. Also, 

additional costs are incurred in homogenous catalysis due to the recovery of spent BTSC catalysts. 

These shortcomings may be addressed by the covalent anchoring of BTSC onto solid supports (NPs). 

The large specific surface area characterized by NPs is unique for transporting ligands to target 

specific cells. Other NPs properties, such as magnetism, would allow for easy recovery of NP–BTSC 

conjugates. 

 

Therefore, the first objective of the study was achieved by the synthesis of BTSC bearing a carboxylate 

or chlorido functional group at the diketone backbone or by derivatization of thiosemicarbazide, so 

that the resulting BTSC bear chlorido functional group at the diamine tail. The 

functionalized/derivatized BTSC was first reacted with bifunctional linkers, namely, APTES and 

dopamine, to establish the reaction conditions. The first study involved the synthesis of ester-

functionalized BTSC. The hydrolysis of the ester group affords a carboxylate functionalized BTSC. 

The carboxylate functionalized BTSC was reacted with amine pre-functionalized Fe3O4@SiO2–APTES 

via the well-established EDC/NHS coupling chemistry to afford Fe3O4@SiO2–APTES–BTSC 

conjugated. The Fe3O4@SiO2–APTES–BTSC NP was used to adsorb Pd2+ ions from an aqueous 

solution. The Fe3O4@SiO2–APTES–BTSC NP was characterized by high adsorption capacity (734 mg/g) 

and can function at a broad pH range (2 – 8). The high adsorption capacity of the Fe3O4@SiO2–APTES–

BTSC NP was attributed to the pentadentate N^S donor atoms, which bind via the 

Sthiol^Nimine^Npyridinic^Namide coordination and the cooperative adsorption arises from the combination of 

minor coordination. 

 

SiO2–APTES–BTSC–Pd was synthesized by reacting amine pre-functionalized SiO2–APTES with Cl-

functionalized BTSC in dry THF.  SiO2–APTES–BTSC was subsequently coordinated with Pd2+ ions. 

The SEM image of the uncoordinated SiO2–APTES–BTSC NP showed monodispersed NPs, and the 

EDX analysis and XPS survey scan showed the expected elements (Si, O, N and S). The SEM image of 

the coordinated SiO2–APTES–BTSC–Pd showed monodispersed NPs with unevenly dispersed Pd2+ 
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particles attached to the surface of the SiO2–APTES–BTSC NPs. Si, O, N, S, Pd and Cl peaks were 

identified in SiO2–APTES–H2L–Pd and the EDX analysis revealed that Pd and Cl were present in ratio 

1:1, suggesting that in addition to the Sthiol^Nimine^Npyridinic^Namide coordination as revealed by single 

crystal XRD, minor Sthiol^Nimine^Npyridinic^Cl coordination was also present. High–resolution X-ray 

photoelectron spectroscopy (XPS) analysis of N 1s, C 1s and S 2p were characterized by a shift to a 

lower binding energy after coordinating with Pd2+, suggesting that these functional groups (C=N, 

C=S, N–H, pyridinic–N) are responsible for Pd2+ coordination.  The SiO2–APTES–H2L–Pd NPs were 

used in the Suzuki-Miyaura sp2 – sp2 cross-coupling reaction. The SiO2–APTES–H2L–Pd catalyst 

performed reasonably well up to the third catalytic cycle. 

 

The metal complex of thiosemicarbazones has been used as precursors for the synthesis of metal 

sulfides. The metal sulfide NPs are synthesized via pyrolysis, hydrothermal or thermal 

decomposition of metal complexes of thiosemicarbazone. These methods require a high amount of 

energy and a long reaction time. Therefore, an alternate method, such as microwave-assisted 

decomposition, is preferred due to low energy requirement and short reaction time. Thus, the final 

study involved the synthesis of copper sulfide, palladium sulfide and zinc sulfide NPs via 

microwave-assisted decomposition. The BTSC metal complexes (Cu, Pd and Zn) were dissolved in N-

methyl-2-pyrrolidone and heated for 10 minutes under a microwave. Cu7.2S4 NPs were obtained in the 

Fm—3m space group, Pd16S7 NPs were obtained in the I—43m space group, and ZnS NPs were 

obtained in the F -4 3 m. All NPs appeared in the cubic phase. The EDX spectra showed the expected 

peaks, Cu, Pd and Zn, as the metal ion in addition to the S atom, and the atomic percentage agrees 

with the PXRD phase of the metal sulfide, which alludes to the purity of the NPs. Thus, Cu7.2S4, Pd16S7 

and ZnS nanocrystals can be synthesized at reduced reaction time and energy. 

 

Future consideration should focus on improving the solubility of the BTSC. The derivatization of the 

dicarbonyl backbone of the BTSC with halogen, ester, tertbutyl and phenyl did not significantly 

enhance the solubility. This is evident in the poor solubility of 4-bromo-2,6-diacetylpyridine-bis-(4-N-

2-pyridyl)-TSC as compared with the unsubstituted 2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-TSC. 

Similarly, the low product yield associated with the diketone backbone is also a significant concern. 

Thus, an alternate backbone should be considered to improve yield and solubility. The study can also 

be extended to a method to obtain a uniform distribution of Pd2+ in the conjugate by comparing pre 

and post-functionalization techniques. The release of coordinated metal ions (Pd2+) can also be 

explored to extend the application of NP–BTSC conjugate to biological applications. Finally, future 
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consideration should be given to the facile synthesis of bimetallic and trimetallic NPs with potential 

applications in catalysis and as energy storage devices. 
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Chapter 5 Experimental Section 

 

5.1 Instrumentation.  

NMR spectra were recorded on a Bruker Avance II 300 MHz spectrometer, using a triple resonance 

1H, nBB inverse probe head or a Bruker Avance III spectrometer at 499 MHz with a TCI prodigy 5 

mm probe head with z–gradient (1H/19F, 13C, 15N, 2H). X-ray structure determination were carried out 

on a Bruker D8 Venture diffractometer, including a Bruker Photon 100 CMOS detector, Rheinhausen, 

Germany, at 100(2) K using Mo Kα (=0.71073 Å) radiation. The crystal data were collected using 

APEX4 v2021.10-0.153 The structures were solved by dual-space methods using SHELXT, and the 

refinement was carried out with SHELXL employing the full-matrix least-squares methods on FO2 < 

2σ(FO2) as implemented in ShelXle.154–156 The non-hydrogen atoms were refined with anisotropic 

displacement parameters, and hydrogen atoms were included using appropriate riding models. 

 

Cyclic voltammetry was performed at a 100 mV/s scan rate in 0.1 M nBu4NPF6 solutions using a three-

electrode configuration (working electrode: glassy carbon; counter electrode: Pt; reference: Ag/AgCl) 

and a Metrohm Autolab PG STAT 30 potentiostat with ferrocene/ferrocenium as internal reference. 

The Fourier transform infrared (FTIR) spectra were recorded on a PerkinElmer–Spectrum 400 with a 

Universal ATR sampling accessory in the range 4000 to 400 cm−1. UV–vis absorption spectra were 

recorded using a Varian 60 Scan spectrophotometer.  

 

Computational studies were performed using ORCA 5.0.2, and def2–TZVP basis sets were used for 

all atoms.157–159 The geometry of all compounds was optimized at the BP86 level of theory, using 

Grimme’s Dispersion correction and the conductor-like polarizable continuum model (CPCM) 

parametrized for DCM and DMSO as an approximate solvation model.160–164 The geometry 

optimization results were followed up with numerical frequency calculations to confirm the 

optimized structure's energetic minimum nature, as indicated by the absence of imaginary modes. 

Chemcraft software was used for visualization of DFT calculation results.165 

 

Scanning Electron Microscopy (SEM) images were collected using Jeol JSM–65 10 LV QSEM advanced 

electron microscope with a LaB6 cathode at 20 kV. Dispersive X-ray (EDX) images of the NPs were 

recorded using REM Zeiss Neon 40 CrossBeam advanced electron microscope with Focused ion beam 

workstation and STEM detector. The Thermogravimetric analysis (DTA and DSC) of the complexes 
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were measured on a Perkin Elmer STA 6000, with a temperature range between 30 to 600°C and Scan 

Rate of 10.0 °C/min under N2 atmosphere. 

 

XPS measurements were carried out in an ultrahigh vacuum system (base pressure 1×10–9 mbar). All 

samples were transferred to the measurement system under nitrogen avoiding air exposure. A 

nonmonochromatic X-ray source (VG) with Al Kα excitation was used, having a photon energy of 

1486.61 eV. The emitted photoelectrons were measured using a hemispherical analyzer (Specs 

Phoibos 100). The XPS data were fitted by Voight profiles using the software “XPSPEAK 4.1”. 

 

CuS, PdS and ZnS were synthesised using Anton Paar, Monowave 400 (Microwave Synthesis 

Reactor). The reactor was set at a temperature of 300oC and a cooling rate of 55oC, stirring at 600 rpm. 

The reactor's energy was set to 26 W and a pressure of 10 bar. . The powder X-ray diffractograms 

(PXRD) were recorded on an STOE–STADI MP diffractometer equipped with a Mo–Kα1 radiation ( = 

0.7093 Å) source and operating in transmission mode.  Scanning Electron Microscopy (SEM) coupled 

with Energy  

 

5.2 Synthesis 

5.2.1 Synthesis of thiosemicarbazide (Method 1) 

N-4-(2-pyridyl)-thiosemicarbazide (1) 

1.25 g (16.4 mmol) CS2 at –20 οC was added to a solution of 9.47 g (100.6 mmol) 2-

aminopyridine dissolved in 25 mL ice-cold water at 0 οC. Then a solution of KOH 

(110.58 mmol) dissolved 25 mL H2O at 10 οC was added to the reaction mixture. 

The reaction mixture was stirred for 24 h in a water bath at 10 οC until the colorless solution turned 

red. The solution was heated at 80 οC for 2 h until all starting materials are consumed. Then 7.0 g (140 

mmol) hydrazine monohydrate was slowly added to the hot solution. The solution immediately 

turned colorless, and heating was continued for 2 h. Colorless needles of 2-pyridyl thiosemicarbazide 

began to form after cooling. The solid was filtered off, washed with water and diethyl ether, yielding 

680 mg (4.04 mmol, 3.8%) colorless needles. Elemental analysis, found (calc. for C6H8N4S, Mw = 168.05 

g mol‒1), C, 42.91 (42.84), H, 4.18 (4.78), N, 33.73 (33.31), S, 18.68 (19.06). 1H NMR (300 MHz, DMSO-

d6): δ 12.59 (s, 1H), 10.58 (s, 1H), 8.22 (dd, J = 5.3, 1.8 Hz, 1H), 7.76 (ddd, J = 8.9, 7.4, 1.9 Hz, 1H), 7.13 

(d, J = 8.4 Hz, 1H), 7.07–6.97 (m, 1H), 5.23 (d, J = 4.3 Hz, 6H), 2.08 (s, 2H). 

 

N-4–(2–ethylaniline)–thiosemicarbazide (2) (Method 2) 
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1.28 g (10.6 mmol) 2–ethylaniline was dissolved in 5 mL deionized water, and the temperature was 

brought to 0 ο C. Thereafter, ice-cold CS2 (16.4 mmol, 0.99mL) was added to the solution, followed by 

adding 5 mL cold KOH (11.58 mmol, 0.649 g) solution. The solution was left for 24 h 

in an ice bath and refluxed for 2 h (80 oC) until 2–ethylaniline was completely 

consumed. A solution of hydrazine monohydrate (14 mmol, 0.7 mL) was added, and 

the reaction mixture was heated under reflux for 2.5 hrs. On cooling, a white precipitate was formed. 

The precipitate was washed with cold water and Et2O. Single crystals were obtained from a solution 

of EtOAc and cHex in 1:1 ratio. From the bulk colourless amorphous material. Yield 90%, 1870 mg 

(195.08 g mol‒1, 9.58 mmol) were obtained. Recrystallization from MeOH/DCM led to the isolation of 

white crystal. 1H NMR (300 MHz, CDCl3) δ 9.04 (s, 1H), 8.22 (s, 1H), 7.61 (s, 1H), 7.28 (dd, J = 5.9, 2.6 

Hz, 3H), 4.03 (s, 2H), 2.67 (q, J = 7.6 Hz, 2H), 1.25 (t, J = 7.6 Hz, 3H) . Elemental analysis for (C9H13N3S): 

found C, 56.01 H, 6.80, N, 21.20 S,14.24; required C, 55.35 H, 6.71, N, 21.52 S, 16.42. HR-GC-EI/MS: 

[C9H13N3S]˙+, Rention time = 22.90 min, >90%. 

 

N-(3-hydroxyl-2-pyridyl)-thiosemicarbazide (3) 

Using method 1. From 2-amino-3-hydroxypyridine, 4.66 g, 50 mmol. Colourless 

crystalline solid, 2808.1 mg, (184.22 gmol–1, 15.24 mmol, 36%). 1H NMR (300 MHz, 

DMSO-d6): δ 12.43 (s, 1H), 8.33 (s, 1H), 7.72 (d, J = 5.1 Hz, 1H), 7.20 (d, J = 7.9 Hz, 

1H), 6.94 (dd, J = 8.0, 5.0 Hz, 1H), 5.24 (s, 2H). 

 

N-4-(3-pyridyl)-thiosemicarbazide (4) 

Using method 1. From 3-aminopyridine 4.66g, 50 mmol. Colourless solid, 3124 

mg, (184.33 gmol-1, 16.9 mmol, 40%). 1H NMR (300 MHz, DMSO-d6) δ 9.28 (s, 1H), 

8.69 (d, J = 2.6 Hz, 1H), 8.31 – 8.23 (m, 1H), 8.07 (d, J = 8.2 Hz, 1H), 7.33 (ddd, J = 

8.2, 4.7, 0.8 Hz, 1H), 5.24 (s, 2H). 

 

N-(5-methylpyridyl)-thiosemicarbazide (5) 

Using method 1. From 5-methyl-2-amino-pyridine, 50 mmol, 5.41g. Colourless 

solid, 4001 mg, (182.25 gmol-1, 21.9 mmol, 56%). 1H NMR (300 MHz, DMSO-d6) δ 

12.65 (s, 1H), 10.48 (s, 1H), 8.08 (d, J = 5.3 Hz, 1H), 6.94 (s, 1H), 6.86 (dd, J = 5.4, 1.5 

Hz, 1H), 5.21 (s, 2H), 2.26 (s, 3H). 

 

N-4(2-tert-butylaniline)-thiosemicarbazide (6) 
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Using method 2. From 5-tert-butylaniline, 50 mmol, 7.46g. Colourless solid, 2459 mg, 

(223.34 gmol-1, 11.0 mmol, 25%). 1H NMR (300 MHz, DMSO-d6) δ 9.64 (s, 1H), 9.07 

(s, 1H), 7.69 (s, 1H), 7.50 (d, J = 7.7 Hz, 1H), 7.21 (t, J = 7.9 Hz, 1H), 7.14 – 7.07 (m, 1H), 

4.78 (s, 2H), 1.27 (s, 9H). 

 

N-4(-4-aminomethyl-pyridyl)-thiosemicarbazide (7) 

Using method 1. From 4-amino-methyl-pyridine, 50 mmol, 5.4g. Colourless solid, 

2681 mg, (182.25 gmol-1, 14.7 mmol, 33%) 1H NMR (300 MHz, DMSO-d6) δ 8.84 (s, 

1H), 8.53 – 8.39 (m, 2H), 7.31 – 7.21 (m, 2H), 4.74 (d, J = 5.8 Hz, 2H), 4.64 – 4.45 (m, 

2H). 

 

N-4-(4-chloroaniline)-thiosemicarbazide (8) 

Using method 2. From 4-chloroaniline, 42.4 mmol, 5.41 g. White crystalline solid, 

3000.7 mg (201.67 gmol–1, 1.49 mmol, 36%). 1H NMR (300 MHz, DMSO-d6): δ 

9.17 (s, 1H), 7.67 (d, J = 8.3 Hz, 2H), 7.38 – 7.27 (m, 2H), 4.86 (s, 2H). 

 

N-4-(butylamine)-thiosemicarbazide (9) 

Using method 2. From butylamine, 50 mmol, 3.66g. Colourless solid, 2960.9 mg 

(147.24 gmol-1, 20 mmol, 42%) 1H NMR (300 MHz, CDCl3) δ 7.78 (d, J = 2.8 Hz, 

1H), 7.44 (s, 1H), 3.80 (s, 2H), 3.63 (td, J = 7.2, 5.7 Hz, 2H), 1.69 – 1.53 (m, 2H), 1.48 

– 1.32 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H). 

 

5.2.2 Synthesis of Substituted 2,6-diacetylpyridines – General Procedure 

 

Substituted pyridine (40 mmol) was charged into 100 mL H2SO4 (0.4 M), then pyruvic acid (2.1 mL, 

31.3 mmol), aqueous AgNO3 (0.15 g, 0.9 mmol in 0.5 mL water) and (NH4)2S2O8 (11 g, 43.8 mmol) was 

added. The solution was left to stir overnight at room temperature. The mixture was filtered, and the 

combined organic fraction was extracted with DCM (150 mL) and dried over anhydrous Na2SO4. The 

crude product was collected via vacuum evaporation and purified using column chromatography 

(SiO2, neat DCM).  

 

4-tert-butyl-2,6-diacetylpyridine (10).  



- 102 - 

 

From 5.50 g (40 mmol) 4-(tert-butyl)pyridine. Column chromatography in CH2Cl2, Rf 

= 0.70. Yield: 1.40 g (6.39 mmol, 17%) colourless amorphous solid. Elemental 

analysis, found (calc. for C13H17NO2, MW = 219.125 g mol–1), C, 70.98 (71.21), H, 7.65 

(7.81), N, 6.39 (6.39). 1H NMR (300 MHz, CD2Cl2): δ = 8.20 (s, 2H), 2.75 (s, 6H), 1.36 (s, 9H) ppm. 

 

4-methyl-isonicotinate-2,6-diacetylpyridine (11) 

From 4-methyl-2,6-diacetylisonicotinate 5.54 g (40 mmol). Column chromatography 

in CH2Cl2, Rf: 0.65. Yield: 1.7 g (7.68 mmol, 21%) colorless amorphous solid. 

Elemental analysis, found (calc. for C11H11NO4 MW = 221.07 g mol–1), C, 59.69 (59.73, 

H, 4.91 (5.01), N, 6.33 (6.33). 1H NMR (300 MHz, CDCl3) δ 8.73 (d, J = 1.6 Hz, 0H), 

4.01 (d, J = 1.5 Hz, 1H), 2.81 (d, J = 1.4 Hz, 1H). 

 

4-chloro-2,6-diacetyl-pyridine (12) 

4-chloropyridine hydrochloric (2.3 g, 1.58 mmol) was dissolved in 5 mL deionized water and basified 

with saturated NaOH until pH 9. The mixture was extracted with Et2O (90 mL), 

the combined organic fractions was dried over anhydrous Na2SO4 and the solvent 

was evaporated in a vacuum to obtain 4–chloropyridine as yellow oil. The freshly 

obtained 4–chloro-pyridine was discharged into 100 mL H2SO4 (0.4 M), then pyruvic acid (2.1 mL, 

31.3 mmol), aqueous AgNO3 (0.15 g, 0.9 mmol in 0.5 mL water) and (NH4)2S2O8 (11 g, 43.8 mmol) was 

added. The solution was left to stir overnight at RT. The mixture was filtered and the combine organic 

fraction was extracted with DCM (150 mL) and dried over anhydrous Na2SO4. The crude product was 

collected via vacuum evaporation and purified using column chromatography (SiO2, neat DCM). Cl-

DAP elute first. 1H NMR (300 MHz, CDCl2) δ: 8.16 (s, 2H), 2.75 (s, 6H). Colourless solid, 690 mg 

(197.62 g mol–1, 3.49 mmol, 22.78 %). Elemental analysis for (C9H8NO2Cl), found: C, 53.44, 4.24, N, 

6.44; required C, 54.70, H, 4.08, N, 7.09 

 

4-bromo-2,6-diacetyl-pyridine (13) 

Using the same method above.  From 4-bromo-pyridine hydrochloride. Compound 

13 was obtained as a colourless solid. 1H NMR (300 MHz, CDCl3) δ 1H NMR (300 

MHz, CD2Cl2) δ 8.33 (s, 1H), 2.75 (s, 4H), 1.55 (s, 1H). 

4-iodo-2,6-diacetyl-pyridine (14).  

From 4-iodo-pyridine using general method. Compound 14 was obtained as a 

colourless solid. 1H NMR (300 MHz, CDCl3) δ 8.55 (d, J = 0.6 Hz, 1H), 2.76 (s, 6H). 
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4-diethyl-phosphonate-2,6-diacetyl-pyridyl (15).  

4-bromopyridine hydrochloride (6.22g, 32 mmol) was neutralized with saturated NaOH and 

extracted with diethyl-ether and dried over anhydrous Na2SO4, and the solvent was evaporated in a 

vacuum to obtain 4-bromopyridine as a yellow oil. 4-bromopyridine was reacted with diethyl-

phosphite (4.8 mL, 36 mmol) in the presence of triethylamine (5 mL, 36 mmol) using [Pd(P(C6H5)3)4] 

(1.88g, 1.62 mmol) under argon. After the coupling reaction, the mixture was extracted with ethyl 

acetate, and 4-diethyl-phosphonate-pyridyl was obtained by column chromatography using clean 

ethyl acetate. 4-diethyl-phosphonate-pyridyl was treated with pyruvic acid as described for 

compound 10.  1H NMR (300 MHz, CDCl3) δ 8.45 (d, J = 13.3 Hz, 0H), 4.12 (ddddd, J = 17.2, 10.1, 8.4, 

7.1, 3.0 Hz, 1H), 2.72 (s, 1H), 1.28 (td, J = 7.0, 0.6 Hz, 1H). 

 

1,1′-[4-(4-tert-butylphenyl)-2,6-diacetyl-pyridine (16) 

First, 4-(4-(tertbutyl)phenyl)pyridine was synthesized by Suzuki coupling. 

Briefly, K2CO3 (4 mmol) was dissolved in a degassed solution mixture of 

EtOH/water (9 mL: 7 mL), followed by the addition of 4-bromopyridine (1 

mmol), 4-tert-butyl-phenylboronic acid (1.2 mmol) and [Pd(PPh3)4] (6 

mol%). The resulting mixture was allowed to cool, and the filtrate was 

collected, extracted three times with EtoAc and dried in a rotary 

evaporator. The product was purified using column chromatography. 

White amorphous solid. (Column chromatography, EtOAc:c-hex, 3:2), (Rf: 0.5) yield, 113 mg (211.14 g 

mol-1, 0.535 mmol, 53.8%)  1H NMR (500 MHz, CDCl3) δ 8.66 – 8.62 (m, 2H), 7.63 – 7.58 (m, 2H), 7.52 

(dt, J = 6.6, 2.2 Hz, 4H), 1.37 (s, 9H). On acylation, the desired product was not obtained.  

Therefore, 4-bromo-,2,6-diacetylpyridine was coupled with 4-tert-butylphenylboronic acid using Pd 

catalyst to obtain 1,1′-[4-(4-tert-butylphenyl)-2,6-diacetyl pyridine. White solid (column 

chromatography, EtoAC:Cyc, 1:1, Rf: 0.4), yield: 190 mg, (295.16 gmol-1, 0.643 mmol, 66%). 1H NMR: 

(300 MHz, CDCl3) δ 8.45 (s, 2H), 7.76 – 7.65 (m, 2H), 7.59 – 7.48 (m, 2H), 2.83 (s, 6H), 1.37 (s, 9H). 

 

5.2.3 Synthesis of pentadentate Bis-Thiosemicarbazone 

2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-TSC (17) 

The title compound was synthesized by dissolving compound 1 (6 mmol, 1.0 g) in 

100 mL AcOH at 50°C, and 2,6-diacetyl-pyridine (2 mmol, 0.32g) was added. 0.1 mL 

of AcOH was added to the solution. The mixture was left in a bath sonicator for 4 

hours at 50οC. A yellow precipitate was formed, which was washed with cold MeOH and acetone. 
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After drying, 550 mg (464.14 g mol-1, 1.18 mmol, 59%) of a yellow amorphous material was obtained.  

1H NMR: (500 MHz, DMSO-d6) δ 15.08 (s, 2H), 11.18 (s, 2H), 8.40 (d, J = 5.0 Hz, 2H), 8.21 (d, J = 7.8 Hz, 

2H), 8.01 (t, J = 7.9 Hz, 2H), 7.94 – 7.82 (m, 2H), 7.31 (d, J = 8.4 Hz, 2H), 7.15 (t, J = 6.3 Hz, 2H), 2.59 (s, 

6H). HR-ESI-MS(+) [m/z] = 464.14318 ([M + H]+, calc. 464.14341), 486.12513 ([M + Na]+, calc. 486.12535). 

 

4-methyl-isonicotinate 2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-TSC (17-1) 

Compound 1 was condensed with compound 11 in 30 mL AcOH solution and 0.5 mL 

of CF3COOH. The yellow amorphous solid was washed as described above (EtOAc:Cy, 

3:7), (Rf: 0.6), yielding a yellow solid 108 mg (521.14 g mol-1, 0.207 mmol, 65.5%). 1H 

NMR (500 MHz, DMSO-d6) δ 15.09 (s, 2H), 11.20 (s, 2H), 8.58 (s, 2H), 8.38 (d, J = 5.0 Hz, 

2H), 7.87 (t, J = 8.3 Hz, 2H), 7.30 (t, 2H), 7.15 (d, J = 6.5 Hz, 2H), 3.97 (s, 3H), 2.60 (s, 6H). 

HR-ESI-MS(+) [m/z] = 522.14919 ([M + H]+, calc. 522.14888), 544.13083 ([M + Na]+, calc. 544.13119) 

 

2,6-diacetylpyridine-4-carboxylic acid-bis-(4-N-2-pyridyl)-TSC (17-2) 

Compound 17-1 was unprotected by hydrolyzing in an alkaline medium: 0.16g 

compound 17-1 (0.32 mmol) was dissolved in 80 mL DMF. The pH of the solution was 

then adjusted to 10 using saturated NaOH, until a yellow precipitate (the Na+ salt of 

BTSC) began to form. The reaction was monitored for 3 days through thin-layer chromatography, till 

the starting material was consumed. The pH of the solution was readjusted to pH = 3 using 4N HCl 

solution, resulting in the disappearance of the Na+ salt. A yellow precipitate was formed. This was 

stirred for 2 hours and was allowed to stand in the mother liquor for 24 hours in the refrigerator 

during which it transformed into a brick-red solid. The solid was filtered off and washed with cold 

water. Yield: 0.056 g (0.11 mmol, 96%) of a brick-red solid. Elemental analysis calc. for C22H21N9O2S2 

(MW =507.13 g mol–1) (found): C, 52.06 (52.05), H, 4.17 (4.16), N, 24.84 (24.96), S, 12.63 (12.54). 1H NMR 

(500 MHz, DMSO-d6) δ 15.06 (s, 2H), 11.15 (s, 2H), 8.58 (s, 2H), 8.40 (d, J = 5.0 Hz, 2H), 7.88 (ddd, J = 

8.8, 7.3, 1.9 Hz, 2H), 7.32 (d, 2H), 7.15 (t, 2H), 2.61 (s, 6H), (Figure S14 and S15, SI). HR-ESI-MS(+) [m/z] 

= 508.1333 ([BTSC+H]+, calc. 508.1333), 530.11526 ([BTSC+Na]+, calc. 530.11526). 

 

4-tert-butyl-2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-TSC (17-3) 

The condensation of compound 1 with 4-tert-butyl-2,6-diacetylpyridine as described 

above compound 17-1. Yellow amorphous material 210 mg (519.20 g mol-1, 0.404 

mmol, 44.68%). 1H NMR (500 MHz, DMSO-d6) δ 15.03 (s, 2H), 11.16 (s, 2H), 8.41 – 
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8.37 (m, 2H), 8.28 (s, 2H), 7.87 (ddd, J = 9.0, 7.4, 1.9 Hz, 2H), 7.30 (d, J = 8.3 Hz, 2H), 7.14 (t, J = 6.2 Hz, 

2H), 2.58 (s, 6H), 1.37 (s, 9H). HR-ESI-MS(+) [m/z] = 520.20607 ([M + H]+, calc. 520.20601), 542.18776 

([M + Na]+, calc. 542.18795). 

 

4-bromo-butyl-2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-TSC (17-4) 

Reaction of compound 1 with compound 13. Yellow amorphous material 311 mg 

(542.48 g mol-1, 1.74 mmol, 67%). 1H NMR (300 MHz, DMSO-d6) δ 15.11 (s, 2H), 11.23 

(s, 2H), 8.35 (d, J = 33.7 Hz, 4H), 7.95 – 7.83 (m, 2H), 7.24 (d, J = 42.3 Hz, 4H), 2.56 (s, 

6H). 

 

4-chloro-butyl-2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-TSC (17-5) 

Reaction of compound 1 with compound 12. Yellow amorphous material 242 mg (498.02 

g mol-1, 2.1 mmol, 51.88%). 1H NMR (300 MHz, DMSO-d6) δ 15.09 (s, 2H), 11.21 (s, 2H), 

8.39 (s, 2H), 8.11 (s, 2H), 7.94 – 7.82 (m, 2H), 7.30 (s, 2H), 7.16 (s, 2H), 2.56 (s, 6H). 

 

4-iodo-butyl-2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-TSC (17-6) 

Reaction of compound 1 with compound 14. Yellow amorphous material 311 mg (589.48 

g mol-1, 1.9 mmol, 67.11%). 1H NMR (300 MHz, DMSO-d6) δ 15.09 (s, 2H), 11.21 (s, 2H), 

8.51 (d, 2H), 8.43 – 8.37 (m, 2H), 7.94 – 7.83 (m, 2H), 7.31 (d, 2H), 7.20 – 7.14 (m, 2H), 2.55 (s, 6H). 

 

4-thiol-2,6-diacetylpyridine-bis-(4-N-2-pyridyl)-TSC (17-7) 

Compound 17-4 (5.24 mmol, 2.43 g) was added to NaHS (6.28 mmol, 0.48 g) in dry DMF 

solution, the mixture was left to stir for 24 hours at 40oC. The mixture was allow to cool 

and dry under vacuum. The yellow solid was washed 4 times with water and washed thrice with cold 

MeOH. Yield 190 mg. 1H NMR (300 MHz, DMSO-d6) δ 15.10 (s, 2H), 11.22 (s, 2H), 8.40 (s, 2H), 8.31 – 

8.24 (m, 2H), 7.88 (ddd, J = 9.1, 7.3, 1.9 Hz, 2H), 7.30 (s, 2H), 7.17 (s, 2H), 2.55 (s, 6H). 

 

1,1′-[4-(4-tert-butylphenyl)-2,6-diacetyl-pyridine-bis-(4-N-2-pyridyl)-TSC (17-8) 

Reaction of compound 1 with compound 16. Yellow amorphous material 101 mg (595.79 

g mol-1, 5.9 mmol, 23.3%). 1H NMR (300 MHz, DMSO-d6) δ 8.36 (s, 2H), 7.81 (s, 2H), 7.75 

(s, 4H), 7.62 (d, J = 8.0 Hz, 2H), 2.58 (s, 6H), 1.34 (s, 9H). 

 

2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–thiosemicarbazone (18) 
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Compound 2 (2 mmol, 0.4 g) and 2,6-diacetyl-pyridine (0.67 mmol, 0.11 g) were dissolved in 15 mL 

AcOH. Then, CF3COOH (0.1 mL) was added. The mixture was sonicated 

for three hours at 40 oC. A yellow precipitate was obtained, filtered and 

washed twice with Et2O. 150 mg (517.21 g mol–1, 0.284 mmol, 50 %). 1H 

NMR (500 MHz, DMSO–d6) δ 10.67 (s, 2H), 10.10 (s, 2H), 8.58 (d, J = 7.9 Hz, 

2H), 7.79 (q, J = 7.7 Hz, 1H), 7.28 (dtt, J = 11.7, 5.9, 2.4 Hz, 8H), 2.61 (q, J = 7.6 Hz, 4H), 2.54 (s, 6H), 1.22 

– 1.04 (m, 6H). Elemental analysis for (C27H31N7S2): found C, 60.46, 6.24, N, 18.17, S, 10.72; required C, 

62.64, H, 6.04, N, 18.94, S, 12.39. HR-ESI–MS(+) [m/z] = 518.21551 ([H1L+H+]+, calc. 518.21551), 

540.19732 ([H1L+Na]+, calc. 540.19745). 

 

4-methyl-isonicotinate-2,6-diacetyl-pyridine-bis-(4-N-2-ethylaniline)-TSC (18-

1) 

Reaction of compound 2 with compound 11.  Yellow solid, 103 mg (575.21 g 

mol-1, 0.18 mmol, 60.9 %). 1H NMR (499 MHz, CDCl3) δ 9.28 (s, 2H), 8.96 (s, 

2H), 8.52 (s, 2H), 7.93 – 7.85 (m, 2H), 7.34 – 7.28 (m, 6H), 3.96 (s, 3H), 2.79 – 2.70 (m, 4H), 2.56 (s, 6H), 

1.32 (t, J = 7.6 Hz, 6H). 

 

2,6-diacetyl-pyridine-4-carboxylic acid-bis-(4-N-2-ethylaniline)-TSC (18-2) 

In a 50 mL beaker, Compound 18-1 (0.027 g, 0.04 mg) was dissolved in a 

mixture of CH3Cl (2 mL) and MeOH (8 mL), and then NaOH (0.005 g, 0.12 

mmol) was added. After 24 hours, the solvent was removed, and the pH of 

the residual substance was adjusted to 3. The yellow precipitate was filtered 

and washed with Et2O, acetone and distilled water (10 mL). Yellow 

compound. 1H NMR (499 MHz, DMSO- d6) δ 10.71 (d, J = 1.8 Hz, 2H), 10.19 (d, J = 3.7 Hz, 2H), 8.75 (s, 

2H), 7.36 – 7.15 (m, 6H), 2.64 – 2.59 (m, 4H), 2.55 (s, 6H), 1.18 (t, J = 7.6 Hz, 6H). 15 mg (561.20 g mol-1, 

0.02 mmol, 57.7 %). 

 

4-tert-butyl-2,6-diacetyl-pyridine-bis-(4-N-2-ethylaniline)-TSC (18-3) 

Compound 2 (0.63 mmol, 0.12 g) and compound 10 (0.3 mmol, 0.065g) were 

dissolved in 50 mL AcOH. Then CH3COOH (0.1 mL) was added and 

refluxed for 4 hours at 50 oC. The yellow precipitate obtained was filtered, 

washed with Et2O. 91 mg (573.24 g mol-1, 1.59 mmol, 53.5 %).  1H NMR (499 

MHz, CDCl3) δ 9.24 (s, 2H), 8.92 (s, 2H), 8.01 (s, 2H), 7.92 (dd, J = 7.8, 1.9 Hz, 

2H), 7.36 – 7.27 (m, 6H), 2.73 (q, J = 7.5 Hz, 4H), 2.55 (s,61H), 1.35 (s, 9H), 1.29 (t, J = 7.6 Hz, 6H). 
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4–chloro–2,6–diacetyl–pyridine–bis–(4–N–2–ethylaniline)–TSC (18-4) 

Compound 2 (1 mmol, 0.195 g) and compound 12 (0.333 mmol, 0.066 g) 

were dissolved in 10 mL AcOH. Then CF3COOH (0.1 mL) was added and 

sonicated for 3 h at 40 oC. Yellow precipitate obtained was filtered and 

washed with Et2O. 160 mg (552.16 g mol–1, 0.289 mmol, 29.1 %).  1H NMR 

(500 MHz, DMSO–d6) δ 10.67 (s, 2H), 10.20 (s, 2H), 8.72 (s, 2H), 7.37 – 7.21 

(m, 8H), 2.61 (q, J = 7.6 Hz, 4H), 2.52 (s, 6H), 1.17 (t, J = 7.6 Hz, 6H). 1H NMR (500 MHz, CDCl3) δ 9.34 

– 9.14 (m, 2H), 9.00 (d, J = 22.7 Hz, 2H), 7.98 (s, 2H), 7.88 – 7.70 (m, 2H), 7.37 – 7.27 (m, 6H), 2.71 (dd, J 

= 15.0, 7.5 Hz, 4H), 2.52 (s, 6H), 1.29 (dt, J = 10.8, 7.6 Hz, 6H). Elemental analysis for (C27H30ClN7S2): 

found; C, 58.74, H, 5.47, N, 17.70, S, 10.61, required; C, 58.73, H, 5.48, N, 17.76, S, 11.61.  HR-ESI–MS(+) 

[m/z] = 552.17690 ([H1L+H+]+, calc. 552.17653), 574.15889 ([H1L+Na]+, calc. 574.15848). 

 

2,6-diacetylpyridine-bis-(4-N-3-hydroxyl-2pyridyl)-TSC (19) 

From 2,6-diacetylpyridine (0.2 mmol, 0.03 g) and N-(3-hydroxyl-2-pyridiyl)-

thiosemicarbazide (0.59 mmol, 0.11 g). Yield: Yellow solid, 80 mg, (495.13 gmol–1, 

0.16 mmol, 10%). 1H NMR (300 MHz, DMSO-d6: δ 15.49 (s, 2H), 8.11 (d, J = 7.9 

Hz, 2H), 7.97 – 7.86 (m, 1H), 7.17 (d, J = 4.7 Hz, 2H), 6.73 (dd, J = 7.9, 4.7 Hz, 2H), 

6.61 (d, J = 7.9 Hz, 2H), 2.48 (s, 6H). Elemental analysis (C21H25N9O2S2): Calcd., 

Exp., C (50.49, 50.49); H (5.04; 5.08); N (25.23, 25.83); S (12.83, 12.98). ESI-MS (m/z): [BTSC+H]+ Calcd., 

500.164, Exp., 500.303. 

 

4-(tert-butyl)-2,6-diacetylpyridine-bis-(4-N-3-hydroxyl-2-pyridyl)-TSC (19-3) 

From 4-4-(tert-butyl)-phenyl))-2,6-diacetylpyridine (0.05 mmol, 0.16 g) and N-(3-

hydroxyl-2-pyridinyl)-thiosemicarbazide (0.14 mmol, 0.03 g). Yield: Yellow solid, 

21 mg, (627.79 gmol–1, 0.03 mmol, 21%). 1H NMR (300 MHz, DMSO-d6: δ 15.44 (s, 

2H), 8.30 (s, 2H), 7.75 (d, J = 8.0 Hz, 2H), 7.63 (d, J = 8.0 Hz, 2H), 6.83 – 6.58 (m, 

4H), 2.53 (s, 6H), 1.26 (d, J = 24.5 Hz, 9H). (Fig. 5 in the Supplementary Material). 

Elemental analysis: (C31H37N9O2S2) Calcd., Exp., C (59.31, 59.32); H (5.30; 4.99); N (20.08, 20.13); S 

(10.21, 10.22). ESI-MS (m/z): [BTSC+Na]+ Calcd., 650.209, Exp., 659.207. 

 

1,1′-[4-(4-tert-butylphenyl)-2,6-diacetyl-pyridine-bis-(4-N-3-hydroxyl-2-pyridyl)-

TSC (19-4) 
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Reaction of compound 16 with compound 3. Yellow amorphous material 298 mg (627.79 g mol-1, 2.1 

mmol, 50.11%). 1H NMR (300 MHz, DMSO-d6) δ 15.44 (s, 2H), 8.30 (s, 2H), 7.75 (d, J = 8.0 Hz, 2H), 

7.63 (d, J = 8.0 Hz, 2H), 6.83 – 6.58 (m, 4H), 2.53 (s, 6H), 1.26 (d, J = 24.5 Hz, 9H). 

 

2,6-diacetylpyridine-bis-(4-N-3-pyridyl)-TSC (20) 

Reaction of compound 4 with 2,6-diacetylpyridine. Yellow amorphous material 255 

mg (463.58 g mol-1, 1.82 mmol, 40.18%). 1H NMR (500 MHz, DMSO-d6) δ 10.55 (s, 

4H), 8.70 (s, 2H), 8.59 – 8.54 (m, 2H), 8.40 (s, 2H), 8.14 – 7.95 (m, 2H), 7.86 (t, J = 8.1 

Hz, 1H), 7.45 – 7.34 (m, 2H), 2.55 (s, 6H). 

 

2,6-diacetylpyridine-bis-(4-N-5-methylpyridyl)-TSC (21) 

Reaction of compound 5 with 2,6-diacetylpyridine. Yellow amorphous material 399 

mg (491.64 g mol-1, 1.23 mmol, 72.6%). 1H NMR (300 MHz, DMSO-d6) δ 15.18 (s, 

2H), 11.09 (s, 2H), 8.39 (d, J = 7.8 Hz, 2H), 8.29 – 8.15 (m, 2H), 8.09 (t, J = 7.8 Hz, 1H), 

7.98 (d, J = 7.5 Hz, 2H), 7.06 (d, J = 32.5 Hz, 2H), 2.57 (s, 6H), 2.33 (s, 6H). 

 

4-bromo-2,6-diacetylpyridine-bis-(4-N-5-methylpyridyl)-TSC (22-1) 

Reaction of compound 5 with compound 13. Yellow amorphous material 210 mg 

(519.20 g mol-1, 0.404 mmol, 44.68%). 1H NMR (300 MHz, DMSO-d6) δ 15.19 (s, 2H), 

11.13 (s, 2H), 8.25 (d, J = 6.6 Hz, 4H), 7.16 – 6.95 (m, 4H), 6.56 – 6.41 (m, 2H), 2.53 (s, 6H), 2.33 (s, 6H). 

 

2,6–diacetyl–pyridine–bis–(4–N–2–tertbutylaniline)–thiosemicarbazone (22) 

Reaction of compound 6 with compound 2,6-diacetylpyridine. Yellow 

amorphous material 143 mg (573.82 g mol-1, 4.1 mmol, 59.91%). 1H NMR 

(300 MHz, CDCl3) δ 8.26 – 8.17 (m, 2H), 8.05 – 7.91 (m, 1H), 7.87 – 7.79 (m, 

2H), 7.38 (q, J = 2.1 Hz, 2H), 7.35 – 7.30 (m, 2H), 7.28 – 7.20 (m, 2H), 2.79 (s, 6H), 1.32 (s, 9H). 

 

4-bromo-2,6–diacetyl–pyridine–bis–(4–N–methylpyridyl)–thiosemicarbazone (23-

1). 

Reaction of 7 with compound 13. Yellow amorphous material 233 mg (570.53 g 

mol-1, 2.45 mmol, 49.68%). 1H NMR (300 MHz, DMSO-d6) δ 10.77 (s, 2H), 9.43 (t, J 

= 6.2 Hz, 2H), 8.66 (d, J = 5.9 Hz, 6H), 7.62 – 7.54 (m, 4H), 5.01 (d, J = 6.0 Hz, 4H), 2.48 (s, 6H). 

 

2,6-diacetylpyridine-bis-(4-N-chlorophenyl)-TSC (24) 
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From 2,6-diacetylpyridine (0.8 mmol, 0.13 g) and compound 8 (2.4 mmol, 0.48 g). 

Yield: Yellow solid, 210 mg, (530.49 gmol–1, 0.39 mmol, 16.7%). 1H NMR (300 MHz, 

DMSO-d6: 10.40 (s, 2H), 8.50 (s, 2H), 7.82 (t, J = 7.9 Hz, 1H), 7.60 (d, J = 8.3 Hz, 2H), 

7.40 (d, J = 8.3 Hz, 2H), 2.06 (s, 6H).  Elemental analysis (C23H25Cl2N7S2): Calcd., Exp., 

C (52.08, 53.09); H (3.99; 3.99); N (18.48, 18.51); S (12.09, 11.99). ESI-MS (m/z): [BTSC+H]+ Calcd., 

530.074, Exp., 530.074. 

 

2,6-diacetylpyridine-bis-(4-N-butyl)-TSC (25) 

Reaction of compound 9 with 2,6-diacetylpyridine. Yellow amorphous material 

201 mg (421.63 g mol-1, 2.1 mmol, 51%). 1H NMR (500 MHz, DMSO-d6) δ 10.26 (s, 

2H), 8.67 (t, J = 6.0 Hz, 2H), 8.39 (d, J = 7.9 Hz, 2H), 7.86 (t, J = 7.9 Hz, 1H), 3.64 – 3.53 (m, 4H), 2.44 (s, 

6H), 1.64 – 1.55 (m, 4H), 1.33 (h, J = 7.4 Hz, 4H), 0.92 (t, J = 7.4 Hz, 6H). 

 

4-bromo-2,6-diacetylpyridine-bis-(4-N-butyl)-TSC (25-1) 

Reaction of compound 9 with compound 13. Yellow amorphous material 255 mg 

(500.52 g mol-1, 1.96 mmol, 44.68%). 1H NMR (300 MHz, DMSO-d6) δ 10.26 (s, 1H), 8.84 

(t, J = 6.0 Hz, 1H), 8.61 (s, 1H), 3.61 (q, J = 6.9 Hz, 2H), 2.41 (s, 3H), 1.61 (p, J = 7.6 Hz, 

2H), 1.33 (q, J = 7.5 Hz, 2H), 0.93 (t, J = 7.4 Hz, 4H). 

 

4-thiol-2,6-diacetylpyridine-bis-(4-N-butyl)-TSC (25-2) 

Using the method for compound 17-7. Yellow amorphous material 133 mg (453.69 g 

mol-1, 3.41 mmol, 38.18%). 1H NMR (500 MHz, DMSO-d6) δ 10.26 (s, 2H), 8.84 (t, J = 

6.0 Hz, 2H), 8.61 (s, 2H), 3.66 – 3.58 (m, 4H), 2.41 (s, 6H), 1.65 – 1.55 (m, 4H), 1.33 (h, J 

= 7.6 Hz, 4H), 0.93 (t, J = 7.4 Hz, 6H). 

 

4-tert-butyl-2,6-diacetylpyridine-bis-(4-N-butyl)-TSC (25-3) 

Reaction of compound 9 with compound 10. Yellow amorphous material 251 mg 

(477.73 g mol-1, 1,9 mmol, 47.77%). 1H NMR (300 MHz, DMSO-d6) δ 10.31 (s, 2H), 8.48 

(t, J = 5.8 Hz, 2H), 8.14 (s, 2H), 3.60 (p, J = 7.1 Hz, 4H), 3.32 (s, 4H), 2.44 (s, 6H), 1.67 – 

1.54 (m, 4H), 1.54 – 1.17 (m, 9H), 0.90 (dt, J = 15.9, 7.3 Hz, 6H). 

 

5.2.4 Anchoring Pentadentate Bis-Thiosemicarbazone with Linker 

Compound 18-4–APTES 
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Compound 18-4 (0.1 g, 0.19 mmol) was dissolved in THF (200 mL), and 

Et3N (0.38 mmol, 53 μL) was added. The mixture was allowed to stand for 

2 hours. (3-aminopropyl)triethoxysilane (APTES) (0.37 mmol, 87 μL) was 

added to the mixture, stirred for 4 days at room temperature, and dried 

under vaccum. Yellow powder 100.1 mg (736.34 g mol–1, 73.78 mmol, 62.5 

%). 1H NMR (300 MHz, CDCl3) δ 9.19 (s, 2H), 8.92 (s, 2H), 7.98 (s, 2H), 7.87 

– 7.78 (m, 2H), 7.36 – 7.27 (m, 6H), 5.66 (s, 1H), 3.87 – 3.77 (m, 2H), 3.64 (q, J 

= 7.3 Hz, 2H), 2.73 (q, J = 7.6 Hz, 4H), 2.52 (s, 6H), 1.58 (s, 9H), 1.48 (t, J = 7.3 Hz, 6H), 1.31 (t, J = 7.6 Hz, 

6H), 1.27 – 1.18 (m, 2H). HR-ESI–MS(+) [m/z] = 737.344 ([H3L+H+]+, calc. 737.344). 

 

Compound 19–Dopamine 

Compound 19 (0.04g, 0.075 mmol) was dissolved in 10 mL hot 

DMF; then, the solution was allowed to cool to room temperature. 

Et3N (35 uL, 0.25 mmol) was added, followed by the addition of 

dopamine hydrochloride (0.05g, 0.26 mmol). The mixture was 

allowed to stir for 4 days at room temperature. Cold water was 

added to the mixture, and the precipitate was obtained by vacuum 

filtration. Yellow amorphous material 313 mg (763.27 g mol-1, 2.43 mmol, 62.11%). 1H NMR (500 MHz, 

DMSO) δ 10.81 (s, 2H), 10.24 (s, 2H), 8.84 – 8.79 (m, 2H), 8.56 (d, J = 7.9 Hz, 2H), 7.86 (t, J = 7.8 Hz, 1H), 

7.61 (d, J = 8.0 Hz, 4H), 7.45 (d, J = 8.2 Hz, 4H), 7.39 – 7.32 (m, 2H), 6.69 (s, 2H), 6.56 (s, 2H), 2.79 – 2.59 

(m, 4H), 2.55 (s, 6H), 2.44 – 2.30 (m, 4H). 

 

Compound 24–APTES 

Compound 24 (0.1 g, 0.19 mmol) was dissolved in THF (200 mL), and Et3N 

(0.38 mmol, 53 μL) was added. The mixture was allowed to stand for 2 hours. 

(3-aminopropyl)-triethoxysilane (APTES) (0.37 mmol, 87 μL) was added to the 

mixture and stirred for 4 days at room temperature.  1H NMR (500 MHz, 

DMSO-d6) δ 8.52 (s, J = 7.8 Hz, 2H), 7.85 (t, J = 7.9 Hz, 1H), 7.71 – 7.68 (m, 2H), 

7.63 (d, J = 8.3 Hz, 4H), 7.43 (dd, J = 8.8, 4.4 Hz, 4H), 6.87 (s, 6H), 3.74 (q, J = 7.0 

Hz, 2H), 3.44 (q, J = 7.0 Hz, 6H), 2.53 (s, 6H), 1.48 – 1.38 (m, 2H), 1.35 (s, 8H), 1.14 (t, J = 6.9 Hz, 4H), 

1.05 (t, J = 7.0 Hz, 4H), 0.59 – 0.51 (m, 2H). 

 

Compound 19–CPTES (3-chloropropyltrimethoxysilane) 
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1H NMR (300 MHz, DMSO-d6) δ 8.53 (d, J = 7.9 Hz, 2H), 7.85 (t, 

J = 7.9 Hz, 1H), 7.75 – 7.57 (m, 4H), 7.50 – 7.37 (m, 4H), 7.29 – 

7.09 (m, 2H), 3.74 (qd, J = 7.0, 2.8 Hz, 8H), 3.44 (q, J = 7.0 Hz, 

2H), 2.53 (s, 6H), 1.44 (p, J = 7.6 Hz, 2H), 1.21 – 1.09 (m, 6H), 

1.05 (t, J = 7.0 Hz, 2H), 0.62 – 0.47 (m, 2H). 

 

5.2.5 Synthesis of metal complexes – general procedure 

A stock solution of BTSC (10 mmol) was prepared in hot DMF. 10 mL of the BTSC stock was taken, 5 

mmol (70 μL) of Et3N was added, followed by the addition of 10 mL (10 mmol) of metal salt 

(CuCl2.2H2O,  K2PdCl4 or ZnCl2). After stirring for an hour at room temperature, the solvent was 

removed, washed with DMF, and dried under a vacuum. 

[Cu(BTSC)] for compound 17. The product was isolated as a dark-blue solid. Yield: 

32.00 mg. (C21H19N9CuS2, 524.05 g mol-1, 0.06 mmol, 81%). HR-ESI-MS(+) [m/z] = 

525.03945 ([M + H]+, calc. 525.05736). 

 

[Pd(BTSC)] for compound 17. The product was isolated as a brick-red solid. Yield: 

44.08 mg. (C21H19N9PdS2, 567.02.g mol-1, 0.07 mmol, 80 %).  1H NMR (500 MHz, 

DMSO) δ 10.30 (s, 1H), 8.87 (d, J = 6.4 Hz, 1H), 8.32 (dt, J = 4.9, 1.4 Hz, 1H), 8.11 (ddd, 

J = 8.5, 7.2, 1.5 Hz, 1H), 7.99 (d, J = 7.9 Hz, 1H), 7.94 (d, J = 7.8 Hz, 1H), 7.88 (t, J = 7.9 

Hz, 1H), 7.67 – 7.59 (m, 2H), 7.38 – 7.28 (m, 2H), 7.09 – 6.96 (m, 1H), 2.52 (s, 3H), 2.40 (s, 3H). 

. HR-ESI-MS(+) [m/z] =  568.03162 ([M + H]+, calc. 568.03125. 

 

[Zn(BTSC)] for compound 17. The product was isolated as a yellow solid. Yield: 

40.00 mg. (C21H19N9ZnS2, 525.05 g mol-1, 76.00 mg, 0.07 mmol, 77 %). 1H NMR (500 

MHz, DMSO-d6) δ 15.06 (s, 2H), 11.15 (s, 2H), 8.58 (s, 2H), 8.40 (d, J = 5.0 Hz, 2H), 7.88 

(ddd, J = 8.8, 7.3, 1.9 Hz, 2H), 7.32 (d, 2H), 7.15 (t, 2H), 2.61 (s, 6H). HR-ESI-MS(+) 

[m/z] = 526.05341 ([M + H]+, calc. 526.08513), 550.03545 ([M + Na]+, calc. 550.06707). 

 

Compound 18 (0.1g, 0.2 mmol) dissolved in THF (10 mL) and Et3N (0.1 mmol, 14 μL) was added, 

followed by the addition of the aqueous salts of CuCl2.2H2O, K2PdCl4 or ZnCl2.2H2O. After stirring for 

60 minutes at room temperature, the solvent was removed, and the crude product was purified by 

column chromatography. 
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[Cu(BTSC)] for compound 18. From 0.03g, 0.2 mmol CuCl2.2H2O. The product 

was isolated as a blue solid. The solid was purified by column chromatography 

Yield: (silica, DCM: MeOH, v:v = 97:3). 70 mg (578.21 g mol–1, 0.120 mmol, 70 %). 

Elemental analysis for (C27H29N7S2Cu): found C, 55.56, H, 5.01, N, 15.32, S, 10.27; 

required C, 55.99, H, 5.05, N, 16.93, S, 11.07. HR-ESI–MS(+) [m/z] = 579.1639 ([H1L+H+]+, calc. 579.2470). 

 

[Pd(BTSC)] for compound 18. From 0.07g, 0.2 mmol K2PdCl4. The product was 

isolated as a red solid. Yield: (silica, DCM: MeOH, v:v = 97:3). The precipitate 

was recovered, washed with cold THF, and air-dried. Brick red solid 81 mg 

(622.12 g mol–1, 0.072 mmol, 74.58 %). 81 mg (621.10 g mol–1, 0.130 mmol, 65 %). 

1H NMR (500 MHz, DMSO–d6) δ 10.67 (s, 2H), 10.10 (s, 2H), 8.58 (d, J = 7.9 Hz, 2H), 7.79 (q, J = 7.7 Hz, 

1H), 7.28 (dtt, J = 11.7, 5.9, 2.4 Hz, 8H), 2.61 (q, J = 7.6 Hz, 4H), 2.54 (s, 6H), 1.22 – 1.04 (m, 6H). 

Elemental analysis for (C27H29N7S2): found; C, 53.36, H, 5.30, N, 16.12, S, 10.48, required; C, 52.13, H, 

4.70, N, 15.76, S, 10.31. HR-ESI–MS(+) [m/z] = 622.1044 ([H1L+H+]+, calc. 622.1043)). 

 

[Zn(BTSC)] for compound 18. From 0.03g, 0.2 mmol K2PdCl4. The product 

was isolated as a red solid. Yield: (silica, DCM: MeOH, v:v = 97:3). 78 mg 

(578.12 g mol–1, 0.134 mmol, 78 %). 1H NMR (500 MHz, DMSO–d6) δ 1H 

NMR: (500 MHz, DMSO) δ 9.82 (s, 2H), 8.38 (t, 1H), 8.14 (d, J = 7.9 Hz, 0H), 

7.41 – 7.11 (m, 1H), 2.74 – 2.58 (m, 0H), 2.57 (s, 0H), 1.15 (dt, J = 19.5, 7.4 Hz, 1H). Elemental analysis 

for (C27H29N7S2Zn): found C, 55.80, H, 5.00, N, 15.88, S, 10.97; required C, 55.81, H, 5.03, N, 16.87, S, 

11.03. HR-ESI–MS(+) [m/z] = 579.1217 ([H1L+H+]+, calc. 579.1217). 

 

[Zn(BTSC)] from compound 21 

1H NMR (300 MHz, DMSO–d6) δ 8.98 (s, 2H), 8.17 (d, J = 7.9 Hz, 1H), 8.13 (d, J = 5.1 

Hz, 2H), 8.06 (d, J = 1.4 Hz, 2H), 7.87 (d, J = 7.8 Hz, 2H), 6.91 – 6.83 (m, 6H), 2.38 (s, 

1H), 2.21 (s, 6H). 

 

Zn(BTSC)] from compound 25-1 

1H NMR (300 MHz, DMSO–d6) ) δ 10.66 (s, 2H), 9.40 (t, J = 6.2 Hz, 2H), 8.67 (s, 

2H), 8.52 (d, J = 5.0 Hz, 4H), 7.32 (d, J = 5.1 Hz, 4H), 4.92 (d, J = 6.1 Hz, 4H), 2.47 (s, 

6H). 
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[Pd(BTSC)] from compound 24 

1H NMR (500 MHz, DMSO–d6) δ 9.56 (s, 2H), 8.35 (t, J = 7.8 Hz, 1H), 8.15 (d, J = 7.9 

Hz, 2H), 7.74 – 7.68 (m, 4H), 7.39 – 7.29 (m, 4H), 2.37 (s, 6H). 

 

[Pd(BTSC)] from compound 25. 

1H NMR (300 MHz, CDCl3) δ 8.61 (d, J = 56.6 Hz, 0H), 8.11 (t, J = 8.4 Hz, 0H), 7.94 

(d, J = 7.8 Hz, 0H), 7.79 (dt, J = 25.1, 7.5 Hz, 0H), 7.63 – 7.49 (m, 0H), 5.06 (d, J = 

78.8 Hz, 0H), 3.93 – 3.22 (m, 0H), 2.85 – 2.07 (m, 1H), 1.82 – 1.18 (m, 1H), 1.05 – 

0.76 (m, 1H). 

 

[Zn(BTSC)] from compound 25 

1H NMR (300 MHz, CDCl3) δ 7.80 (t, J = 7.8 Hz, 1H), 7.43 (d, J = 7.8 Hz, 2H), 3.63 

– 3.12 (m, 4H), 2.48 (d, J = 5.7 Hz, 6H), 1.58 – 1.44 (m, 4H), 1.35 (q, J = 7.3 Hz, 4H), 

0.92 (t, J = 7.2 Hz, 6H). 

 

5.2.6 Synthesis of Bis-Thiosemicarbazone Nanoparticles Conjugates 

 

Fe3O4@SiO2–APTES–BTSC 

In the first part, Fe3O4 was prepared via co-precipitation and was subsequently coated with SiO2 to 

obtain Fe3O4@SiO2–APTES. In a separate reaction, a thoroughly dispersed Fe3O4@SiO2–APTES (0.2 g, 

in 15 mL MeOH) was added to a solution of compound 18-2 ligand (0.063 mmol, 0.032 g in 4 mL 

DMF) and N,N”–dicyclohexylcarbodiimide (DCC) (0.08 mmol, 0.016 g) was added as a coupling 

agent. The reaction was left for 24 hours at 60 °C, and the resulting precipitate (Fe3O4@SiO2–APTES–

BTSC) was collected using a magnetic field and was thoroughly washed with MeOH and acetone, 

dried in an oven at 60 οC. 

 

SiO2-APTES 

Monodispersed SiO2, and SiO2–(3–aminopropyl)triethoxysilane = APTES, (SiO2–APTES), NP were 

synthesized by dispersing SiO2 (2g) in dry MeOH (100 mL) and (3–aminopropyl)triethoxysilane 

(2mL) was added. The mixture was allowed to stir for 24 hours and allowed to age for 24 hours. SiO2–

APTES was collected by vacuum filtration. Elemental analysis for (SiO2–APTES): C, 12.24, H, 2.86, N, 

4.08. 

 

SiO2–APTES–Compound 18 
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To synthesize SiO2–APTES–BTSC, compound 18-4 (0.2 g) was dissolved in dry THF (20 mL), degassed 

for two minutes and Et3N (100 μL) was added to the solution. SiO2–APTES (0.5 g) was sonicated in 

THF (20 mL) solution and added to the mixture. The mixture was allowed to react for four days at 

room temperature. The mixture was filtered and washed thrice in THF solution. The SiO2–APTES–

H2L NPs were oven-dried at 40 C for 24 hours. Elemental analysis: C, 4.77, H, 1.37), N, (1.44), S, (0.33). 

 

SiO2–APTES–Compound 24–Pd 

SiO2–APTES–BTSC (0.1 g) was dissolved in 50 mL by sonicating for an hour. The sonicated SiO2–

APTES–BTSC was transferred onto a magnetic stirrer, and 5 mL K2PdCl4 (1 mmol, 0.32 g) in THF 

solution was added. The mixture was allowed to stir for an hour. SiO2–APTES–H2L–Pd was collected 

by vacuum filtration and washed with 20 mL of water, THF (20 mL) and acetone (20 mL) and dried in 

an oven (40 oC) for 24 hours. 

 

Fe2O3 NPs 

Fe2O3 nanoparticles were synthesised by dissolving 0.42 g FeSO4.H2O and 4.2 g polyvinylpyrrolidone 

in 120 mL DMF. The solution was heated to 40 οC and 1.6 mL of hydrazine monohydrate was added 

dropwise. The temperature was raised to 160 οC and maintained for 3 h. Brown precipitates were 

collected, centrifuged and washed with acetone and distilled water and then dried in an oven.127 The 

dried brown particles were placed in a muffle furnace heated at 500 οC at a heating rate of 10 οC/min 

for 3 h. Brick-red products were collected. 

 

Fe2O3–Dop NPs 

Fe2O3 (500 mg) was added to 60 mL distilled water. The mixture was sonicated for 40 min, stirred for 

24 h 46, and allowed to age overnight. The Fe2O3-Dop samples were collected by centrifuging and 

washed with distilled water and acetone. Dried dark samples were collected after drying. 

 

Fe2O3–Dop–Compound 18 NP 

Fe2O3-Dop (100 mg) was added to 150 mL DMF. The mixture was sonicated for 30 minutes, and then 

Et3N (0.16 mmol, 25 μL) was added and stirred for 2 h. BTSC (0.16 mmol, 0.084 g) was added and left 

stirring for 4 days at room temperature. The sample was collected by filtration and washed 4 times, 

separately with THF, MeOH, distilled water and acetone to remove unreacted BTSC and Et3N. The 

sample was oven-dried at 40 oC. [Elemental analysis: C = 12.65, H = 2.44, S = 1.33, N = 1.78]. 

 

5.2.7 Applications of Pentadentate Bis-Thiosemicarbazone in Metal Binding and Catalysis 
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5.2.7.1 Fe3O4–APTES–BTSC Nanoparticles for Binding Pd2+ Ions 

 

K2PdCl4 was used as the Pd(II) source and prepared in a 0.1 M HCl solution to improve solubility. The 

final pH of the working solution was 4.0. The time-concentration profile study was conducted as 

follows: 30 mL (3.6 mg/L) of Pd(II) solution was contacted with 0.002 g of the Fe3O4@SiO2–APTES–

BTSC adsorbent stirred at 600 rpm. Samples were collected at intervals until 60 mins. The Fe3O4@SiO2-

APTES–BTSC was removed using a magnetic field, and the absorbance spectra were recorded. Similar 

experiment was repeated for the Fe3O4@SiO2–APTES. 

 

The equilibrium isotherm studies were conducted by contacting 5 x 10-4 g of the Fe3O4@SiO2–APTES–

BTSC with 20 mL of K2PdCl4 solution of varying Pd(II) ions initial concentration (mg/L) (i.e., 1, 5, 10, 

15 and 20) for 20 hours. The adsorption performance of Fe3O4@SiO2–APTES–BTSC was compared 

with Fe3O4@SiO2–APTES at 10 mg/L initial concentration. The initial pH of all solutions was 4.3. The 

effect of pH on the adsorption of Pd(II) was studied by varying  solution pH (2.2, 4, 6.1 and 8.2) at 10 

mg/L initial concentration. Samples were collected after 20 hours and separated using a magnetic 

field. Residual Pd(II) ions were analyzed using ICP-MS. The adsorption efficiency (%) and adsorption 

capacity (qe) were calculated using Equation 1 and 2, respectively. The obtained equilibrium isotherm 

data were fitted into the Langmuir (Eq. 3) and the Freundlich (Eq. 4) isotherm Equations. Where Co 

and Ce are the initial and final concentration (mg/L), V and m are adsorbate volume (mL) and 

adsorbent weight (g). KL (L/mg) and KF (mg/g)/(mg/L)n are the Langmuir and Freundlich constant, 

respectively, and n (dimensionless) is the Freundlich intensity parameter 48.  
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5.2.7.2 SiO2–APTES–BTSC Nanoparticles in Suzuki-Miyaura Cross-Coupling Reaction 

The coupling of phenylboronic acid and bromobenzene was used as the model experiment. In a 

typical experiment, 15 mL of solvent THF was degassed for 5 minutes, then K2CO3 (6 mmol, 0.55 g), 

bromobenzene (1 mmol, 106 μL), phenylboronic acid (1.2 mmol, 0.146 g) and SiO2–APTES–BTSC–Pd 

(0.2 g) were added. The reaction was refluxed at 80οC for 20 hours. For the optimum catalytic dosage, 

the amount of SiO2–APTES–BTSC–Pd was varied (0.4, 0.6, 0.8 g) for 20 hours at 80οC. Relying on the 

optimum catalytic dosage, the reaction solvents (THF, EtOH and H2O), temperature (60, 80 and 100 

oC) and base (K2CO3 or Na2CO3 or K2CO3) were also varied. The resulting mixture was allowed to cool 

to room temperature, extracted twice using ethyl acetate (20 mL) and dried over anhydrous Na2SO4. 

The crude product was purified using column chromatography (eluent: DCM/MeOH) to calculate the 

isolated yield of the individual reactions. 

 

SiO2–APTES–BTSC–Pd was tested for reuse by recovering the spent catalyst in a centrifuge tube, 

washed twice with 20 mL of water to remove the base and THF (20 mL) to remove the unreacted 

substrate and left to dry in the fumehood overnight. The recovered catalyst was used as described 

above. 

 

5.2.7.3 Microwave Assisted Decomposition of Bis-Thiosemicarbazone Complexes 

In a glass tube, 10 mg of BTSC complexes (Cu2+, Pd2+ and Zn2+) of compound 18 was dissolved in 5 mL 

N–methyl–2–pyrrolidone. The lid was tightly closed, and the mixture was placed in a microwave for 

10 minutes. The particles formed were filtered and centrifuged thrice in MeOH solution. The particles 

were air-dried overnight in fumehood. Cu7.2S4 and Pd16S7 were black solids, while ZnS was yellow 

solids. 
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APPENDIX 

Appendix A. NMR spectra of synthesized compounds 
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Appendix B. X-ray crystallography data 

 

 [Pd(BTSC)] 

Empirical formula C25H27N9S2Pd 

Formula weight (g/mol) 624.07 

Crystal system Triclinic 

Space group P-1 

a (Å) 9.5573(15) 

b (Å) 11.6598(17) 

c (Å) 15.040(2) 

α (°) 107.717(5)  

β (°) 98.002(5) 

γ (°) 97.232(5) 

Volume (Å3) / Z 1555.6(4) / 2 

ρcalc (g/cm–3) 1.332 

μ (mm–1) 0.759 

Limiting indices -11 ≤ h ≤ 11 

 -14 ≤ k ≤ 14 

 -18 ≤ l ≤ 18 

Reflection collected 70055 

Independent reflections / Rint  6353 / 0.1825 

Data/restraints/parameters 6353/0/339 

goof on F2 1.793 

R1, wR2 [I > 2σ(I)] 0.1491 

R1, wR2 (all data) 0.4403 

Residual electrons and holes (e Å–3) 3.36/-1.44 
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 (BTSC) 

Empirical formula C29H32N7S2 

Formula weight (g/mol) 574.73 

Crystal system Orthorhombic 

Space group P212121 

a (Å) 6.7174(5) 

b (Å) 18.2333(16) 

c (Å) 23.8038(19) 

α (°) 90  

β (°) 90 

γ (°) 90 

Volume (Å3) / Z 2915.5(4) / 4 

ρcalc (g/cm–3) 1.309 

μ (mm–1) 0.222 

Limiting indices -8 ≤ h ≤ 8 

 -23 ≤ k ≤ 23 

 -30 ≤ l ≤ 28 

Reflection collected 31208 

Independent reflections / Rint  6201 / 0.0888 
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Data/restraints/parameters 6201/0/367 

goof on F2 1.025 

R1, wR2 [I > 2σ(I)] 0.1884 

R1, wR2 (all data) 0.2246 

Residual electrons and holes (e Å–3) 0.53/-0.40 
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 (BTSC) 

Empirical formula C19H31N7S2 

Formula weight (g/mol) 421.63 

Crystal system Monoclinic 

Space group C2/c 

a (Å) 20.3700(6) 

b (Å) 12.6735(4) 

c (Å) 9.2550(2) 

α (°) 90 

β (°) 107.7470(10) 

γ (°) 90 

Volume (Å3) / Z 2275.56(11) / 4 

ρcalc (g/cm–3) 1.231 

μ (mm–1) 0.253 
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Limiting indices -26 ≤ h ≤ 26 

 -16 ≤ k ≤ 16 

 -12 ≤ l ≤ 11 

Reflection collected 27191 

Independent reflections / Rint  2608 / 0.186 

Data/restraints/parameters 2608/0/130 

goof on F2 1.071 

R1, wR2 [I > 2σ(I)] 0.0389 

R1, wR2 (all data) 0.0186 

Residual electrons and holes (e Å–3) 0.43/-0.32 

 

 

C1

S1

C3

C4

C2

N1

H2

N2

C00D
H1

N3

C6

C5

C8

C7

N4

C9

C7

C8

C5

C6

N3

H1C00D

N2

H2

N1

C2

C4

C3

S1

C1

 

 

 (BTSC) 

Empirical formula C25H32ClN9S4 

Formula weight (g/mol) 654.28 

Crystal system Monoclinic 

Space group P21/n 

a (Å) 12.8177(5) 

b (Å) 18.3602(6) 

c (Å) 14.3460(6) 

α (°) 90 

β (°) 112,6830(10) 

γ (°) 90 
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Volume (Å3) / Z 3115.0(2) / 4 

ρcalc (g/cm–3) 1.395 

μ (mm–1) 0.431 

Limiting indices -17 ≤ h ≤ 17 

 -24 ≤ k ≤ 24 

 -19 ≤ l ≤ 19 

Reflection collected 27191 

Independent reflections / Rint  7713 / 0.0207 

Data/restraints/parameters 7713/0/376 

goof on F2 1.064 

R1, wR2 [I > 2σ(I)] 0.0324 

R1, wR2 (all data) 0.0824 

Residual electrons and holes (e Å–3) 0.46/-0.30 
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Appendix C. Cyclic Voltammetry 
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Cyclic voltammograms of Compound 17 (top) and its palladium complex [Pd(BTSC)] (bottom) 

measured in 0.1 M n-Bu4NPF6/THF. 
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Potential / V vs. ferrocene/ferrocenium  
Cyclic voltammograms of Compound 18 (top) and its copper, palladium and zinc complex 

[Pd(BTSC)] (bottom) measured in 0.1 M n-Bu4NPF6/THF. Copper complex was measured in MeCN. 
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