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Abstract 

 AGUIRRE-ARAQUE, J.S. Development of supramolecular metal-organic type 

systems and nanotechnology applications. PhD Thesis, 2019. 201 p. Chemistry 

graduation program, Chemistry Institute, University of São Paulo. 

Polypyridine ruthenium complexes have attracted attention due to their 

remarkable photoelectronic properties and being employed as electron injection 

compounds in DSSCs, photo catalysts in water splitting among others. 

The first two chapters of this thesis present a comprehensive study of two 

novel ruthenium polypyridine and pyridine based complexes for DSSCs and for the 

study of an outer sphere intervalence electron transfer respectively. 

 Porphyrins are organic structures commonly found in nature. Their outstanding 

chemical versatility, structural and electronic properties have made these compounds 

object of continuous research. Among these properties are enzymatic catalysis, 

transport and photoelectron generation. 

 For these reasons the last two chapters of this thesis tried to focus in the 

development of supramolecular porphyrin arrangements capable of exploit and 

generate a synergistic effect of metallated cobalt porphyrins and polypyridine 

ruthenium complexes with opposite electronic properties -depending upon their π-

accepting or donating nature- and their interaction with GO as nanocomposites for 

effective tetraelectronic dioxygen reduction and isoniazid oxidation. These catalytic 

studies showed promising results as possible sensors for dioxygen and isoniazid 

when compared with reported methodologies. 

Key words: Supramolecular porphyrins, nanocomposites, ruthenium polypiridin 

complexes, intervalence charge transfer. 

  



 
 

 
 

Resumo 

AGUIRRE-ARAQUE, J.S. Development of supramolecular metal-organic type 

systems and nanotechnology applications. Tese de Doutorado, 2019. 201 p. 

Programa de Pós-Graduação em Química, Instituto de Química, Universidade de 

São Paulo. 

 Os complexos polipiridínicos de rutênio têm atraído muita atenção devido às 

suas notáveis propriedades foto eletrônicas, os quais têm sido empregados como 

compostos injetores de elétrons em DSSCs, fotocatalisadores na oxidação de água 

entre outros. 

 Os dois primeiros capítulos desta tese apresentam um estudo abrangente de 

dois novos complexos polipiridínicos e piridínicos de rutênio para DSSCs e no 

estudo de uma transferência eletrônica de intervalência de esfera externa 

respetivamente. 

 As porfirinas são estruturas orgânicas comumente encontradas na natureza. 

Sua excelente versatilidade química, propriedades estruturais e eletrônicas fizeram 

desses compostos objeto de intensa pesquisa. Entre essas propriedades estão a 

catálise enzimática, transporte e geração de fotoelétrons. 

 Por estas razões, os dois últimos capítulos desta tese tentaram se concentrar 

no desenvolvimento de arranjos porfirínicos supramoleculares capazes de explorar e 

gerar um efeito sinérgico entre porfirinas de cobalto e complexos polipiridínicos de 

rutênio com propriedade eletrônicas opostas -dependendo da natureza π-aceptor ou 

doador- e sua interação com GO como nano compósitos para a efetiva redução tetra 

eletrônica de oxigênio e oxidação de isoniazida. Os estudos catalíticos mostraram 



 
 

 
 

resultados promissores como possíveis sensores para oxigênio e isoniazida quando 

comparados com metodologias na literatura. 

Palavras chave: Porfirinas supramoleculares, nanocompositos, complexos 

polipiridínicos de ruténio, intervalencia. 
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INTRODUCTION 

Ruthenium 

Ruthenium is a chemical element with an atomic number of 44 and a molar 

mass of 101.07 g mol-1. It has been classified as a transition metal and has seven 

isotopes (96Ru, 98Ru, 99Ru, 100Ru, 101Ru, 102Ru, 104Ru) being the last four the most 

important ones due to their higher natural abundance.1 This silvery colored metal was 

discovered by Karl Karlovich Klaus in 1844 at Kazan State University and possesses 

a wide variety of oxidation states (8, 6, 4, 3, 2, 0, -2) being Ru(IV), Ru(III) and Ru(II) 

the most common states involved in polypyridine complexes. 

Natural abundance of ruthenium poses a major drawback for its commercial 

applications due to its scarcity, placing this metal among the rarest metals on earth. 

Nevertheless, ruthenium is found in some platinum minerals but its industrial 

obtainment comes from nickel purification waste. 

This transition metal has found its way into many useful applications; among 

them we can cite electronics, especially in chip resistors and electrical contacts. As 

we will further discuss, its oxides are the most commonly employed compounds for 

anode coating in electrochemical cells alongside with platinum.  

Ruthenium electronic configurations for its 2+ and 3+ oxidation states are 

[Kr]4d6 and [Kr]4d5 respectively. This means that Ru(III) complexes are paramagnetic 

species since the electronic configuration for the d orbitals is (t2g)
5(eg)

0, however the 

diversity of the Ru(III) complexes is strikingly rich with many anionic, cationic and 

neutral compounds reported to be kinetically inert.2 As an example of this reactivity 

we found the ammine based complexes such as [RuIII(NH3)6]Cl3 and 

[RuIII(NH3)5Cl]Cl2, the former complex needs extreme reaction conditions (conc. HCl 
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and high temperature) in order to introduce the chloride ligand into its coordination 

sphere affording the latter complex. At the same time, [RuIII(NH3)5Cl]Cl2 requires the 

formation of the Ru2+ species in order to being able to favor the substitution of the 

chloride ligand.3  

Ru(II) complexes are typically hexacoordinated low spin (diamagnetic) species 

exhibiting relatively strong spin-orbit coupling. The higher reactivity makes Ru(II) 

complex interesting species towards catalytic applications. In particular, its six-

coordination sphere may be tuned by substrates X and Y in molecular formulas like 

RuL5X, RuL4Y, where L are ancillary ligands. Catalytic studies encompass 

hydrogenation of ketones,4 bond activation including H-H, C-C, C-H among others,5 

alkene additions (i.e. Kharasch reaction),6 hydroformylations and so on.7 

In between the two oxidation states, [Ru(II) and Ru(III)], we can find the 

intervalence (IT) compounds. These molecules bear generally two metal centers 

capable of exchanging electrons upon light absorption. In order for this effect to be 

observed, one metal atom must be in a low oxidation state, acting as an electron 

donor, and the other metallic ion must be in a high oxidation state, acting as electron 

acceptor. This IT charge transfer is commonly identified by a broad absorption band 

localized typically in the NIR region but it can occasionally appear in the visible 

range. It has been shown that orbital overlap or some electronic delocalization must 

take place for the IT transition to occur, and the π-conjugated nature of the bridging 

ligand and its length can play an important role.8 However, Kubiak et al. reported IT 

charge transfer between two µ3-oxoruthenium acetate clusters bridged by hydrogen 

bonds from the isonicotinic acid residues present.9 Before this report, Kaifer et al 

showed remarkable electronic coupling between two identical ferrocene moieties 
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separated about 10 Å and only connected by four hydrogen bonds, this IT was 

spotted approximately at 1200 nm in the absorption spectra.10 

One of the most famous IT complexes was reported by Creutz and Taube in 

1969.11 This complex shown in Figure 1 has a global charge of 5+, meaning that 

individual ruthenium oxidation states must be 2.5 due to high electronic coupling. As 

found out by Creutz and Taube, formal reduction potentials for two consecutive 

electrochemical processes can be observed at -0.40 and -0.76 V, instead of a single 

potential, this difference has been ascribed to the electronic coupling between the 

ruthenium centers, making them nonequivalent after the first electron transfer. The 

authors found out an electronic absorption around 1570 nm for this specific 

combination of oxidation states. whereas for the RuII/RuII and RuIII/RuIII configurations 

no band in the NIR range was spotted. They estimated that this energy doesn’t 

involve the promotion of the electron from the ground to the excited state in the 

molecule, but rather an energy required for the electron exchange between the 

RuII/RuIII to RuIII/RuII configuration. It was debated how the metallic centers can 

possess the same coordination sphere, while their environments in the new 

configuration (RuII/RuIII) are typical of 2+ and 3+ ions respectively. 

 

Figure 1. Schematic representation of the Creutz-Taube class III ion (left) and 
[{Ru(NH3)5}2(µ-4,4’-bpy)]5+ class II ion (right). 

Not only inner coordination sphere intervalence electron transfers have been 

documented. Surprisingly, in 1980 Toma reported a series of outer-sphere mixed 

valence ruthenium-iron complexes with the general formula 
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[Ru(NH3)6][Fe(CN)5L.nH2O with L being a ligand ranging from CO, CN to pyrazine 

and pyridine. His results showed IT absorption bands within the visible region 

depending upon ligand L nature (π-accepting strength),12 involving an electron 

tunneling effect, rather than an electronic delocalization in the bridging system. 

Ruthenium Clusters 

As expected for electron deficient and electron rich metal ions, Ru(III) and 

Ru(II) tend to form polynuclear compounds with the interesting formation of metal-

metal bonds. As shown in Figure 2 right, the Ru(III) species associates in a µ3-

oxoruthenium cluster with six bridging carboxylate residues with R substitutes 

ranging from H to C8H16 and three L ligands, typically H2O, PPh3, CO and N-

heterocycles. The electronic and magnetic properties of this cluster depend upon the 

metals oxidation states that range from RuII/RuII/RuII to RuIV/RuIV/RuIII the potentials 

associated with every monoelectronic process vary depending on the ligand L and 

substituent R nature. It was observed that when the cluster is in their mixed valence 

states (i.e. RuIII/RuIII/RuII) it is a diamagnetic species, whereas as homo valence 

system (i.e. RuIII/RuIII/RuIII) it behaves in a paramagnetic fashion.13 Due to this 

interesting electronic and magnetic properties this type of polymetallic clusters have 

been studied as hydrogenation,14,15 hydrogen transfer,16 and oxidation catalysts17 

among others.  
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Figure 2. Schematic representations of [Ru3O(RCO2)6L3]n (left) and Ru3(CO)12 (right). 

Figure 2 (right), shows the wire structure of the neutral triruthenium 

dodecacarbonyl cluster, being one of the well-known polymetallic ruthenium 

compounds bearing formal Ru-Ru bonds, with a D3h symmetry, displaying three 

Ru(0) atoms disposed in the vertices of an equilateral triangle coordinated by four 

carbonyl (CO) ligands each (two axial and two equatorial). The reactivity of this 

carbonyl cluster has been studied by the coordination of halogens (Cl, Br, I) forming 

the Ru3(CO)12X6 species. Compounds resulting from reactions with thiols were also 

performed with no observations of the trimetallic compound being formed.18 On the 

other hand, substitution reactions with phosphines (mainly PPh3 or tertiary 

phosphines) and N-heterocyclic ligands (bpy) have successfully been carried out. 

Unfortunately, air and water susceptibility make the vast majority of these carbonyl 

cluster derivatives easily decomposed and not suitable for many applications. 

Decomposition is usually initiated by the Ru-Ru bond cleavage and CO loss. 

Ruthenium Polypyridine Complexes 

One of the most studied areas has been the photochemistry of the 

polypyridine ruthenium complexes.19 The star complex is the [RuII(bpy)3]
2+ species 

and its analogues with phenanthroline and terpyridine (Figure 3) drawing special 
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attention to the studies by Sutin’s group in 1979, showing the excited state lifetimes 

of polypyridine Fe(II), Ru(II) and Os(II) complexes. He outlined the importance of the 

higher excited state lifetimes in ruthenium complexes when compared to its iron and 

osmium analogues, performing photochemical conversion and storage reactions with 

suitable redox quenchers and charge scavenger such as halopentaamincobalt(III) 

complexes.20 

 

Figure 3. Schematic representations of the [Ru(bpy)3]
2+/3+ (top left), [Ru(phen)3]

2+/3+ (top right) 

and [Ru(terpy)2]
2+/3+ (bottom). 

Since Sutin’s work, the crystalline structure of [RuII/III(bpy)3]
2+/3+(PF6)2/3 has 

been elucidated at low temperature (105 K) by Rӧhr and coworkers showing some 

differences for the Ru(II) species in its crystalline packing when compared with room 

temperature measurements.21 Also the similarities between the Ru(II) and Ru(III) 

bond lengths with the nitrogen atoms from bpy corroborate the high electronic self-

exchange rate obtained in their experiments between these two species. This 

property will be of remarkable use when attempting to design suitable DSSCs dyes 

since RuII/III species are continuously being cycled. 
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This last inquiry was carried on by McKuster et al. in 1997 with femtosecond 

dynamics of the [RuII(bpy)3]
2+ excited state, observing a process completion (excited 

state formation) in approximately 300 femtoseconds after excitation, taking into 

consideration that its excited state lifetime is about 1 µs.22 It is stablished that the 

visible light absorption in this molecule relies on the strong metal to ligand charge 

transfer, in which an electron located in the metal d orbitals is promoted to a π* 

orbital of one of the bpy ligands (MLCT dπ→pπ*) as shown in equation 1. 

     (   )  
  

  
→       (   ) (   )  

        1 

This transition occurs from the electronic ground state to the first electronic 

excited state, initially being a singlet state (1MLCT) that suffers an ultrafast 

intersystem crossing to the low lying triplet excited state(3MLCT) in about 15 fs23 

becoming responsible for both oxidative and reductive behavior of the [RuIII(bpy)-

(bpy)2]
2+ species.24,25  

High excited state lifetimes of polypyridine ruthenium complexes continue to 

draw scientist’s attention due to their application in photochemical processes in 

solution (PDT). In this manner, eq 1 proves the usefulness of ruthenium compounds 

since as we will further discuss, polypyridine ligands are commonly modified with 

functional groups capable of establishing electronic communication with other 

molecules or materials facilitating the electronic transfer from the excited state 

[RuIII(bpy)-(bpy)2]
2+.26 

In DSSC applications, ruthenium polypyridine complexes have been widely 

used. The most employed and well-known are N3, N719 and Black Dye (Figure 

4).27,28,29 N3 was prepared as a series of ruthenium complexes by Grätzel and 

coworkers with the general formula RuIIL2X2.nH2O with L = H2dcbpy and X = Cl-, Br-, 
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I-, CN- and SCN-.30 Performance of this dyes when deposited on nanocrystalline TiO2 

films was verified, being the isocyanate derivative the device with the most 

outstanding efficiency, reaching 10 % overall conversion under AM 1.5 sunlight 

radiation. These results with the SCN- ligand are owed to a series of effects both 

electronic (molecular) and structural. First of all, isocyanate residues were proved to 

red shift the absorption maxima in the UV-vis spectra and promotes a higher 

oscillator strength of the electronic transitions which accounts for a better exploitation 

of the solar spectrum. Secondly, both steric hindrance and electrostatic repulsion are 

more effective for impeding dark current increase by recombination with the I3
- 

species in the electrolyte media. 

Moreover, the higher excited state lifetime (59 ns) at room temperature when 

compared with the cis-dihalogen and cis-diaquo complexes favors the electron 

injection towards de TiO2 CB, affording an IPCE as high as 85 % in the 500-600 nm 

range. 
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Figure 4. Schematic structures of commonly employed dyes for DSSCs. 

Since the N3 complex exhibits four carboxylic residues capable of interacting 

with the TiO2 nanoparticles, it was clear since the beginning that not all of these 

moieties could take part in this interaction at the same time and a coordination 

approximation must direct the anchoring of the ruthenium species. Accordingly, in 

1999 Grätzel and coworkers studied the protonation effect on the charge transfer in 

this complex when used for solar cell sensitization.31 

It was found a blue-shift in the absorption and emission spectra; an effect 

derived from the protonation degree in the dcbpy ligand that increases the π* orbital 

energy. In order to being able to generate the different protonation isomers a 

spectrophotometric titration was employed to identify the pKa of the equilibriums. N3 

dye shows four carboxylic groups capable of undergo four acid-base equilibria but 

the question remained as if all of them would take place in this step by step or one 

step fashion. Interestingly they found two separate equilibria as pointed out by the 
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absorbance change in the electronic spectra upon pH variation giving two pKa values 

(pKa1 = 3 ± 0.1 and pKa2 = 1.5 ± 0.1) suggesting nonequivalent pyridyl subunits within 

the dcbpy ligands as observed in 1H-NMR spectra. 

Photoaction measurements (IPCE) shown a better performance of the 

deprotonated species (Bu4-N)2[RuII(dcbpyH)(NCS)2] named N719 by simply 

increasing the monochromatic efficiency in the 400 to 800 nm range. 

In 2001 and with the aim of increasing the spectral absorption range of 

ruthenium polypyridine complexes, Grätzel and coworkers synthesized a series of 

panchromatic compounds derived from the protonation of the Black Dye (Figure 4) 

with the general formula {(C2H5)3NH}x[RuII(H(3-x)+1tcterpy)(NCS)3].nH2O with x varying 

from 1 to 3.32 Particularly the isomer with x = 3 showed the better results in 

agreement with the study of deprotonation in the dcbpy ligand for its ruthenium 

complex mentioned above. In this study spectrophotometric studies were performed 

and confirmed that the central pyridyl residue possess a differentiated acid-base 

equilibrium than that of the peripheral pyridines within tcterpy, this is due to the trans 

influence of the NCS ligand, which is a better ζ-donor than pyridine augmenting the 

central pyridyl ring basicity. 

IPCE measurements of DSSCs assembled using black dye showed 

remarkable spectral range affording up to 80 % efficiency in the visible region and 

giving an additional current generation up to 920 nm (NIR); moreover, authors claim 

a nearly quantitative current generation (95 % efficiency) that is lowered due to light 

losses due to optical interfaces in the conducting glass. 

As it has been pointed out that a thorough design of ruthenium polypyridyl 

complexes must be done in order to obtain the desired electronic and structural 
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properties that make a dye suitable for DSSCs. Some of these properties are thermal 

stability, anchoring carboxylate or phosphonate groups, bulky and charged ancillary 

ligands, long excited state life times, wide spectral absorption range and adequate 

HOMO/LUMO energies that match the electrolyte redox potential and TiO2 CB 

energies respectively. 

Metallated and Polymetallated Porphyrins 

Porphyrins are organic tetrapyrrolic macrocycles bridged by methine groups 

(Figure 5). They have been widely studied due to their remarkable structural and 

electronic properties, which emerge from the π-electrons in the conjugated aromatic 

structure, allowing the electronic transitions to occur in the visible region of the 

electromagnetic spectrum. The porphyrin electronic absorption spectra are 

dominated by intense bands originated by the π→π* ring transitions. These bands 

correspond to the Soret (B) and Q bands which are typically located between 380-

500 nm and 500-700 nm respectively. The energy, quantity and intensity of these 

bands has been shown to be influenced by conjugation and symmetry and a rather 

simple explanation has been performed by the four orbital model (two HOMOs and 

two LUMOs) proposed by Gouterman in 1959.33,34 
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Figure 5. Schematic representation of a porphin ring. 

The four orbitals involved in the electronic transitions are represented by the 

a1u and a2u HOMOs and a degenerate eg LUMO.35 Ring substituents and metal ions 

can promote symmetry and electronic changes breaking the LUMOs degeneracy. For 

the free base porphyrins, the protonated ring leads to a C2v symmetry, where the x 

and y axes involve different dipole transition moments (Figure 5). However, for the 

metallated porphyrin, the D4h symmetry turns these two components equivalent, 

decreasing number of Q bands from four (Figure 6a) to just two as shown in Figure 

6b for the TPyP free base and its zinc (II) derivative.  
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Figure 6. UV-vis spectra of H2TPyP (a) and ZnTPyP (b). 

Soret band involves an electronic transition between the ground state to the 

second electronic excited state, or S0→S2. In the case of free base porphyrins, there 

are also four labeled as Q0x, Q1x, Q0y and Q1y from lower to higher energy 

respectively. The zero (0) sub-index indicates a purely electronic transition from the 

ground state (S0) to the first excited state (S1) whereas sub-index one (1) shows the 

same electronic transition with a vibrational component involved hence denoted as 

vibronic coupling. Sub-indexes x and y denote the polarization of the electric 

component of the electromagnetic radiation absorbed.36  

Porphyrins encompassing suitable substituents in their structure can be 

synthesized by a varied of methods. However, the most widely employed has been 

proposed by Lindsey and coworkers in 1986 and extended in 1987,37,38 after the 

classical paper by Rothemund (1941)39 and Adler-Longo (1964).40 This route is 

performed under relatively mild conditions, according to a two-step reaction path 

involving an aldehyde, pyrrole and an acid catalyst such as trifluoroacetic acid or BF3 

using dry dichloromethane or chloroform under inert atmosphere (N2) at room 

temperature. Once the equilibrium condition is reached, an oxidant such as DDQ or 

p-chloranil is added to the reaction in order to convert the porphyrinogen to the 
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desired porphyrin. This synthetic method provides an adequate path for heat-

sensitive aldehydes to generate porphyrins with typical yields of about 46% for 10-2 

mol L-1 reactant concentration. Figure 7 summarizes the Lindsey general method for 

–meso substituted porphyrins and the multiple variations that can be exploited to 

make “trans” substituted porphyrins via dipyrrylmethane formation. 

 

Figure 7. Synthetic pathway for –meso substituted porphyrins. 

Porphyrins are widespread species in nature, occurring in association with 

proteins or enzymes as prosthetic groups exemplified by the heme center in the 

photosynthetic apparatus in plants. Structural richness arises from their ability to 

incorporate metal ions in the macrocycle center generating metalloporphyrins. One 

example is the photosystem II and I located in green pigment chlorophyll, bearing a 

magnesium (II) porphyrin in its photoactive sites modified with a saturated 
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hydrocarbon tail.41 Different types of substituents in the porphyrin ring give rise to 

several kind of chlorophylls (a, b, c, d).42 

In addition, there are two axial positions which can be occupied by ligands 

such as H2O, nitrogen bases (e.g. imidazole, pyridine) and sulfur ligands (thiol, 

thioether). Such axial positions are relatively labile, and provide the reactive sites for 

catalysis, modulated by the nature of the metal ion, as well as by the existing ligands 

and the chemical environment. In the heme proteins, the nature of the axial ligands 

modulates the redox potentials of the iron center. For instance, thiol groups (e.g. from 

cysteine) decrease the redox potentials to very negative potentials. This effect 

facilitates electron transfer with O2, in order to generate a ferryl group, FeIV=O, 

making the powerful oxidizing center of cytochrome P-450.  

Metalloporphyrins can also be found performing transport roles such as the 

hemoglobin protein which carries oxygen and carbon dioxide in the bloodstream 

using the prosthetic heme group. In this case, there is an iron (II) protoporphyrin 

stabilized by a proximal histidine residue in each of its four subunits, being able to 

bind up to four oxygen molecules per hemoglobin protein. Oxygen uptake-release 

has been extensively studied, showing a strong dependence with oxygen partial 

pressure and pH, upon oxygen coordination the iron atom changes its electronic 

state to Fe(III) promoting a structural change along hemoglobin favoring the oxygen 

uptake by the other deoxygenated subunits, process known as allosteric 

collaboration. Electronic properties of this protoporphyrin are enhanced by the iron 

(II) center coordination chemistry, which induces symmetry shifts and therefore 

changes in the electronic state, readily observed by the notable the color difference 



 
 

46 
 

between oxygenated (arterial) and deoxygenated (venous) blood,  going from red to 

violet.43 

The versatility of the heme group is not only restricted to transport 

mechanisms but to catalytic and transduction processes as well, such cases are 

illustrated by cytochromes P450, cytochrome C oxidase, cytochrome (a, b, c), 

catalases and peroxidases. In all of these enzymes, the coordination chemistry of the 

iron (II) center is ruled by the axial ligands, one of them being typically an amino acid 

residue of the peptide chain, playing a key role by triggering/preventing the different 

mechanisms involved in the catalysis, transport or electron transfer processes. Such 

fine tuning of the Fe(II) redox environment made by the coordinated axial ligands 

could lead to multiple effects in enzyme activity as shown by Pletneva et al. by 

removing the glycine residue from the Fe(II) coordination sphere in a cytochrome C 

clone, lowering the iron reduction potential and accelerating electron transfer kinetics 

with suitable redox partners.44  

Supramolecular Porphyrins 

Supramolecular porphyrins have been widely studied since early 1990´s by 

Toma and coworkers. This kind of super molecules bears a TPyP (Figure 8) core 

which is capable of coordinating four metal complexes with its pyridine moieties. As it 

will be further discussed, the nature of this peripheral complexes (metal oxidation 

state and ligands) will dictate the properties exhibited by the metal porphyrin core. 
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Figure 8. Schematic representation of 5,10,15,20-tetrapyridylporphirine (TPyP). 

Ruthenium rich coordination chemistry towards N-heterocyclic ligands allowed 

the synthesis and purification of TPyPs decorated with [Ru3O(Ac)6(py)2]
+ (further 

denoted as TCPs), a trinuclear µ3-oxoruthenium acetate cluster affecting the 

chemistry of the metal within the porphyrin core, which is heavily influenced by the 

ruthenium oxidation states. Thus, zinc became object of interest due to the ability to 

fine tune their axial coordination chemistry as shown by Toma and coworkers 

employing a ZnTCP.45 For this case its electrochemical and binding properties were 

of special interests due to the lack of zinc based redox processes in the working 

potential window allowing a direct correlation between the ruthenium clusters 

electronic density and its effect on the metal porphyrin center coordination chemistry. 

In this manner, spectrophotometric titrations were carried out in DCM employing 

ACN, pyridine and imidazole as coordinating agents. Variations in the Soret band 

absorptions showed bathochromic shifts ranging from 4 to 10 nm, furthermore all of 

the titrations exhibited a well-defined isosbestic point proving an equilibrium of two 

species. Association constants for these N-donor ligands were found to be larger 

than those for the ZnTPP and ZnTPyP confirming the electron withdrawing nature of 
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the [Ru3O(Ac)6(py)2]
+ residues, decreasing the electronic density in the porphyrin ring 

and therefore augmenting the acidic behavior of the Zn(II) ion. 

The bulky nature of the µ3-oxoruthenium clusters was further investigated by 

Toma and his group and a direct effect in the electronic coupling was observed when 

two TPyP isomers were employed.46 For instance, molecular calculations pointed out 

a difference between the H2(3-TCP) and H2(4-TCP) (structures shown in Figure 9) of 

three possible conformations for the former isomer and just one linear conformation 

for the latter. Also, the molecular diameters differ by 0.4 nm going from 3 nm in the 3-

TCP to 3.4 nm in the 4-TCP isomer. Electronic spectra afford interesting information 

for the 3-TCP species with a low Soret band broadening along with narrow 

bandwidths indicating poor electronic coupling due to the steric hindrance of the 

ruthenium clusters towards the bridging pyridine rotation. This behavior is confirmed 

by the IPCE spectra of DSSCs assembled with these supramolecules, exhibiting 

poor monochromatic efficiency in the NIR wavelengths by the 3-TCP isomer and 

comparable performance in the visible range with the 4-TCP species, proving that 

mainly the porphyrin moiety is responsible for electron injection in the TiO2 

conduction band. 
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Figure 9. Schematic representation of H2(4-TCP) left and H2(3-TCP) right. 

The interest generated by these types of supramolecular porphyrins brought 

new synthetic and characterization challenges for researchers. For that reason, new 

techniques and simultaneous combination of them have been brought to help and 

resolve structural issues.  

Travelling wave ion mobility mass spectrometry (TWIM-MS) managed to 

resolve isomeric polyruthenated porphyrins bearing [RuII(bpy)2Cl]+ complexes as 

shown by Eberlin and coworkers.47 These isomers varied from meta/para (position of 

the nitrogen atom in the coordinating pyridine), cis/trans for diruthenated porphyrins 

and multi ruthenation ranging from 1 to 4 ruthenium complexes around the porphyrin 

core. The results showed very interesting features about the spatial organization of 

the meta/para isomers with the former presenting shorter drift times due to its more 

compact structure. Ruthenation degree also plays an important role when the 

species are injected into the travelling wave column, since increasing the complexes 

increases the net charge by 1+, this is evidenced by shorter drift times with 

increasing complexation. 
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Polymetallated Porphyrins in Photochemistry and Photobiology 

The outstanding electron transfer properties in porphyrins have been targeted 

by multiple studies trying to mimic natural photosynthesis. Since chlorophylls are well 

organized structures some researchers have tried to approach electron transfer 

systems by fixing porphyrins in defined networks, in this manner Hupp and 

coworkers,48 synthesized two MOFs bearing two different Zn-porphyrin moieties 

named DA-MOF and F-MOF showing significantly anisotropic electron transfer along 

the crystalline network with an exciton hop distance of 2000 and 8 chromophores 

respectively. This difference in exciton migration was attributed to low electronic 

symmetry and enhanced linear conjugation which translates in higher oscillator 

strengths and absorption-emission spectra overlap favoring a better dipolar coupling 

making this material interesting for solar harvesting energy devices. 

Following this reasoning, conscious porphyrin design could lead to very 

efficient structures and arrangements for dye sensitized solar cells (DSSCs).49,50,51 In 

this manner, Grätzel and coworkers,52 designed a push-pull Zn-porphyrin (SM315) 

achieving 13 % overall cell efficiency surpassing their previous record of 11.9 % with 

the YD2-o-C8 porphyrin based dye.53 Within its structure, a bulky amine donor group 

was proved compatible with CoIII/CoII electrolytes yielding high open circuit 

photovoltages. The acceptor moiety a benzothiadiazole benzoic acid residue 

afforded good panchromatic behavior without co-sensitization by broadening the 

Soret band and red-shifting it in order to absorb higher wavelengths. 

Hybrid materials for solar conversion devices have attracted much attention 

since metalloporphyrin´s spectral and electron transfer properties can be exploited in 

a synergistic path,54 an example with Perovskites is shown by Vasilopoulou and 
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coworkers,55 by depositing a Zn-Porphyrin based layer between the nanocrystalline 

TiO2 layer and the MAPbI3 film. This modification to the PSC improved the maximum 

power conversion efficiency (PCE) from 15.01 % in the reference cell to 16.87 % in 

the porphyrin device. Also, a stability increase was observed in the modified cell with 

retention of 86% of the initial PCE after 200 h of irradiation. 

These organic based dyes drew attention and paved the way for coordination-

based porphyrins. Such as observed in the electron transfer from the 

[RuII(dmbpy)2Cl]+ complexes to a ZnTPyP core, theses ruthenium species were used 

as electronic pumps by Toma et al. to increase the overall cell efficiency when 

compared to non ruthenated porphyrin dyes.56 The structural design of this 

supramolecule led to an electronic asymmetry favoring the electron injection from the 

dye into the TiO2 CB. Consequently, generating some cooperative effects such as 

aggregation inhibition and electron-hole pair effective separation due to HOMO-

LUMO spatial parting within the molecular structure. 

Biological applications supramolecular porphyrins have also been pursued as 

shown by Ravanat and coworkers in 1998,57 with the supramolecular µ- 

[meso(tetrapyridyl)porphyrin] tetrakis[bis(bipyridine)(chloro) ruthenium(II)] and its 

metallated zinc analogue as potential photosensitizers for PDT, aiming for DNA 

damage using 2’-deoxyguanosine as model. Since two degradation pathways may 

take place: radical (Type I) or singlet oxygen (Type II) mechanisms different 

decomposition/oxidation products were monitored, showing a preference for the latter 

path by both the free base and zinc tetraruthenated porphyrins. 

Whit such promising results, Araki et al. in 2000 performed studies with this 

tetraruthenated ZnTPyP (ZnTRP) in order to bind and produce a photoinduced 
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oxidation of calf-thymus DNA.58 With this scope, UV-vis and luminescence 

experiments were carried out showing two types of interaction between the 

tetraruthenated porphyrin and DNA depending on the latter concentration. This being 

a less specific interaction among the [RuII(bpy)2Cl]+ residues with DNA in the low 

concentration range due to higher proportion of the supramolecular ZnTRP species, 

but at increasing DNA concentrations the interactions become more specific since 

the porphyrin molecules approach DNA grooves in a fashion where only two vicinal 

[RuII(bpy)2Cl]+ complexes can interact. 2’-deoxyguanosine was the chain residue 

targeted, showing a preferential oxidative pathway upon O2(
1Δg) generation under 

light conditions with better performance when compared with the isolated 2’-

deoxyguanosine. 

Polymetallated Porphyrins in Redox Catalysis  

Activation of small molecules has been of remarkable interest thru porphyrins 

rich coordination chemistry.59 Rhodium has offered a powerful chemistry in C-H bond 

activation and hydroformylations among others.60, 61, 62 Therefore, its coordination 

compounds with porphyrins have been widely studied and one of the most interesting 

examples are the bimetallated porphyrin species bearing two rhodium (II) centers 

within the same porphyrin ring forming the compound (TTP)Rh2(CO)4, since the 

hollow between the pyrrole rings cannot contain both rhodium atoms, they are 

disposed above and under the porphyrin plane coordinated by two pyrrole rings 

each.63  

Porphyrin mediated catalysis have also taken part in the quest for cleaner and 

greener fuels among the reactions aimed by researchers we can cite water splitting 

(oxidation) or OER, being cobalt, 64,65 nickel 66 and manganese 67 porphyrins one of 
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the most extensively studied. However, the four-electron transfer along with the 

oxygen-oxygen bond formation lay a challenge both kinetically and 

thermodynamically. This can be identified in the large overpotentials required for 

oxygen evolution to occur, typically ranging from 1.0 V to 1.3 V depending upon 

metal oxidation state and working pH. 64, 66, 67, 68 Several approaches both 

electrochemical or photo induced electrochemical processes have been tested ever 

since Fujishima and Honda introduced their photoelectrochemical cell for water 

oxidation back in 1972,69 in order to improve faradaic efficiency and catalyst stability 

due to singlet oxygen formation.70 

If water splitting is important towards generating solar fuels, the reverse 

reaction must be efficiently catalyzed in order to benefit from the hydrogen oxidation 

energy release. Following the same reasoning, porphyrin catalysts towards oxygen 

reduction reaction (ORR) must be capable of transferring four electrons to the 

dioxygen molecule at low overpotentials with effective proton coupled transfers. In 

this manner, the electronic states of the metals in the porphyrin core must be fine-

tuned in order to meet the reaction requirements.71 Knowing that pH is a key 

parameter when attempting to improve catalytic response;72 certain metals have 

shown better responses such as iron,73 cobalt,74,75 and manganese76 once again 

being the four electron transfer and oxygen-oxygen bond cleavage the determining 

steps. 

One of the first tetraruthenated porphyrins was published by Toma and Araki 

in 1991.77 Describing a novel polynuclear cobalt (III) tetrapyridylporphyrinate 

decorated with four ruthenium(III)-EDTA ions coordinated to the pyridyl residues with 

interesting electrochemical behavior towards dioxygen reduction below -0.4 V. The 
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number of electrons transferred by the polymetallated porphyrin was found to be 1.6 

± 0.2, suggesting the formation of hydrogen peroxide. This catalytic activity was 

improved when compared with the free [RuIII(EDTA)(H2O)]- complex. Concentration 

dependent catalytic experiments and stopped-flow kinetic experiments showed a 

synergistic effect between the cobalt center and the ruthenium complexes for the 

effective regeneration of the Co(II) active species. 

As discussed for the water oxidation catalysts, cofacial porphyrins are also 

employed in the ORR as reported by Cook and coworkers78 by a coordination 

chemistry approach. They manage to assemble two cobalt (II) tetra(meso-4-

pyridyl)porphyrinate (CoTPyP) moieties employing four arene-ruthenium complexes 

as clips for porphyrin parallel (cofacial) positioning, favoring multielectronic catalysis 

and enhancing the cobalt (II) catalytic activity when compared with its monomeric 

analogue. Their study showed and enhanced turnover frequency of the dimeric 

compound (66 h-1) and a good selectivity towards oxygen formation (90 %) over 

hydrogen peroxide. 

Direct effect of protic and aprotic solvent in the proton coupled electron 

transfer (PCET) was published by Dey and coworkers79 as they synthesized four 

triazole functionalized ferrocene units bound to an iron (ÌI) porphyrin core. Their finds 

show an electronic pumping from three ferrocene moieties, being the fourth electron 

provided by the FeII/FeIII process in the porphyrin core when approximately three 

equivalents of a Brønsted acid is added in aprotic organic solvent. For aqueous 

media, a potential anticipation dependence upon pH variation is observed in the 

window used. Moreover, all catalytic responses follow the Koutecky-Levich equation 
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providing a fit for a four-electron process being the oxygen-oxygen bond cleavage 

the rate determining step rather than oxygen binding. 

These findings encouraged scientist to pursue novel polymetallic TPyP based 

porphyrins for ORR in fuel cells. Anson and coworkers,80 that aiming to the electron 

transfer from the peripheral groups to the cobalt center used the [RuII(NH3)5]
2+ 

complexes as electron donors in order to favor the tetra electronic process involved. 

Rotating disk electrode experiments showed predominantly formation of water over 

hydrogen peroxide in the polymetallated species proving remarkable improvement 

over the non-ruthenated cobalt porphyrin. Their electrochemical measurements from 

the tetraruthenated porphyrin and its tetra osmium coordinated analogue were crucial 

to determine the electron transfer mechanism, proved as a back-bonding from the 

ruthenium to the π-accepting orbitals of the coordinating residue rather than a fast 

intramolecular electron transfer from the complexes. 

Anson’s research group continued their electronic inquiries in these series of 

tetraruthenated cobalt TPyPs and the role of the [RuII(NH3)5]
2+ complexes in the 

multielectronic reduction of oxygen. Therefore, they performed several femtosecond 

analyses in order to stablish the electron transfer kinetics. They confirmed the back-

bonding nature of the electronic transfer involving the ruthenium/porphyrin/cobalt 

moieties and proved the necessity of conjugation between the porphyrin core and the 

ruthenium complex for effective electron transfer.81 

A glimpse in ORR of a CoTCP was given in 2001 by Araki et al.82 when 

modifying GC electrodes by dip-coating. These electrodes showed outstanding 

mechanical stability for a multilayered film according to coulometric measurements 

affording a surface concentration of 3.9 x 10-10 mol cm-2. Reduction of dioxygen to 
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water was studied employing CV, RDE and RRDE experiments, affording a reduction 

potential of 0.2 V and a tetra electronic process (n = 4) revealed by the Levich plot. 

Finally, some mechanistic insights were provided by RDE and RRDE measurements 

exhibiting that reaction rate is not limited by either mass transport or electron 

diffusion in the film, and no significant ring current indicating that almost all dioxygen 

molecules were reduced to water. It was brought to their attention that high reaction 

rates and high current densities arose from the activation of the cobalt core by the 

peripheral ruthenium clusters and their role in the solid state packing, which may 

favor O2 diffusion thru the film due to the clusters bulkiness. 

TCPs showed interesting electrochemical properties due to the possibility to 

control the electronic density over the ruthenium clusters with an applied potential.83 

This type of control will reflect in a strong shift in the metal center character (oxidizing 

or reductant) and in the net charge of the supramolecule making it prone to ion 

pairing with other species such as phthalocyanines and other porphyrins. 

After the synthesis of the free base TCPs, the manganese (III) metallated 

species (MnTCP) was obtained by Toma and coworkers,84 with the aim to control the 

Mn-porphyrin core electronic properties with the ruthenium oxidation state in the 

peripheral clusters and its use as a potential mimic of cytochrome P-450. Significant 

electronic coupling was observed by means of CV and spectroelectrochemistry when 

the four ruthenium clusters were oxidized to their Ru(IV,III,III) state at E1/2 = 1.167 V 

and corroborated by the unusually E1/2 = 0.20 V found for the Mn2+/3+ process, shifted 

towards more positive potentials when compared with nonruthenated MnTPyP. 

Catalytic activity of MnTCP and MnTPyP was tested towards epoxidation of 
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cyclooctene and oxidation of cyclohexane employing iodosylbenzene as oxygen 

atom donor.  

Interestingly for cyclooctene epoxidation, MnTCP and MnTPyP showed similar 

performance based on iodosylbenzene yield around 80%. Whereas for cyclohexane 

oxidation MnTPyP catalyzed the formation of cyclohexanone and cyclohexanol with 

13% and 27% yield respectively. On the other hand, MnTCP produced only 

cyclohexanol (45%). Moreover, the possible action of a high valence O=MnVTCP 

species was also studied using a flow-cell device and UV-vis spectra, shedding lights 

of a formal potential for the O=MnVTCP/ O=MnIVTCP higher than 1.17 V meaning 

that all peripheral clusters are in their oxidized RuIVRuIIIRuIII state, suggesting a 

mechanism where oxygen and electron transfer processes are concerted. 

Not only oxygen and water were aimed as potential substrates for catalysis. 

Promising results fueled the search for new polymetallated porphyrins bearing 

different types of peripheral complexes, one of them was [RuII(bpy)2Cl]+ as reported 

in 1995 by Araki et al.85 for its use in modified electrodes towards reducing analytes 

sensing. These electrodes were employed in nitrite and sulfite sensing by means of 

cyclic voltammetry and FIA experiments showing very good results with detection 

limits ranging from 2x10-7 to 8x10-7 mol L-1 for nitrites and 2x10-6 to 8x10-6 mol L-1 for 

sulfites at 0.93 V. It was noticeable that potentials shifts took place depending on the 

anion tested, suggesting specific interactions between the analyte and the CoTPyP. 

Polymetallated Hetero-Hybrid Catalysts 

Composites bearing porphyrins as active components within their structures 

have been studied as heterogeneous water oxidation catalysts for increased stability 

and catalytic activity as shown by Chen and coworkers86 by incorporating a 



 
 

58 
 

sulfonated Mn-porphyrin into a poly(terthiophene) layer. The sole manganese 

porphyrin is inactive towards OER, but its close interaction with its relatives within the 

polymer chains triggers the catalytic activity suggesting a Mn-Mn mediated catalysis; 

furthermore, experiments performed employing saltwater showed preference towards 

oxygen (O2) evolution rather than chlorine (Cl2) making it a possible material for 

water splitting using sea water. 

Moreover, hybrid materials (composites) have been targeted as potential 

replacements for Pt based cathodes for fuel cells. Being graphene oxide an attractive 

candidate as shown by Loh and coworkers,87 synthesizing an iron (II) 

tetracarboxyphenyl porphyrin (TCPP) MOF on a pyridine functionalized reduced 

graphene oxide (rGO) sheet. When compared to the bare glassy carbon (GC) 

electrode and non-functionalized GO and rGO composites containing the same 

Fe(II)TCPP subunit, the pyridine based composite showed a better crystallinity 

(depending upon pyridine functionalization percentage) favoring a four electron 

process and an enhanced stability towards methanol poisoning when tested in a 

direct methanol fuel cell. 

Tetraruthenated porphyrin ion pairing films for modified electrodes suitable for 

FIA tests were assembled as hetero-hybrid catalysts by Toma and coworkers.88 This 

approach yielded mechanically strong and stable films over glassy carbon electrodes 

when employed the µ-

meso(tetrapyridyl)porphyrinatecobalt(III)tetrakis[bis(bipyridine)(chloro)ruthenium(II)] 

as the cationic moiety and meso-tetra(4-sulphonatephenyl)porphyrinatezinc(II) as the 

anionic counterpart. These electrostatically assembled films showed the same 

detection limits for sulfite (10-6 mol L-1) and nitrites (10-7 mol L-1) as previously 
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reported, but the ion pair film modified electrodes performed without sensitivity losses 

for a week due to higher mechanical stability and lower solubility in the working 

media. 

Recently free base TPyP has been used by He and coworkers89 in LB films 

employing PMA for modified electrodes showing results towards organic dye (methyl 

orange) degradation and photocurrent generation, although some stability 

improvements over the electrode surface must be performed to avoid porphyrin 

solubilization in aqueous media. 

In 2015 electropolymerization of a tetraruthenated nickel(II) TPyP (NiTRP) 

over a GC electrode was elucidated employing EPR and Raman 

spectroelectrochemistry proving useful characterization techniques.90 UV-vis 

spectrophotometry of a deposited film of electro polymerized NiTRP pointed a π-

stacked material from the bands bathochromic shifts. Therefore, to clarify the 

formation mechanism, electrochemical CV measurements led to the hypothesis of 

hydroxyl radical formation, species involved in the electropolymerization process. 

EPR experiments became handy for proving this hypothesis, since hydroxyl radicals 

can be trapped using DMPO and their adduct clearly detected by the experiments 

performed sustaining the idea of radical output due to a [RuIII(bpy)2Cl(pyp)]2+ 

mediated process. In order to identify the linking residue responsible for polymeric 

chain growth Raman spectroscopy raised answers about the possibility of µ-peroxo 

bridges as peaks at 1234 and 206 cm-1 appeared as the polymerization cycles 

proceeded. 

As scientists, once a molecule structural nature is unveiled, a proper 

application that exploits its features is easier to find. This is why not long after the 
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elucidation of the poly-NiTRP structure Angnes and coworkers showed linear electro 

oxidation behavior when the µ-peroxo polymetallated porphyrin polymer was 

employed as an amperometric BIA sensor for folic acid with high reproducibility and a 

detection limit as low as 7.37x10-7 mol L-1.91 

This literature search pointed out the importance in attempting the 

resemblance of nature compounds with the molecules being synthesized in the 

laboratory. In this manner, we focused our efforts to mimic electrocatalytic 

supramolecular porphyrins employing polypyridine ruthenium complexes as 

electronic tuning moieties for the cobalt (III) porphyrin core. By doing this conscious 

design we manage to obtain compounds capable of reducing dioxygen in a four 

electron fashion and oxidizing isoniazid, showing promising performance for device 

building. 
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OBJECTIVES 

 In the development of this thesis, several complexes and supramolecular 

compounds were synthesized and studied in terms of their chemistry, 

photochemistry, electrochemistry and electronic properties. In total four molecules 

being one mononuclear ruthenium complex with molecular formula 

[RuII(McTerpy)(dmbpy)(TMT)]PF6, a mixed-valence complex [RuIII(NH3)5(µ2-

dpypn)][FeII(CN)5] and two supramolecular tetraruthenated porphyrins 

{[RuII(dmbpy)Cl]4CoIITPyP}(TFMS)5 and {[RuII(dcbpy)Cl]4CoIITPyP}Cl5.12H2O were 

studied.  

The mononuclear ruthenium complex [RuII(McTerpy)(dmbpy)(TMT)]PF6 was 

synthesized for its application in DSSCs. Ligand choice was done with the aim of 

promoting a vectorial electron transfer to the TiO2 CB and wider spectral absorption 

for the McTerpy and dmbpy, this bipyridine was employed also to introduce steric 

hindrance hence avoiding undesirable electronic recombination with electrolyte 

species. TMT played an electronic role of widening the spectral absorption range of 

the complex towards lower energies. 

[RuIII(NH3)5(µ2-dpypn)][FeII(CN)5] was synthesized as a challenge my advisor 

Professor Toma brought to me. The scope of this complex was to prove the 

existence of an IT between the ruthenium/iron couple and the mechanism involved 

(inner or outer sphere transfer). For this purpose, dpypn ligand played a major 

electronic and structural role. 

The {[RuII(dmbpy)Cl]4CoIITPyP}(TFMS)5 supramolecular porphyrin was 

synthesized to exploit the electron injecting properties of the ruthenium complexes 

with the aim to make the cobalt (II) center suitable for oxygen reduction. 
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{[RuII(dcbpy)Cl]4CoIITPyP}Cl5.12H2O inversely to the dmbpy porphyrin was 

designed to be active towards oxidative catalysis finding good results towards 

isoniazid (antibiotic) sensing. 

In general terms, the project of these five years of research had the following 

scopes: 

 Synthesize and characterize the polypyridine ligand McTerpy. 

 Synthesize and characterize polypyridine ruthenium complexes employing the 

ligands McTerpy, dmbpy, dcbpy and TMT. 

 Assemble and test DSSCs with the ruthenium dye prepared. 

 Synthesize and characterize the pentaaminruthenium complexes with formula 

[RuII(NH3)5L](PF6)2 with L = dpypn. 

 Synthesize and characterize the heteronuclear Ru-L-Fe complex, L = dpypn. 

 Synthesize and characterize the homonuclear Ru-L-Ru and Fe-L-Fe 

complexes with L = dpypn 

 Synthesize and characterize the CoIITPyP complex. 

 Synthesize and characterize the supramolecular porphyrin 

{[RuII(dmbpy)Cl]4CoIIITPyP}(TFMS)5. 

 Assemble and testing of the nanocomposite between 

{[RuII(dmbpy)Cl]4CoIIITPyP}(TFMS)5 and GO. 

 Synthesize and characterize the supramolecular porphyrin 

{[RuII(dcbpy)Cl]4CoIIITPyP}Cl5.12H2O. 

 Synthesize and characterize the nanocomposite bearing the coordination 

polymer {[RuII(dcbpy)Cl]4CoIIITPyP}Cl5.12H2O-Ni with GO. 

 Test the nanocomposite {[RuII(dcbpy)Cl]4CoIIITPyP}Cl5.12H2O-Ni/GO.  
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EXPERIMENTAL SECTION 

Equipment 

CHN analyses were obtained in a Perkin Elmer – CHN 2400 instrument from 

the institute´s Analytical Center. 

FTIR spectra was recorded in a Bruker (Germany) spectrophotometer model 

Alpha (Project FAPESP 2009/08584-6), equipped with four sampling modules. 

Transmittance, Attenuated Total Reflectance (ATR, with Ge or ZnSe crystal), Multi-

ATR (with a 50x5 mm slit and ZnSe crystal) and DRIFT. 

In the transmittance module, KBr (≥ 99.0 %) tablets dried to 0.5 % m/m and 

homogenized with an agate pestle and mortar. Tablets were pressed with 8 ton cm-2 

for 10 minutes under vacuum, yielding 13 mm diameter disks. 

UV-vis absorption spectra were recorded in an Agilent HP8453A diode-array 

spectrophotometer in the 190-1100 nm range and 1 nm resolution.  

UV-vis absorption spectroelectrochemistry were performed using a custom-

built electrochemical cell consisting of a gold minigrid working electrode, Ag/Ag+ 

reference and a platinum wire auxiliary electrode mounted inside a quartz cuvette 

with a path length 0.025 mm. Potentials were controlled by an EG&G PAR 173 

potentiostat/galvanostat. 

Spectrophotometric titrations were performed employing the UV-vis absorption 

spectrometer described above and employing a 20 mL (0.5 mol L-1 NaCl) solution of 

the desired complex. pH was swept starting from 13 to 2 employing NaOH and HCl 

(3 mol L-1) solutions taking care not to alter the total volume. After each NaOH or HCl 

addition pH was let to stabilize for at least 5 minutes before spectrum collection. 
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Vis-NIR absorption spectra of solutions and solids were gathered in a 

spectroradiometer from ASD Inc (USA), FieldSpec3 model equipped with silicon 

detectors and InGaAs photodiodes. A tungsten source and an optic fiber were 

employed. This equipment possesses a spectral window from 350 to 2500 nm with a 

3 nm resolution. 

Electrochemical measurements were collected in an Eco Chemie Autolab 

PGSTAT30 potentiostat/galvanostat and a conventional three electrode arrange with 

a GC working electrode, Ag/Ag+ and Ag/AgCl (KCl 3 mol L-1 organic media) for 

aqueous media and a platinum coiled wire as auxiliary electrode. Electrolytes used 

were tetrabutylammonium hexafluorophosphate and KNO3 (0.1 mol L-1) for organic 

and aqueous media respectively. 

Raman spectra were obtained in a WITec 300R Alpha confocal microscope, 

equipped with a suitable laser and an 1800 lines mm-1 grating. 

NMR spectra were recorded on a Varian Inova 300 MHz or a Bruker AIII 500 

MHz spectrophotometers from the institute´s Analytical Center, and using the 

residual solvent signals as reference. 

ESI-MS spectra were acquired in a Bruker Daltonics MicroToF (Institute´s 

Analytical Center) with a direct infusion and 10 kV cone potential. 

AFM measurements were collected in a LensAFM (Nanosurf) and a C3000 

Controller (Nanosurf) operating at intermittent contact mode, using 190 TAP Al – G 

cantilevers (Budget Sensors). AFM images were acquired with resolution of 512 

pixels per line at a scan rate of 2 Hz, and 60 % of free amplitude vibration as 

setpoint. These images were processed and analyzed using the Gwyddion software. 



 
 

65 
 

I-V curves were obtained from a solar simulator ORIEL (AM 1.5, IEC, JIS, 

ASTM) with a power calibrated to 100 mW cm2 employing a Si cell (VLSI standards, 

Oriel P/N 91150 V). 

IPCE measurements were recorded from a Spectro illuminator Oriel 69070 

and a multimeter (Wavetek Meterman 5XL). 

Emission spectra were collected on a PTI QuantaChrome 300 

spectrophotometer employing a 4 faced cuvette at room temperature. 
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SYNTHESES 

Reagents and solvents employed in the following syntheses are analytic grade 

and purchased from commercial sources (Sigma-Aldrich, Synth, Cromoline, Acros). 

They were employed as received without any further purifications unless stated 

otherwise in the individual synthetic procedures. 

The McTerpy ligand was synthesized in the laboratory due to its simplicity and 

straightforward synthetic path. 

Synthesis of [2,2':6',2''-terpyridine]-4'-carboxylic acid (McTerpy) 

 This polypyridine ligand was obtained following the existing methodology.92 In 

a 125 mL round bottom reaction flask equipped with a magnetic bar, 3.44 mL of 

furfural (0.042 mol) and 9.44 mL of 2-acetylpyridine (0.084 mol) were poured 

together. Right away, 5.2 g of KOH and 60 mL of NH4OH (28-30 %) were added to 

the reaction flask and the reaction was left to proceed for 19 hours under reflux. A 

dark brown solid was filtered out and recrystallized from an ethanol-water mixture 

giving a white solid in about 50 % yield. This white solid was filtered and washed with 

water and diethyl ether and dried under vacuum. 

4'-(2-furyl)-2,2':6',2''-terpyridine (FuTerpy) was used as obtained for the next 

reaction step which is an oxidation of the furyl group employing KMnO4. In a 200 mL 

reaction flask equipped with a magnetic stirrer, 1.0105 g of FuTerpy (3.3x10-3 mol) 

were suspended in 100 mL of deionized water and pH was adjusted to 13 using 

NaOH 99 %. 2.15 g of KMnO4 (1.34x10-2 mol) were added to the slurry and let to 

reflux for four hours. 
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After reflux ended, 1.72 g Na2S2O3 were added to reduce unreacted 

permanganate and the MnO2 was filtered off. Supernatant pH was adjusted to 4 with 

HCl (36.5-38 %) using a pHmeter to precipitate [2,2':6',2''-terpyridine]-4'-carboxylic 

acid which was centrifuged and washed three times with pH 4-5 deionized water. The 

white solid was dried under vacuum affording 0.61 g (67%). Figure 10 summarizes 

the synthetic pathway followed. 

 

Figure 10. Schematic representation of the synthetic pathway for McTerpy. 

Synthesis of [RuII(McTerpy)(H2O)Cl2].H2O 

 This complex was synthesized dissolving 1.1064 g of RuCl3.3H2O (4.2x10-3 

mol) in dinitrogen purged ethanol contained in a 125 mL reaction flask equipped with 

a magnetic bar. Under a stream of dinitrogen, 1.1765 g of McTerpy (4.2x10-3 mol) 

were added and the reaction mixture was let to reflux for 4 hours. Upon cooldown to 

room temperature, a red-brown solid precipitated. This solid was centrifuged and 

washed three times with cold ethanol and an 82 % yield affording 1.9503 g of 

complex. Figure 11 summarizes the path followed. 

%CHN analysis: Exp(Calc) - %C 39.56(39.60) %H 3.19(3.12) %N 7.91(8.66) 
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Figure 11. Schematic representation of [RuII(McTerpy)(H2O)Cl2].H2O synthesis. 

Synthesis of [RuII(McTerpy)(dmbpy)Cl]Cl 

 Figure 12 exhibits the synthetic pathway followed. In a 50 mL round bottom 

flask equipped with a magnetic bar, 174.1 mg (4.1 mmol) LiCl, 200.1 mg (0.41 mmol) 

[RuII(McTerpy)(H2O)Cl2].H2O and 0.5 mL 4-ethylmorpholine were dissolved in 15 mL 

of methanol/water 5:1 mixture. 76.0 mg (0.41 mmol) dmbpy were added to the stirred 

solution, and brought to reflux for three hours in the dark. The solution was let to 

cooldown to room temperature and the crude was dried employing a rotary 

evaporation. The purple solid was dissolved and loaded into a silica gel column, 

acetone/methanol/water (3:1:1) saturated with LiCl. The purple fraction was collected 

and concentrated in the rotary evaporator and 3 mL of concentrated HCl were added, 

a purple solid precipitated, centrifuged and washed three times with 1 mol L-1 HCl. 

The solid was left to completely dry under vacuum overnight. Yield 45 %. 
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Figure 12. Schematic representation of [RuII(McTerpy)(dmbpy)Cl]Cl synthesis. 

Synthesis of [RuII(McTerpy)(dmbpy)(H2O)](PF6)2 

 Reaction procedure is shown in Figure 13. 150.0 mg (0.24 mmol) of 

[RuII(McTerpy)(dmbpy)Cl]Cl were dissolved in deionized water and 81.2 mg (0.48 

mmol) of AgNO3 were added slowly over the course of four hours under reflux. AgCl 

formed was centrifuged and discarded after cooling down the reaction mixture. 

Supernatant was concentrated and the complex precipitated with the addition of 

NH4PF6, the solid was filtered out, washed carefully with cold water and dried under 

vacuum overnight. This complex was used without further characterization. 

 

Figure 13. Schematic representation of [RuII(McTerpy)(dmbpy)(H2O)](PF6)2 synthesis. 
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Synthesis of [RuII(McTerpy)(dmbpy)(TMT)]PF6 

 100.0 mg (0.12 mmol) of [RuII(McTerpy)(dmbpy)(H2O)](PF6)2 were dissolved in 

15 mL ethanol and 21.1 mg (0.12 mmol) of TMT were added to the stirred solution 

and refluxed for 4 hours in the dark. After cooling down, the solvent was removed in 

the rotary evaporator and the solid dissolved in the minimum amount of DMF. This 

was added dropwise to a concentrated NH4PF6 aqueous solution, the precipitated 

solid was filtered off and washed carefully with cold water and ether and dried under 

vacuum. 

Further purification was achieved in Sephadex LH-20 column chromatography 

using methanol as eluent. The solid was loaded and four fractions eluted from the 

column being the last one to come out the desired complex. The fraction was dried 

under reduced pressure in the rotary evaporator and overnight under high vacuum. 

Figure 14 summarizes the procedure followed. 

 

Figure 14. Schematic representation of [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 synthesis. 

Preparation of [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 deprotonated species 

 Spectrophotometric titration afforded three pKa values in the pH window 

employed. Therefore, deprotonation species of [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 
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were prepared by adjusting the pH of an aqueous solution of this complex with 

(Bu4N)4OH and the species precipitated upon ether addition. 

Synthesis of [RuII(NH3)5(dpypn)](PF6)2.3H2O 

 The ruthenium and iron precursors [RuII(NH3)6]Cl2, [RuIII(NH3)5Cl]Cl2, and 

Na3[FeII(CN)5(NH3)] were synthesized as previously described.3,93  

In a two-necked reaction flask equipped with a magnetic bar, 150.0 mg (0.51 

mmol) of [RuIII(NH3)5Cl]Cl2 were dissolved in 15 mL of deionized water and purged 

with N2 for 10 min. Then, Hg/Zn amalgam pellets were added to the reaction flask 

under stirring and N2 purging. After 5 min, 306.1 mg (1.54 mmol) of dpypn were 

added and the reaction was allowed to proceed for 12 hours in the dark, after which 

the amalgam was removed by filtration and the product precipitated by addition of 

NH4PF6. The yellow solid product was filtered off and washed several times with cold 

deaerated water and dried in vacuum. Figure 15 exhibits the condensed reaction 

path followed. 

% CHN analysis: Exp(Calc) - %C 20.51(21.43) %H 4.55(4.84) %N 13.35(13.46). 

Figure 15. Schematic representation of [RuII(NH3)5(dpypn)](PF6)2.3H2O synthesis. 

Synthesis of [RuIII(NH3)5(-dpypn)FeII(CN)5].4H2O 

In a two-necked reaction flask equipped with a magnetic bar, 50.1 mg of 

[RuII(NH3)5(dpypn)](PF6)2 (0.069 mmol) were added to 10 mL of deionized water 
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degassed with N2. After 5 min, 22.4 mg of Na3[Fe(CN)5(NH3)]·H2O (0.077 mmol) 

were added and the mixture was kept under stirring and N2 atmosphere. After 30 

min, the N2 flow was interrupted and the reaction was let to continue in the presence 

of air. The initially yellow solution turned into green and then a green solid started to 

form within ~5 minutes. After the solid was filtered off and washed several times with 

water and ethyl ether, the final product was dried overnight in vacuum. Attempts to 

grow single crystals for X-ray studies have been unsuccessful. Figure 16 exemplifies 

the pathway followed.  

% CHN analysis: Exp(Calc) - %C 33.56(33.65) %H 5.71(5.80) %N 23.09(26.16). 

Figure 16. Schematic representation of [RuIII(NH3)5(µ-dpypn)FeII(CN)5].4H2O synthesis. 

Synthesis of [RuIII(NH3)5{-(dpypn·-CD)}FeII(CN)5] 

The inclusion complex with -cyclodextrin (-CD) was prepared in situ. 

Starting with an aqueous solution of [RuII(NH3)5(dpypn)]2+ (5.0 mmol L-1) in N2 

atmosphere, an excess of -CD (10 mmol L-1) was added and the mixture was kept 

under stirring for 2 h. Then, an stoichiometric amount of [FeII(CN)5(NH3)]
3- (5.0 mmol 

L-1) was added and the mixture was kept under stirring for additional 2 h, in the 
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presence of air. The reaction yields a stable yellow product that remains fully soluble 

in water (note that the heterobinuclear complex precipitates in the absence of -CD). 

Figure 17 summarizes the procedure performed. 

 

Figure 17. Schematic representation of [RuIII(NH3)5{µ-(dpypn•β-CD)}FeII(CN)5] synthesis. 

Synthesis of [RuII(NH3)5(-dpypn)RuII(NH3)5](PF6)4 

 In a two-necked reaction flask equipped with a magnetic bar, 150.1 mg 

(0.51 mmol) of [RuIII(NH3)5Cl]Cl2 were dissolved in 15 mL of deionized water and 

purged with N2 for 10 min. Then, Hg/Zn amalgam pellets were added to the reaction 

flask under stirring and N2 purging. After 5 min, 51.0 mg (0.25 mmol) of dpypn were 
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added and the reaction was allowed to proceed for 12 hours in the dark, after which 

the amalgam was removed by filtration and the product precipitated by addition of 

NH4PF6. The yellow solid product was filtered off and washed several times with cold 

deaerated water and dried in vacuum. Figure 18 exhibits the condensed reaction 

path followed. 

 

Figure 18. Schematic representation of [RuII(NH3)5(µ-dpypn)RuII(NH3)5](PF6)4 synthesis. 

Synthesis of Na6[FeII(CN)5(-dpypn)FeII(CN)5] 

 In a two-necked reaction flask equipped with a magnetic bar, 150.1 mg 

(0.52 mmol) of Na3[FeII(CN)5(NH3)] were dissolved in 15 mL of deionized water and 

purged with N2 for 10 min. After 5 min, 52.0 mg (0.26 mmol) of dpypn were added 

and the reaction was allowed to proceed for 30 minutes. The yellow solution was 

employed to perform the desired experiments. Figure 19 exhibits the condensed 

reaction path followed. 

 

Figure 19. Schematic representation of Na6[FeII(CN)5(µ-dpypn)FeII(CN)5] synthesis. 

Synthesis of cis-[RuII(dmbpy)2Cl2] 

 In a round bottom reaction flask equipped with a magnetic bar, 1.3441 g LiCl 

(3.2x10-2 mol) were dissolved in 35 mL DMF purged with N2. With constant stirring, 

0.6013 g RuCl3.3H2O (2.7x10-3 mol) and 0.9788 g dmbpy (5.3x10-3 mol) were added 



 
 

75 
 

to the solution. After all the reagents were fully dissolved, mixture was refluxed for 8 

hours in the dark under nitrogen atmosphere. 

The reaction mixture was left to cooldown at room temperature, and the 

solvent was removed by rotary evaporation. The violet solid was purified by alumina 

column chromatography with a dichloromethane/Methanol (20:1) eluent. Solvent was 

removed in a rotary evaporator and the violet fraction was dried under vacuum, 

yielding 0.3622 g (50%).  

Also, a simpler and effective purification was performed as follows: reaction 

mixture was left to cooldown at room temperature, and the crude was concentrated 

by rotary evaporation to its minimum volume. This slurry was added dropwise to an 

erlenmeyer containing acetone, a purple solid precipitated, it was filtered off 

employing a sintered glass crucible and washed gentle with cold acetone and water. 

The solid is then dried under vacuum overnight. Procedure is summarized in Figure 

20. 

% CHN analysis: Exp(Calc) - %C 53.18(53.34) %H 5.06(4.48) %N 10.17(10.37). 

 

Figure 20. Schematic representation of cis-[RuII(dmbpy)2Cl2] synthesis. 
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Synthesis of cis-[RuII(H2dcbpy)2Cl2] 

 In a round bottom reaction flask equipped with a magnetic bar, 1.3446 g LiCl 

(3.2x10-2 mol) were dissolved in 35 mL DMF purged with N2. With constant stirring, 

0.6031 g RuCl3.3H2O (2.7x10-3 mol) and 1.2912 g H2dcbpy (5.3x10-3 mol) were 

added to the solution. After all the reagents were fully dissolved, mixture was refluxed 

for 8 hours in the dark under nitrogen atmosphere. The solvent was removed with a 

rotary evaporator and the solid dissolved in glacial acetic acid and further refluxed for 

another hour. The crude was dried under vacuum and the remaining solid 

dissolved/suspended in methanol and magnetically stirred overnight in the dark. The 

violet precipitate was filtered off and washed gentle with cold methanol and ether and 

let dry under vacuum. Yield 1.5063 g (84%) of the complex. Figure 21 exhibits the 

condensed reaction pathway. 

% CHN analysis for cis-[RuII(H2dcbpy)2Cl2].DMF: Exp(Calc) - %C 43.42(44.21) %H 

3.55(3.16) %N 10.10(9.55). 

 

Figure 21. Schematic representation of cis-[RuII(H2dcbpy)2Cl2] synthesis. 

Synthesis of CoIITPyP 

 Figure 22 exhibits the reaction pathway for CoIITPyP synthesis. In a two 

necked reaction flask equipped with a magnetic bar, 50 mL of DMF were employed 
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to dissolve 200.1 mg (0.32 mmol) of TPyP, once all the porphyrin was soluble 200.2 

mg (0.80 mmol) of cobalt (II) acetate were added to the reaction mixture purged with 

dinitrogen and refluxed for four hours. The crude reaction was let to cooldown and 

the solvent was removed using a rotary evaporator, the remaining solid was washed 

gently with deionized water several times in order to remove cobalt (II) acetate 

excess. The purple solid was dried under vacuum overnight. 

% CHN analysis: Exp(Calc) - %C 70.53(71.11) %H 3.78(3.58) %N 16.15(16.59). 

 

Figure 22. Schematic representation of CoIITPyP synthesis. 

Synthesis of CoIIITRP(dmbpy) 

 Supramolecular CoIIITRP(dmbpy) species was synthesized as described in 

literature and shown in Figure 23.85 In a round bottom reaction flask equipped with a 

magnetic bar, 200.2 mg (0.30 mmol) of CoIITPyP were dissolved in 30 mL of glacial 

acetic acid. Once the porphyrin was in solution, 681.0 mg (1.26 mmol) of cis-

[RuII(dmbpy)2Cl2] was added to the reaction mixture and refluxed for one hour. The 

solvent was removed employing a rotary evaporator and the residue redissolved in 

methanol and refluxed for another hour. Solvent was taken out with the rotary 

evaporator and the solid redissolved in the minimum amount of DMF this solution 
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was added dropwise to a saturated LiTFMS aqueous solution. The precipitated dark 

brown solid was filtered off and washed gentle with cold water. 

For purification, the CoIIITRP(dmbpy) species bearing the TFMS- counterion 

was dissolved in the minimum amount of methanol and precipitated by addition to a 

saturated LiCl acetone solution. The solid was washed with cold acetone and 

successive anion exchange between TFMS- and Cl- was performed in order to 

remove cis-[RuII(dmbpy)2Cl2] excess. The final CoIIITRP(dmbpy) compound exhibits 

five TFMS- counterions. 

% CHN analysis for {[RuII(dmbpy)2Cl]4CoIIITPyP}(TFMS)5.4H2O: Exp(Calc) - %C 

47.82(48.21) %H 3.84(3.67) %N 9.75(9.57). 

 

Figure 23. Schematic representation of CoIIITRP(dmbpy) synthesis. 

Synthesis of CoIIITRP(H2dcbpy) 

 Supramolecular CoIIITRP(H2dcbpy) species was synthesized as described in 

literature and shown in Figure 24.85 In a round bottom reaction flask equipped with a 

magnetic bar, 200.0 mg (0.30 mmol) of CoIITPyP were dissolved in 30 mL of glacial 

acetic acid. Once the porphyrin was in solution, 821.1 mg (1.24 mmol) of cis-

[RuII(H2dcbpy)2Cl2] was added to the reaction mixture and refluxed for one hour. The 
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solvent was removed employing a rotary evaporator and the residue redissolved in 

methanol and refluxed for another hour. The reaction mixture was allowed to 

cooldown to room temperature forming a dark brown precipitate. This solid was 

filtered off, washed several times with methanol and dried under vacuum overnight. 

% CHN analysis for {[RuII(H2dcbpy)2Cl]4CoIIITPyP}Cl5.12H2O: Exp(Calc) - %C 

45.74(45.77) %H 3.90(3.16) %N 9.69(9.42). 

 

Figure 24. Schematic representation of CoIIITRP(H2dcbpy) synthesis. 

Preparation of GO dispersion 

 Concentrated H2SO4 (115 mL) was added to a mixture of graphite flakes (5.0 

g) and NaNO3 (2.5 g). Then, KMnO4 (15.0 g) was slowly added while the reaction 

mixture was kept at 50 °C under stirring for 6 h. The reaction mixture was carefully 

diluted with 400 mL of deionized-water and then cooled in a water bath before further 

reaction with 20 mL of H2O2 solution (30% v/v). After 30 min, the reaction mixture 

was centrifuged (5000 rpm, 10 min), and the supernatant decanted away. The solid 

material was then successively washed and centrifuged (5000 rpm for 10 min) with 

800 mL of 30% HCl solution, and then with 400 mL of ethanol. The black solid was 

resuspended in 400 mL of diethyl ether, filtered out with a 0.45 mm PTFE membrane, 

and dried overnight at room temperature, in a desiccator under vacuum. GO was 
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employed as very stable dark brown suspension, by exfoliating 500 mg of graphite 

oxide in 500 mL of deionized water in an ultrasonic bath for two hours, while the pH 

was adjusted to 9.0 by adding a concentrated KOH solution. 

Preparation of CoIIITRP(dmbpy)/nGO composite 

 The CoIIITRP(dmbpy)/nGO (being n the mass ratio of GO relative to 

CoIIITRP(dmbpy)) composites were prepared by mixing 10 mL of an aqueous 

CoIIITRP(dmbpy) solution (1 mg mL-1) and a GO suspension (2.0 mg mL-1) in order to 

study the right proportion between the porphyrin and GO. In this manner, 5, 10, 20 

and 30 mL of GO suspension were employed and poured into 10 mL of 

CoIIITRP(dmbpy) solution each. The solid was filtered out and washed with water 

yielding the composites CoIIITRP(dmbpy)/GO, CoIIITRP(dmbpy)/2GO, 

CoIIITRP(dmbpy)/4GO and CoIIITRP(dmbpy)/6GO.  

Preparation of CoIIITRP(dcbpy)-Ni/ GO composite 

 5 mL of GO suspension in DMF (1 mg mL-1) was poured into a reaction flask 

equipped with a magnetic bar. While being purged, 38.3 mg (134.4 mmol) of nickel 

(II) acetate were added to the suspension and warmed to 30 °C under a stream of 

dinitrogen. Meanwhile, 20 mg (5.0 mmol) of CoIIITRP(H2dcbpy) were dissolved in 5 

mL DMF by adding a NH4OH solution dropwise until complete solubilization. After ten 

minutes of degassing, the solution containing the [CoIIITRP(dcbpy)]11- species was 

added slowly to the GO/Ni dispersion and let it to react for 72 hours at 30 °C. After 

this time, the solid was centrifuged and washed several times with DMF until 

supernatant came out colorless. This solid was resuspended in 5 mL of ethanol and 

used in this manner for electrode modification: 50 µL of this ethanolic suspension 

were diluted with 450 µL of ethanol, 5 µL of Nafion® were added and the volume 

completed to 1 mL with water. 
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Electrode modification with CoIIITRP(dmbpy)/nGO composite 

 A GC electrode was polished with a polishing cloth using 0.05 µm alumina 

powder and cleaned in an ultrasound bath for 5 minutes. Afterwards, 50 µL of 

CoIIITRP(dmbpy)/nGO dispersion were drop casted on the electrode surface and 

allowed to dry in air for 4 hours. 

Electrode modification with CoIIITRP(H2dcbpy)-Ni/ GO composite 

 A GC electrode was polished with a polishing cloth using 0.05 µm alumina 

powder and cleaned in an ultrasound bath for 5 minutes. Afterwards, 16 µL of the 

CoIIITRP(H2dcbpy)-Ni/ GO dispersion in water/ethanol/Nafion® were drop casted on 

the electrode surface and let to dry in air. 

Anatase TiO2 nanoparticles synthesis 

 Anatase TiO2 nanoparticles were synthesized according to the published 

methodology and standardized in our laboratory.94 12.5 mL of titanium (IV) 

isopropoxide were stabilized in 3.5 mL of isopropanol, this mixture was added 

dropwise to an acetic acid (27 mL) – deionized water (84 mL) solution at 3 °C under 

magnetic stirring. Soon after complete addition, the crude mixture was heated to 80 

°C for 8 hours under stirring. The resulting slurry mixture was transferred to an 

autoclave and brought to 230 °C for 12 hours. The dispersion obtained was poured 

into a round bottom flask and concentrated in a rotary evaporator and centrifuged at 

4800 rpm for 30 minutes. The obtained solid was washed several times with ethanol.  

The paste employed for electrode manufacturing was prepared by adding 8.71 

mL of α-terpineol and 15 mL of an 81.3 mg mL-1 ethanolic ethyl cellulose solution 

were added. This mixture was exposed to several sonication and magnetic stirring 
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processes for homogenization. The solvent was gradually removed by a rotary 

evaporator until a viscose paste was obtained. 

TiO2 electrode preparation 

 FTO conducting glass was employed as support for the TiO2 anodes 

preparation. This glass was carefully cleaned employing sonication in water/Extran® 

mixture for 20 minutes, rinsed and further sonicated in deionized water for another 20 

minutes. The glass was cut in 1x2 cm pieces and an electrode area of 0.25 cm2 was 

delimited employing adhesive tape. TiO2 paste was deposited on this area and the 

film was formed by spin coating technique. Upon adhesive tape removal, the films 

were let to rest for 1 hour and put into an oven at 150 °C for 60 minutes. Right after 

this primary drying, the electrodes were sintered at 450 °C for 20 minutes. 

TiO2 film dye functionalization 

 The desired dye was dissolved in 5 mL tert-butanol and acetonitrile 1:1 

affording a 2x10-4 mol L-1 solution. TiO2 films were soaked in this solution for 36 

hours and washed with ethanol to remove dye excess prior to DSSC assemble. 

Counter electrode preparation 

 FTO conducting glass plates of 1x2 cm were cleaned as described before and 

10 µL of a 0.005 mol L-1 H2PtCl6 solution in isopropanol were deposited on its surface 

and let to dry in air. The dry electrodes were heated to 400 °C for 20 minutes to sinter 

the platinum coating. 

Electrolyte preparation 

 Iodine based electrolytes are composed by a 3-metoxipropionitrile solution 

bearing 0.5 mol L-1 of tert-butylpyridine, 0.6 mol L-1 of tetrabutylammonium iodide, 0.1 

mol L-1 of lithium iodide and 0.1 mol L-1 of iodine. 
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DSSCs assemble 

 DSSCs were assembled by joining together a TiO2 sensitized electrode and a 

Pt coated cathode employing Surlyn® as both spacer and sealer. Sealing was 

performed heating the sandwich type DSSC to 110 °C for 15 minutes. 

After cooling down the cells, I-/I3
- electrolyte was injected by a pre-drilled hole 

in the counter electrode and sealed with Surlyn® in the same fashion as described 

before. Figure 25 shows a photograph of fully functional DSSCs manufactured with 

the process described. 

 

Figure 25. Image of assembled DSSCs employing N719 and a porphyrin-based dye. 
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RESULTS AND DISCUSSION 

 In the present work was explored the efficiency of a novel polypyridine 

ruthenium complex as sensitizer and its application in dye sensitized solar cells 

(DSSCs) was performed. Its deprotonated species were tested as well in search for 

improved performance. 

 An outer sphere intervalence transfer (IT) was observed in a novel mixed 

valence RuII/FeIII complex exhibiting ligand conformational dependence for the IT to 

occur. 

 A novel tetraruthenated cobalt porphyrin was synthesized and employed for 

dissolved oxygen sensing with a four-electron mediated mechanism and its stability 

over time was monitored. 

 A novel tetraruthenated cobalt porphyrin was synthesized and employed for 

isoniazid sensing with a possible four-electron mediated mechanism. 
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CHAPTER I: Synthesis and Characterization of 

[Ru
II
(McTerpy)(dmbpy)(TMT)]PF6 and DSSC Application. 

 

McTerpy characterization 

NMR spectroscopy is one of the most powerful techniques that a synthetic 

chemist can exploit in order to unveil the structural features of his molecules. This is 

due to the information about magnetic environments or interactions between carbon 

and hydrogen atoms (there are many other nuclei with magnetic resonance effect) 

within the molecular frame.95 

This technique gives a glimpse about the purity of the compounds analyzed 

and the discussion will take place when necessary. 

This ligand was obtained as a white solid, which showed a perfect signal 

match in the 1H-NMR spectrum (Figure 26), exhibiting five signals between 8.5 and 

7.4 ppm. The spectrum was recorded in deuterium oxide and 0.15 mL sodium 

deuteroxide (Aldrich, 30 wt. % in D2O, 99 atom % D). Signals were unequivocally 

assigned due to their coupling constants and the simplicity of the spectrum. The 

signal corresponding to the hydrogens in the central pyridyl ring denoted as a served 

as integration reference. 
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Figure 26. 1H-NMR spectrum of MCTerpy in D2O/NaOD. 

1H NMR (300 MHz, DEUTERIUM OXIDE/NaOD) δ ppm 7.41 (2 H, ddd, 

J=7.62, 4.91, 1.25 Hz) 7.87 (2 H, td, J=7.76, 1.76 Hz) 8.09 (2 H, d, J=7.91 Hz) 8.22 

(2 H, s) 8.50 (2 H, d, J=4.98 Hz). 

[RuII(McTerpy)(H2O)Cl2].H2O characterization 

 The complex formed by the coordination of the tridentate ligand Terpy and its 

analogues is commonly reported as being RuIII(Terpy)Cl3, it is believed that due to 

the lack of a reducing agent in the reaction media, the ruthenium center does not 

undergo a redox process during the complex formation.96,97,98,99 

However, as we will further discuss there are several experiments that led us 

to believe that the ruthenium (II) species may be formed under the reaction 

conditions employed. 

 
1H-NMR spectra 

The first hint about a low spin Ru(II) species was given by the 1H-NMR 

spectrum shown in Figure 27. Despite some little impurities, the spectrum exhibits 

five well-defined signals exhibiting symmetry and lack of broadening typical of a 

diamagnetic metal center favoring slower nuclear relaxation times whereas 
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paramagnetic species (metal centers or organic radicals) tend to speed up this 

process.100 Figure 27 allowed the assignment of a highly symmetrical Ru(II) complex 

(inset) and the singlet in 8.98 ppm enabled the integration of every signal acting as 

reference. Coupling constants permitted the correlation between nuclei thanks to the 

-orto, -meta and -para values. 

 

Figure 27. 1H-NMR spectrum of [RuII(McTerpy)(H2O)Cl2].H2O in DMSO-d6. 

1H-NMR (500 MHz, DMSO-d6) δ ppm 7.58 (2 H, ddd, J=7.40, 5.72, 1.22 Hz) 

8.00 (2 H, td, J=7.78, 1.53 Hz) 8.79 (2 H, d, J=7.32 Hz) 8.98 (2 H, s) 9.34 (2 H, dd, 

J=5.49, 0.92 Hz). 

Since [RuII(McTerpy)(H2O)Cl2].H2O 1H-NMR spectrum was recorded in dmso-

d6 and the free ligand was collected employing D2O/NaOD, a direct comparison 

between chemical shifts upon coordination is not suitable, hence it was noted from 

literature,101 that this 1H-NMR values differ from the free ligand as depicted in Table I. 

It is noteworthy that almost all of the signals have been shifted to lower field values 

typical of deshielding nucleus upon coordination to an electron deficient metal center. 
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Table I. Chemical shifts in ppm from free ligand to [RuII(McTerpy)(H2O)Cl2].H2O complex for 

dmso-d6 solvent. 

Free Ligand (multiplicity) Complex (multiplicity) 

7.54(t) 7.58(ddd) 

8.04(t) 8.00(td) 

8.66(d) 8.79(d) 

8.76(d) 8.98 (s) 

8.86 (s) 9.34(dd) 

 

Although, 1H-NMR spectra gave us a hint about the oxidation state of the 

ruthenium center, spin delocalization across the whole complex may be poor enough 

to enable a good NMR signal.102 

 EPR spectra 

EPR experiments were carried out to verify the ruthenium center oxidation 

state. As shown in the spectrum recorded (Figure 28) no signal of unpaired electrons 

for a Ru(III) (4d5 configuration) state was observed when compared with reported 

EPR studies of Ru(III) complexes, therefore indicating a low spin Ru(II) center.103 
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Figure 28. EPR spectra of [RuII(McTerpy)(H2O)Cl2].H2O in DMF at 77 K. 

 Mass spectrometry 

Further characterization experiments such as ESI-MS were performed and 

showed in Figure 29. The molecular ion peak was observed at 449.2 m/z affording a 

good match for the ion [RuII(McTerpy)Cl2(H
+)]+ 449.93 m/z. Additional peak for 

successive ligand loss is visible at 414.0 m/z for the [RuII(McTerpy)Cl]+ ion. 

 

Figure 29. ESI-MS from [RuII(McTerpy)(H2O)Cl2].H2O. Nebulizer: 0.8 Bar, dry gas: 5 L min-1, 

temp: 200 C, HV: 4500 V and formic acid. 
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 UV-Vis spectra 

Polypyridine ruthenium complexes have rich electronic spectra in which all of 

the characteristic transitions can be readily assigned due to their characteristic 

energies. As observed in Figure 30, three types of transitions can be observed within 

the spectral working window (200-800 nm). The highest energy transitions are those 

centered in the ligands or intraligand (IL) which involves the pπ filled and the pπ* 

empty orbitals. These types of absorptions occur in the UV region for small 

conjugated organic molecules such as bpy and terpy. Metal centered transitions (d-d) 

that occur between the t2g and eg d-orbitals are forbidden (less prone to occur) due to 

symmetry for an octahedral complex, nevertheless vibronic coupling and geometry 

distortion lead to this selection rule relaxation. These d-d absorptions take place in 

the visible region but due to the selection rules its molar extinction coefficient is low 

and they are usually overlapped by the stronger MLCT or LMCT bands.104 Finally 

MLCT bands are located in the visible region of the spectrum involving the dπ filled 

metal orbitals and the empty pπ* ligands orbitals, this is the case for π-accepting 

ligands such as polypyridines. 
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Figure 30. Molecular orbital energy diagram for octahedral RuL6 complexes. 

Figure 31 exhibits the absorption spectrum of [RuII(McTerpy)(H2O)Cl2].H2O 

with three bands in the spectral window. The bands at 275 and 326 nm are assigned 

to IL (pπ→pπ*) from the McTerpy ligand and the band located at 489 nm is ascribed 

as a charge transfer from the Ru(II) center to the ligand (dπ→pπ*). 

 

Figure 31. UV-vis absorption spectra of [RuII(McTerpy)(H2O)Cl2].H2O in DMF. 
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 Due to the afforded experimental evidences we believe that ethanol employed 

as solvent is acting as the reducing agent in the RuIII/RuII process. This assumption 

is supported by reports of assisted reductions of metal ions using ethanol.105,106 

[RuII(McTerpy)(dmbpy)Cl]Cl characterization 

 1H-NMR spectra 

This experiment provided sufficient evidence about complex formation and 

purity, affording 13 signals between 2.37 and 9.99 ppm expected for a symmetric 

terpy with 5 signals and an unsymmetrical dmbpy ligand due to the electronic trans 

effect of the chloride to one of the pyridyl rings, making them magnetically 

inequivalent, therefore, every ring in dmbpy gives rise to four signals each as shown 

in Figure 32. Labeling has been kept for McTerpy for comparison and further labeling 

was adopted for dmbpy hydrogens. 

 

Figure 32. 1H-NMR spectra of [RuII(McTerpy)(dmbpy)Cl]Cl in MeOD-d4. 

1H NMR (500 MHz, METHANOL-d4) δ ppm 2.37 (s, 3 H) 2.81 (s, 3 H) 6.86 (d, 

J=7.05 Hz, 1 H) 7.09 (d, J=5.76 Hz, 1 H) 7.33 - 7.37 (m, 2 H) 7.70 (d, J=5.55 Hz, 2 H) 
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7.86 (d, J=6.83 Hz, 1 H) 7.94 (t, J=8.43 Hz, 2 H) 8.37 (s, 1 H) 8.57 (d, J=7.90 Hz, 2 

H) 8.66 (s, 1 H) 9.03 (s, 2 H) 9.99 (d, J=5.76 Hz, 1 H). 

 UV-vis spectra 

Figure 33 shows the electronic absorption spectrum of 

[RuII(McTerpy)(dmbpy)Cl]Cl in MeOH exhibiting a dominance of the pπ→pπ* 

transitions from the McTerpy ligand with a little contribution from the dmbpy moiety 

due to the resemblance of its pattern with the spectrum shown in Figure 31. On the 

other hand, the MLCT (dπ→pπ*) transitions afforded a notorious change upon 

dmbpy coordination with its band centered in 523 nm displaying a stronger 

absorption when compared with the [RuII(McTerpy)(H2O)Cl2] species spectrum. 

 

Figure 33. UV-vis absorption spectra of [RuII(McTerpy)(dmbpy)Cl]Cl in MeOH. 

[RuII(McTerpy)(dmbpy)(H2TMT)]PF6 characterization 

 1H-NMR spectra 

The spectrum of the [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 complex is shown in 

Figure 34 and due to the use of protic solvent (MeOD-d4) isotopic exchange takes 



 
 

94 
 

place with the thiol residues making these hydrogens non visible in the spectrum. 

Nevertheless, chemical shifts for the eleven signals found between 6.94 and 9.79 

ppm differ substantially from those found for the [RuII(McTerpy)(dmbpy)Cl]+ precursor 

as shown in Table II, allowing us to infer the coordination of the TMT ligand although 

more analyses were performed to confirm this hypothesis.  

1H NMR (500 MHz, METHANOL-d4) δ ppm 2.38 (s, 3 H) 2.79 (s, 3 H) 6.94 (dd, 

J=5.95, 1.07 Hz, 1 H) 6.98 - 7.00 (m, 1 H) 7.34 (ddd, J=7.32, 5.80, 1.22 Hz, 2 H) 7.80 

(dd, J=5.80, 1.22 Hz, 1 H) 7.86 (dd, J=5.65, 0.76 Hz, 2 H) 7.91 (td, J=7.78, 1.53 Hz, 

2 H) 8.39 (s, 1 H) 8.57 (d, J=7.93 Hz, 2 H) 8.63 (s, 1 H) 9.04 (s, 2 H) 9.79 (d, J=5.80 

Hz, 1 H). 

 

Figure 34. 1H-NMR spectra of [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 in MeOD-d4. 

It is noteworthy the low magnetic effect over the majority of the hydrogens 

environments but those closer to the triazine ring show the most evident shifts this is 

due to the ligand electronic properties such as π-accepting character and an intrinsic 

ring current due to the delocalized π-electrons. 
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Table II. Chemical shifts comparison from [RuII(McTerpy)(dmbpy)Cl]+ and 

[RuII(McTerpy)(dmbpy)(H2TMT)]+ species. 

Signal Chemical Shift (ppm) 

[RuII(McTerpy)(dmbpy)Cl]+ [RuII(McTerpy)(dmbpy)(H2TMT)]+ 

a 9.03 9.04 

b 7.70 7.34 

c 7.35 8.57 

d 7.94 7.86 

e 8.57 7.91 

f 9.99 9.79 

g 7.09 6.98 

h 8.66 8.63 

i 8.37 8.39 

j 6.86 6.94 

k 7.86 7.80 

l 2.81 2.79 

m 2.37 2.38 

 Mass spectrometry 

ESI mass spectra was recorded in the positive ion mode affording a total m/z 

ratio of 739.03 for the molecular ion [RuII(McTerpy)(dmbpy)(H2TMT)]+ with a 
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matching isotopic distribution for a one ruthenium center species (Figure 35). There 

is a peak preserving this isotopic distribution at 761.01 m/z which we assign as the 

[M+Na]+ ion. Interestingly a peak at 598.06 m/z is present and is ascribed to the 

[RuII(McTerpy)(dmbpy)Cl]+ species, we infer that this comes from the little impurities 

observed in the 1H-NMR spectrum meaning a much higher stability during ionization-

separation processes in the mass spectrometer of this chloride species. 

 

 

Figure 35. ESI-MS from [RuII(McTerpy)(dmbpy)(H2TMT)]PF6. Nebulizer: 0.4 Bar, dry gas: 4 L 

min-1, temp: 200 C, HV: 4500 V. 

 UV-Vis spectra 

Electronic spectra of the [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 complex in 

methanol (Figure 36) exhibits typical IL transitions in the region below 400 nm. At 224 

nm is located the first transition assigned to be a pπ→ pπ* from the TMT ligand due 

to the smaller size of its conjugated structure when compared to McTerpy and 
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dmbpy. At 281 nm is located an intense band with a shoulder in 317 nm which are 

ascribed to both dmbpy and McTerpy IL transitions (pπ→ pπ*). In the visible region 

(above 400 nm) there are located two distinguishable MLCT bands at 435 and 497 

nm being the former assigned to the RuII dπ→ TMT pπ*. The latter transition is 

assigned to a contribution from RuII dπ→ McTerpy pπ* and RuII dπ→ dmbpy pπ*. 

Molar extinction coefficients were estimated and are presented in appendix 1. 

 

Figure 36. UV-vis spectra from [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 in MeOH. 

Electrochemistry 

Cyclic voltammetry shown in Figure 37 exhibits five redox processes in the 

potential window employed. The anodic region presents one monoelectronic process 

assigned to the RuII/RuIII oxidation at E1/2 = 1.03 V anodically shifted (when compared 

with other ruthenium complexes) due to the π-accepting character of all ligands 

stabilizing the ruthenium lower oxidation state, thus making it harder to oxidize. The 

anodic peak of this process (Epa = 1.07 V) manifested a higher current than the 

cathodic peak (Epc = 1.00 V) evidencing some kind of catalytic reaction with the 

media. The cathodic region is much richer since it displays all of the electrochemical 

processes of the ligands. At Epc = -0.98 V for the McTerpy ligand followed by the 
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reduction of the TMT at Epc = -1.31 V and the stepwise reduction of the dmbpy rings 

at Epc = -1.51 and -1.77 V, these four processes match their current intensities for a 

one electron process each in agreement with previously reported polypyridine 

ruthenium complexes.85,107,108 All of these reduction reactions are irreversible and 

their anodic waves appear with low current intensities implying that a coupled 

chemical reaction depleted the reduced species. 

 

Figure 37. Cyclic voltammetry of [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 in CH3CN, 100 mV s-1. 

 Spectroelectrochemistry 

Spectroelectrochemistry shown in Figure 38 highlighted the role and 

contribution of the ruthenium center to the electronic structure of the complex since 

all of the absorption’s intensities are diminished when the potential sweep is made 

between 0.89 and 1.15 V. The MLCT region described in the UV-vis discussion had 

an outstanding impact upon ruthenium oxidation. MLCT bands diminish is an 

indicative of the absence of electron density over the ruthenium center impeding 
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these transitions to occur, confirming the assignment performed in the UV-vis 

spectrum. 

 

Figure 38. Spectroelectrochemistry spectrum from [RuII(McTerpy)(dmbpy)(TMT)]PF6 in DMF. 

 Spectrophotometric Titration 

Due to the proposed structure of the [RuII(McTerpy)(dmbpy)(TMT)]PF6 

complex there are several functional groups capable of undergoing acid-base 

equilibria. Determining these pKa values is crucial since coordination chemistry (for 

anchoring into TiO2 nanoparticles), electronic properties (HOMO/LUMO energies) 

and electrostatic interactions are governed by the degree of protonation in the 

complex. Therefore, the possible protonation isomers must be isolated in order to 

study the effect in the efficiency of the assembled DSSCs as shown by R. Guimarães 

in his thesis.109 

There are two methods capable of affording pKa values of chemical species in 

solution. The first one is the potentiometric titration and the second and most 

employed is the spectrophotometric titration since prior knowledge of the species 
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concentrations is not mandatory as they can be easily calculated employing the 

spectrum absorbance. This can be better understood when looking at the 

dissociation constant of an acid in aqueous media: 

         ⃗⃗⃗     
             2 

From this equilibrium we can deduce the HA acid strength by means of its 

dissociation constant Ka expressed as: 

   
          

    
         3 

It is in this point where the concentration of the species [A-] and [HA] becomes 

relevant and the spectrophotometric method facilitates their calculation through the 

absorption intensities, employing the Lambert-Beer equation 4, where l is the optic 

path length, C is the concentration of the desired species and ε is the molar 

absorption coefficient. 

                 4 

For this instance, we have three possible scenarios that have to be evaluated 

in order to determine the relative concentrations and the total concentration of the 

species in solution. The first one is when the acid species predominate (i.e. low pH): 

                     5 

When basic species predominate in solution (i.e. high pH) we have: 

                     6 

where CT is total concentration. 
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The case where both species are present in relatively equal amounts 

(equilibrium point), total absorbance (AT) is given by a contribution of all of them as 

follows: 

                                7 

And taking into account that the total concentration (CT) at this point is given by: 

                     8 

Introducing equations 5 and 6 into 7, the following expression is obtained; 

   
   

  
    

   

  
           9 

After rearranging terms and replacing eq 8 into eq 9 we obtain expression 10: 

  (       )                     10 

Dividing by CHA and rearranging terms we get to the equation 11: 

    

    
 

   

   
 

      

      
         11 

Equation 3 can be further exploited for graphical purposes by being expressed as: 

             
      

    

    
       12 

Combination of equations 11 and 12 yields the following expression: 

   (
      

      
)                13 

In this manner, pKa values can be ideally obtained by plotting log (AT-AHA)/(AA--

AT) vs pH where the y-axis intercept affords the negative value of pKa. However, 

plotting the absorbance at a determined wavelength vs pH yields a sigmoidal curve in 
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which the inflection point corresponds to the pKa value that can be more accurately 

calculated through the second derivative of a properly fitted curve.110,111 

Following this reasoning, complex [RuII(McTerpy)(dmbpy)(TMT)]PF6 was 

spectrophotometric titrated employing an H2O/MeOH 20:1 solution containing 0.5 mol 

L-1 of NaCl supporting electrolyte in order to maintain and control the ionic force. All 

of the spectra were collected at room temperature (25 °C) starting in pH 13 and 

acidified stepwise with HCl (3 mol L-1) solution until pH 2. 

Figure 39 (left) shows the collection of spectra in the 13-7 pH window. It is 

noteworthy a bathochromic shift of the pπ→ pπ* transitions, this is due to the 

stabilization of the π* molecular orbital of the TMT ligand upon protonation lowering, 

its energy whereas the MLCT bands in the visible range exhibit minimum variation 

throughout the titration due to this π* stabilization and d-orbital destabilization.  

Figure 39 (right) displays spectra collected between pH 7-2 and once again 

the main and most noticeable variations are in the pπ→ pπ* transitions, with a 

bathochromic shift owed to the stabilization of the π* McTerpy orbital upon 

protonation. Indicating a much greater contribution of the McTerpy ligand to the IL 

overall band. 
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Figure 39. Spectrophotometric titration of [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 complex in 

basic (left) and acid (right) pH window. 

In order to determine the number of acid-base equilibrium present in the 

titration, a plot of the absorbance at 302 nm, which was the band with the greater 

variation along the experiment, versus pH is presented in Figure 40a. It displays 

three distinguishable sigmoidal regions pH 2-7, 7-10 and 11-13. Each of these 

regions was plotted separately as shown in Figure 40b (for pH 2-7) and fitted to a 

sigmoidal function affording an r2 = 0.99979 meaning a really good match between 

the experiment and the fitting equation. Is this equation that allowed us to determine 

the pKa value for this equilibrium employing its second derivative and taking the pH 

value when the function equals zero. Since this is the only pKa present in acid 

conditions we assigned it to be from the carboxylic group in the McTerpy ligand. 
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Figure 40. Absorbance at 302 nm vs pH (a), sigmoidal fitting for the first equilibrium (b) and 

second derivative for the fitting (c). 

Table III shows the pKas calculated from this spectrophotometric titration and 

the comparison with the reported pKa values for the free ligands. It is noticeable that 

only two equilibriums were found for the TMT ligand meaning that the third thiol (-SH) 

group already underwent deprotonation in order to coordinate the Ru(II) center. This 

supports our assumption of a sterically hindered sixth coordination position in the 

ruthenium allowing the bonding of the TMT ligand thru one of the thiol residues 

instead of the nitrogen in the bulky triazine ring. 
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Table III. pKas for [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 complex and their comparison with 

free ligand values. 

Compound pKa1 pKa2 pKa3 

McTerpy 4-5 - - 

TMT 5.71b 8.36b 11.38b 

[RuII(McTerpy)(dmbpy)(H2TMT)]PF6 5.35 8.49 12.32 

b: adapted from 112 

Once all of the pKa were determined, the deprotonation species were 

prepared and isolated as described in the materials and methods section. 

 Emission and excitation studies 

For DSSC application the dyes must fulfill some electronic requirements as 

mentioned before, so in order to estimate the energies of the HOMO/LUMO orbitals 

and the E0-0 in the complex emission/excitation experiments were carried out. Figure 

41 displays the electronic spectrum (blue) for the [RuII(McTerpy)(dmbpy)(TMT)]PF6 

complex and its fluorescence spectrum (red) in methanol. Upon excitation in the 

MLCT band at 496 nm, the spectrofluorimeter detected an emission process with its 

maximum located at 583 nm, with these processes the energy gap between HOMO 

and LUMO orbitals (E0-0) was calculated in the point where the two spectra cross at 

516 nm and employing equation 14 the energy is 2.39 eV. 

  
   

 
          14 
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Figure 41. Absorption (blue) and emission spectra (red) of 

[RuII(McTerpy)(dmbpy)(H2TMT)]PF6 in MeOH. 

With the energy gap obtained it is necessary to calculate either HOMO or 

LUMO energy for comparison with the energy levels of the conduction band (CB) in 

nanocrystalline anatase TiO2 and redox potential of the I-/I3
- couple found in 

literature.113 For this endeavor, CV experiments performed allowed calculation of 

either of the frontier orbitals in the complex, with the first oxidation potential affording 

information of the ionization potential. This means that the oxidation potential for the 

RuII/RuIII process yields the energy of the HOMO orbital employing equation 15.114,115 

    (        )            15 

Where Eox is the onset potential for the RuII/RuIII process versus an SHE 

reference electrode and the value 4.44 is the vacuum level potential of the normal 

hydrogen electrode potential. The calculated values are shown in Figure 42 for better 

appreciation and a straightforward comparison, it is observed that the HOMO energy 

in the complex is in good position with respect to the iodide redox potential meaning 

an advantageous condition for the proper regeneration of the oxidized dye when the 
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electron is injected into the TiO2 CB, furthermore, the energy of the LUMO is well 

placed above the TiO2 CB favoring the electron injection. 

 

Figure 42. Energy diagram comparison for anatase TiO2, 

[RuII(McTerpy)(dmbpy)(H2TMT)]PF6 and I-/I3
- redox couple. 

All of these experimental evidence suggest a good electronic structure for the 

utilization of the [RuII(McTerpy)(dmbpy)(TMT)]PF6 complex as a sensitizer for 

DSSCs. 

 Efficiency and IPCE measurements 

A total of three DSSCs were assembled for each ruthenium species 

[RuII(McTerpy)(dmbpy)(H2TMT)]+, [RuII(McTerpy)(dmbpy)(HTMT)], 

[RuII(McTerpy)(dmbpy)(TMT)]- and comparative reference cells mounted with N719 

as sensitizer were employed, a picture of the TiO2 dyed anodes is presented in 

Figure 43 bearing an average electrode surface of 0.25 cm2. 
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Figure 43. Image of anatase TiO2 sensitized anodes. 

Figure 44 shows the I-V curves obtained for the 

[RuII(McTerpy)(dmbpy)(H2TMT)]PF6 (left) and N719 (right) DSSCs exhibiting very low 

values of Voc and Jsc for the novel dye probably due to undesired recombination 

processes, also the pronounced curvature in the I-V curve for our dye led us to think 

of low FF values. 

Voc can be extracted from the curves when the current density thru the circuit 

is zero and it is a measure of the difference between the Fermi level when the dye is 

injecting electrons into the CB and the electrolyte redox potential.116 Jsc is obtained 

when the potential applied to the circuit is zero and depends solely on the electrode 

area and the illumination power. On the other hand, FF and efficiency (η) were 

calculated employing equations 16 and 17 and the results for all of the three dyes 

and the reference (N719) appear in Table IV. 
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Figure 44. I-V curves for [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 (left) and N719 (right) 

assembled DSSCs. 

   
           

       
         16 

  
     

       
             17 

The fill factor (FF) in a DSSC indicates how far from an ideal cell (FF = 1) it is, 

this includes assembling processes and electronic transport behavior as well, in 

equation 16 Jpmax and Vpmax are the maximum current density and the maximum 

voltage afforded by the cells within the I-V curve (the highest area rectangle under 

the I-V curve). For equation 17, Pdssc is the maximum power outcome from the DSSC 

under illumination, Plamp is the power afforded by the lamp (100 mW cm-2) and A is 

the electrode surface area. 
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Table IV. Performance data from the assembled DSSCs. 

Compound Power 

(mW) 

FF Jsc (mA 

cm-2) 

Voc (V) η (%) 

[Ru
II
(McTerpy)(dmbpy)(H2TMT)]PF6 0.175 0.49 3.12 0.44 0.7 

[Ru
II
(McTerpy)(dmbpy)(HTMT)] 8.59 x10

-2
 0.58 1.71 0.36 0.35 

(N-Bu4)[Ru
II
(McTerpy)(dmbpy)(TMT)] 4.79 x10

-2
 0.50 1.33 0.33 0.19 

N719 1.32 0.60 14.14 0.69 5.28 

 

From Table IV, it is noticeable the low values for the current density and the 

open circuit voltage which are accounted for the low power and efficiency of the 

assembled DSSCs. Due to the reference value obtained for the N719 cells, poor 

performance of the DSSCs sensitized with [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 

complexes is not owed to lack of manufacturing skills as shown by the relatively 

similar FF values. In order to clarify if it’s a low electronic injection from the dye into 

the TiO2 CB, monochromatic photo injection measurements were performed. 

 IPCE measurements 

Figure 45 exhibits the monochromatic photo injection properties of the three 

ruthenium species prepared. It was observed that all three species IPCE followed the 

shape of their absorption spectra with an injection efficiency peaking around 490 nm 

where the MLCT dπ→pπ* bands are located, the lack of absorption bands in lower 

energies (higher wavelengths) diminished the electronic injection. 

[RuII(McTerpy)(dmbpy)(H2TMT)]PF6 photo injection properties shown in Figure 45a 

proved to be the most efficient among the three species isolated with a maximum of 

23% of the incident photons converted into current. On the other hand, efficiency 
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decreased with increasing negative charge in the TMT ligand 

([RuII(McTerpy)(dmbpy)(HTMT)] Figure 44b and (N-

Bu4)[RuII(McTerpy)(dmbpy)(TMT)] Figure 44c) contrary to what was initially supposed 

with the electrostatic repulsion between the negatively charged TMT residue and the 

I3
- ion. 

In order to rule out the possibility of low sensitization by the species employed, 

desorption and quantification of the loaded [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 

complex on to DSSC anode was performed spectrophotometrically. Desorption was 

performed with a 0.1 mol L-1 NaOH aqueous solution and diluted with deionized 

water to the desired volume. A value of 9.3x1016 molecules cm-2 was found, this 

value is in agreement with those reported by Guimaraes in his thesis for similar 

ruthenium complexes.109  

 

Figure 45. IPCE measurements of [RuII(McTerpy)(dmbpy)(H2TMT)]PF6 (a), 

[RuII(McTerpy)(dmbpy)(HTMT)] (b) and (N-Bu4)[RuII(McTerpy)(dmbpy)(TMT) (c). 
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By the time these experiments were performed a second bibliographic search 

shed light in a possible explanation for the low efficiency observed in the assembled 

DSSCs with our novel ruthenium dyes. Nazeeruddin and coworkers observed higher 

Voc and FF values for sulfur containing ligands but TAS and EIS experiments showed 

that the sulfur atoms favored recombination lowering the conversion efficiencies of 

the devices by catalyzing the reduction of the I3
- ion, concluding that sulfur containing 

aromatic rings should be avoided as ligands for sensitizers in DSSCs when the 

iodide electrolyte is employed.117 

Chapter I conclusions 

Synthesis and characterization of the [RuII(McTerpy)(dmbpy)(TMT)]PF6 

complex was successfully performed through conscious electronic design aiming for 

better absorption properties and a wider spectral absorption range as observed by 

PhD Robson in his doctoral research. A step by step process was followed since one 

of the three ligands was synthesized in the lab and every intermediary complex was 

characterized to ensure a proper approach to the desired complex.  

Working DSSCs were assembled employing the laboratory´s stablished 

protocols and tested in a solar simulator to generate electric power.  

Due to the afforded experimental evidence and supported by the literature we 

conclude that the low efficiency of the assembled DSSCs accounts for the sulfur-

triiodide interaction via lower electron recombination lifetimes. 
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CHAPTER II: Synthesis and Characterization of 

[Ru
III
(NH3)5(-dpypn)Fe

II
(CN)5].4H2O Complex. 

 

[RuII(NH3)5(dpypn)](PF6)2.3H2O characterization 

 UV-vis spectra 

Electronic spectra for the species [RuIII(NH3)5Cl]Cl2 and 

[RuII(NH3)5(dpypn)](PF6)2.3H2O (RuIIL) are shown in Figure 46 in the 10-3 mol L-1 

range. The spectra are rather simple due to the low number of transitions observed 

which were assigned by comparison between them. For the ruthenium (III) species 

(black line) a really strong band is located below 200 nm assigned to possible n→ζ* 

transitions of the NH3 ligands and a weak LMCT transition from the chloride to the 

ruthenium center (pπ→dπ) at 327 nm.118 On the other hand, the RuIIL complex (red 

line) displays a pπ→pπ* ascribed to IL transitions of the dpypn ligand while 

preserving the n→ζ* band now above 200 nm due to dpypn contribution. 

Reduction of the metal center provoked ligand exchange between chloride and 

dpypn which bears a π conjugated system capable of accepting charge from the 

Ru(II) ion emerging an MLCT band centered at 415 nm. 
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Figure 46. UV-vis spectra from [RuIII(NH3)5Cl]Cl2 (black line)and 

[RuII(NH3)5(dpypn)](PF6)2.3H2O (red line) in water. 

 Mass spectrometry 

ESI mass spectra for the [RuII(NH3)5(dpypn)](PF6)2.3H2O complex is shown in 

Figure 47 displaying a base peak at 199.12 m/z assigned to the ion [dpypn+H]+ 

higher mass to charge ratio peaks exhibit low intensity due to their low ionization 

efficiency when compared to the dpypn ion. Nevertheless, expansion of the 225 to 

400 m/z region displays a succession of peaks bearing isotopic distribution for 

species containing one ruthenium atom. Molecular ion [M]+ was assigned to the 

[Ru(NH3)5(dpypn)]+ species at 387.12 m/z and a calculated value of 385.15 m/z, 

some kind of charge neutralization/exchange phenomena must be taking place in 

order to afford a 1+ species (i.e. hydride transfer). Following this peak, there are five 

peaks product of successive loss of ammonia as follows: [Ru(NH3)4(PyC3Py)]+ 

368.13 m/z found at 369.09 m/z, [Ru(NH3)3(PyC3Py)]+ 351.10 m/z found at 352.06 

m/z, [Ru(NH3)2(PyC3Py)]+ 334.07 m/z found at 336.04 m/z, [Ru(NH3)(PyC3Py)]+ 

317.05 m/z found at 316.03 and [Ru(PyC3Py)]+ 300.02 m/z found at 299.01 m/z. 
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Figure 47. ESI-MS from [RuII(NH3)5(dpypn)](PF6)2.3H2O. Nebulizer: 0.4 Bar, dry gas: 4 L min-

1, temp: 200 C, HV: 4500 V. 
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 [RuIII(NH3)5(-dpypn)FeII(CN)5].4H2O characterization 

 FTIR spectroscopy 

Figure 48 displays the FTIR spectrum of the [RuIII(NH3)5(-

dpypn)FeII(CN)5].4H2O complex labeled as RuIIILFeII, being L = dpypn. Vibrational 

modes are assigned and described within the figure being the most noteworthy the 

stretching modes for NH3 ligands (ν-NH3) at 3445 and 3240 cm-1.3 The characteristic 

ν-CN peak for the pentacianoferrate moiety allowed us to conclude and assign the 

metal oxidation states in the mixed-valence complex. This vibrational mode appeared 

at 2044 cm-1 pointing out a reduced state of a Fe(II) center.119,120 Whereas for the 

oxidized Fe(III) species this vibrational mode is shifted to higher frequencies above 

2150 cm-1.  

 

Figure 48. FTIR spectrum of the mixed-valence complex [RuIII(NH3)5(µ-

dpypn)FeII(CN)5].4H2O in KBr pellets. 
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 Electrochemistry 

Cyclic voltammetry combined with differential pulse voltammetry shown in 

Figure 49 confirm the formation of the heteronuclear mixed-valence complex denoted 

as RuIIILFeII. Figure 49a exhibits the CV of the homoleptic RuIILRuII and FeIILFeII 

complexes with a single RuIII/II and FeIII/II processes at E1/2 0.26 and 0.44 V 

respectively. The fact just one redox event is observable for both ruthenium and iron 

homonuclear species evidences the lack of electronic coupling between the metal 

centers thru the bridging dpypn ligand. 

These E1/2 values confirmed the easier oxidizable nature of the ruthenium 

moiety over the iron center supporting the hypothesis of the ruthenium undergoing 

the redox process in presence of dioxygen in the heteronuclear complex synthesis. 

This was further sustained by the CV (Figure 48b) acquired while the reaction 

between RuIIL and [FeII(NH3)(CN)5]
3- was taking place under inert atmosphere the 

E1/2 values were exactly the same as for the homonuclear complexes (0.26 and 0.44 

V) confirming no electronic coupling even in the RuIILFeII species. Furthermore, DPV 

experiments (Figure 48c) allowed direct comparison of the current values for both 

RuIII/II and FeIII/II processes showing an expected 1:1 ratio between them. 
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Figure 49. CV measurements of RuIILRuII and FeIILFeII (a), RuIILFeII (b) and DPV of RuIILFeII 

(c) at 50 mV s-1 in aqueous 0.1 mol L-1 KCl. 

UV-vis spectra 

 UV-vis spectra for the RuIILFeII species was obtained in water and under inert 

atmosphere in order to avoid precipitation of the mixed-valence complex thus 

avoiding scattering issues. Figure 50 compares the electronic spectra of the 

heteronuclear (RuIILFeII), mononuclear ruthenium and iron (RuIIL and FeIIL) species. 

It should be noted that the IL (pπ→pπ*) transition at 251 nm of the dpypn ligand 

remains stable for the three complexes whereas the MLCT band for the RuIILFeII 

complex is broadened and located right in between the Ru-dpypn and Fe-dpypn 

MLCT bands at 376 nm, suggesting an overlap between these bands in the 

heteronuclear species, shedding light of the presence of the two metal centers within 

the complex. Also, if UV-vis was possible to be taken for the mixed-valence complex 

RuIIILFeII, ruthenium MLCT band would not appear due to its oxidation state. 
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Figure 50. UV-vis spectra from [RuII(NH3)5(µ-dpypn)FeII(CN)5]
- (RuIILFeII), 

[RuII(NH3)5(dpypn)]2+ (RuIIL) and [FeII(CN)5(dpypn)]3- (FeIIL) in water. 

 A more comprehensive comparison was performed including the electronic 

spectra for the homonuclear species shown in Figure 51. Figure 51a exhibits the UV-

vis spectra of the iron species FeIIL and FeIILFeII and Figure 51b presents the 

electronic spectra for the ruthenium complexes RuIIL and RuIILRuII both Figure 51a 

and 51b follow the same band assignment performed for Figure 49. Nevertheless, 

there are some details to observe in this figure. First of all, MLCT bands for the 

mononuclear and homonuclear species (Figure 51a and 51b) are located at the 

same wavelength 365 nm for the FeIIL and FeIILFeII complexes and 415 nm for RuIIL 

and RuIILRuII, further supporting the electrochemical evidence suggesting no 

electronic coupling mediated by the dpypn ligand. IL transfers exhibit a pattern of just 

one band for the homonuclear FeIILFeII and RuIILRuII species and two bands for the 

mononuclear FeIIL and RuIIL complexes. This behavior is due to higher symmetry of 

the homonuclear compounds. 
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Figure 51. UV-vis spectra from FeIIL and FeIILFeII (a), RuIIL and RuIILRuII (b) and RuIILFeII in 

water under N2 atmosphere. 

Vis-NIR spectra 

 Visible to near infrared spectra (Vis-NIR) shown in Figure 52 clarifies the 

nature and the goal behind this mixed-valence complex, an intervalence (IT) 

transition between the two metal centers. Due to the non-conjugated nature of the 

bridging dpypn ligand the IT must be from an outer sphere regime facilitated by the 

proximity of the metal ions owed to the electrostatic attraction and bending of the 

dpypn moiety. This electronic transfer appears in the RuIIILFeII spectrum with a 

maximum absorption between 1100 and 1400 nm expected for an IT FeII→RuIII. The 

broadness nature of this band suggests a localized mixed-valence complex with 

some kind of lattice distortion on the basis of Hush´s theoretical Δν1/2 relationships.121 

This strong IT band was tested chemically in order to dismiss any kind of artifact from 

the equipment. Therefore, reduction with hydrazine hydrate in order to reduce the 
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RuIII→RuII center was observed immediately by the disappearance of the IT band 

(black line in Figure 52) and visually by the changing color from green to yellow. 

 

Figure 52. Vis-NIR spectra of RuIILFeII (black line) and RuIIILFeII (red line) in the solid state. 

*Instrumental artifact. 

Mechanical hindrance employing β-CD through an inclusion compound 

[RuIII(NH3)5{-(dpypn·-CD)}FeII(CN)5] shown in Figure 17 was also used in order to 

prove the outer-sphere IT. Figure 53 shows the comparison between the mixed-

valence complex (black line) spectrum with its IT band centered at 1250 nm due to 

the bent configuration of the dpypn ligand and the inclusion species (red line) with β-

CD, in this case is observable the absence of the IT band, supporting the hypothesis 

of an outer-sphere electronic transition mechanism owed to the lack of proximity 

between the two metal centers. The marked absorbance difference between the two 

species is owed to the fact that the RuIIILFeII spectrum was acquired from the solid 

complex whereas the [RuIII(NH3)5{-(dpypn·-CD)}FeII(CN)5] species was obtained by 

concentrating the compound over the measuring surface with successive drying 

processes. 
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Figure 53. Vis-NIR spectra of RuIIILFeII (black line) and [RuIII(NH3)5{µ-(dpypn β-

CD)}FeII(CN)5] (red line). 

 DFT calculations 

 All of these experimental evidences were supported by DFT calculations that 

showed effective bending of the dpypn ligand in the mixed-valence complex (Figure 

54a) with the spin density fully localized in the Ru center as expected for a Ru(III) 

configuration making this a class II intervalence complex.122 

 On the other hand, homonuclear species FeIILFeII and RuIILRuII (Figure 54b 

and 54c respectively) afforded linear configurations probably as consequence of 

electrostatic repulsion of the equally charged metal residues. Consequently, spin 

density plots showed spin localization for their hypothetical mixed-valence forms in 

just one of the metal moieties, indicating no communication between them. 
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Figure 54. DFT structures of RuIIILFeII (a), FeIILFeII (b) and RuIILRuII (c). 

 Chapter II conclusions 

 Synthesis and characterization over a series of mononuclear Fe(II) and 

Ru(II)/Ru(III) complexes were successfully performed, along with homonuclear and 

heteronuclear complexes bearing the non-conjugated dpypn bridging ligand. 
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 Experimental results proved the existence of an IT electronic transfer from the 

Fe(II) to the Ru(III) center in the heteronuclear species. Furthermore, this electron 

transfer ceased upon chemical reduction of the Ru(III) to a Ru(II) state using 

hydrazine. And by physical hindrance with β-CD by forming an intercalation 

compound with the dpypn ligand preventing electrostatic mediated bending. 

 These experimental results were supported by DFT and TDDFT calculations 

performed by PhD Reginaldo C. Rocha at Los Alamos National Laboratory in the 

USA. 
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CHAPTER III: Synthesis and Characterization of 

Co
III
TRP(dmbpy) and its GO Composite for Dissolved 

Oxygen Sensors. 

 

cis-[RuII(dmbpy)2Cl2] characterization 

 UV-vis spectra 

 UV-vis spectrum of cis-[RuII(dmbpy)2Cl2] complex (Figure 55) displays an IL 

band from the dmbpy pπpπ* transition at 297 nm along with two MLCT bands from 

the dπpπ* transitions at 413 nm and 569 nm. 

 

Figure 55. UV-vis spectra of the cis-[RuII(dmbpy)2Cl2] complex in MeOH. 

CoIITPyP characterization 

 UV-vis spectra 

 Electronic spectrum of CoIITPyP shown in Figure 56 exhibits just two bands. 

The first one located at 413 nm (Soret) and the second at 533 nm (Q0-0). This band 
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pattern and transition energies are typical of a CoII metallated porphyrin as reported 

in literature.123,124 As we will be further observed for the supramolecular porphyrins in 

which CoIITPyP was employed, the cobalt oxidation state will be Co(III) for the 

catalytic and sensing purposes. For this particular synthesis the desired oxidation 

state was Co(II) to facilitate purification. 

 

Figure 56. Uv-vis spectra of CoIITPyP in DMF. 

CoIIITRP(dmbpy) characterization 

 UV-vis spectra 

 UV-vis spectrum shown in Figure 57 and the resemblance with Figures 55 and 

56 stands out. The overall spectrum for the CoIIITRP(dmbpy) species is the additive 

overlap of its constituents’ spectra starting by the IL pπpπ* transition from the 

dmbpy at 292 nm slightly shifted towards higher energy.  

The Soret band is found at 436 nm shifted towards lower energies when 

compared to the non-ruthenated cobalt porphyrin this is probably due to orbital 
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stabilization from the electron donating cis-[RuII(dmbpy)2Cl2] complexes. Broadening 

of this band is noticeable and is attributed to the effect of the MLCT bands from the 

ruthenium complexes. 

Q band region now displays two absorptions located at 545 and 594 nm 

assigned as the Q1-0 and Q0-0 transitions, indicating an oxidation state change for the 

cobalt center being now Co(III). This is due to the purification processes performed 

without inert atmosphere. 

Moreover, the absorption spectrum exhibits broad bands at 366 nm and 497 nm 

ascribed to the peripheral ruthenium complexes MLCT Ru dπ→pπ* dmbpy. 

 

Figure 57. UV-vis spectra of CoIIITRP(dmbpy) in MeOH. 

 Raman spectra 

 Raman spectra for the CoIIITRP(dmbpy) compound is shown in Figure 58 and 

collected employing the 488 nm Ar laser as excitation source. This spectrum displays 

typical frequencies for the functional groups present within the supramolecule. The 
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1020 cm-1 peak is assigned to pyridines and pyrrole breathing modes and 

deformation δ(py) at 1213 cm-1. ν(C-CH3) is ascribed to the peak at 1316 cm-1 and 

1369 cm-1 is assigned as δ(CH3) mode. On the other hand, the peaks at 1544 and 

1606 cm-1 are from the ν(C=N) and ν(C=C) respectively.  

It must be taken into account that these attributions are merely tentative due to 

the complexity of the CoIIITRP(dmbpy) supramolecule, therefore contribution of 

several vibrational modes is advised, promoting broadening in the mentioned peaks. 

 

Figure 58. Raman spectra of CoIIITRP(dmbpy). 

Electrochemistry 

 CV experiments in DMF and water as solvents shown in Figure 59a and 59b 

respectively exhibit a reversible process for the RuIII/RuII at E1/2 = 0.91 V in 

agreement with polypyridyl substituted ruthenium centers. The fact that only one 

process is observed indicates a weak electronic communication among the 

ruthenium moieties within the supramolecular porphyrin structure.  

The cathodic region of the CV (Fig 59a), only displays the successive 

reduction events for the porphyrin ring at Epc = -1.05 and -1.21 V. Unfortunately, due 

to catalytic currents the reduction processes for the dmbpy ligand are not visible and 

should appear at approximately E1/2 = -1.5 and -1.7 V. Figure 59b presents a quasi-
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reversible wave at E1/2 = -0.59 V that has been assigned to the CoII/ITRP(dmbpy) 

process.85 

 

Figure 59. Cyclic voltammograms of CoIIITRP(dmbpy) in DMF (a) and water (b). 

 Spectroelectrochemistry 

 This technique was employed in order to study the behavior of the absorption 

spectra with applied potential and confirm the band assignment performed. It was 

also vital for confirmation of the cobalt center presence since the process was not 

observable during CV experiments due to its low heterogeneous electron transfer 

kinetics.85 

 Figure 60 presents the spectroelectrochemistry performed in the 0.717 V to 

1.017 V potential window. The first noticeable change is the IL band (pπpπ*) 

diminishing at 292 nm and shifting towards lower energy at 310 nm. Soret band (436 

nm) is affected by ruthenium oxidation even though its transition is not linked to the 

ruthenium complexes since it involves orbitals centered in the porphyrin ring. This 

intensity change is owed to the MLCTs bands (dπpπ*) disappearance at 413 and 
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569 nm due to the higher oxidation state of the ruthenium center neglecting the 

electronic transfer from the metal to the ligand orbitals. It is worth mentioning that 

Soret band profile resembles that of the non-ruthenated CoIITPyP in Figure 56. 

 

Figure 60. Spectroelectrochemistry spectra of CoIIITRP(dmbpy) in DMF. 

 Figure 61 shows the spectroelectrochemical behavior over the potential 

window -0.105 to 0.277 V these were the probed potentials in which the CoIII/II 

process is located in structurally similar TRPs.82,85 

 IL band (pπpπ*) from dmbpy shows little changes in the potential sweep 

confirming no influence from the cobalt center into its transitions. The most 

outstanding alterations were observed in the Soret and Q bands. In the case of the 

Soret band, its maximum absorption wavelength shifted from 436 nm to 416 nm in 

the CoII form generating a very well defined isosbestic point which allowed the 

calculation of the E1/2 = 0.19 V for the CoIII/II process employing the Nernst equation 

19. 
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       19 

 In this case, Eapp is the applied potential, E1/2 is the half-wave potential in 

which 50% of the porphyrin species are oxidized and the other 50% are reduced, R is 

the gas constant (J K-1 mol-1), T is temperature in K, n indicates the number of 

electrons transferred in the process, F is the Faraday constant and [Ox] and [Red] 

are the concentrations of oxidized and reduced species.125 

Q bands present in the CoIIITRP(dmbpy) supramolecule are diminished and become 

a single Q band in the CoIITRP(dmbpy) species. These shifts from Soret and Q 

bands are in agreement with the electronic spectra for the CoIITPyP complex shown 

in Figure 56. 

 

Figure 61. Spectroelectrochemistry spectra of CoIII/IITRP(dmbpy) in DMF. 
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CoIIITRP(dmbpy)/4GO composite characterization 

 UV-vis spectra 

 Comparative absorption/scattering spectra for the CoIIITRP(dmbpy)/4GO 

composite and its isolated constituents GO and CoIIITRP(dmbpy) is shown in Figure 

62. The scattering spectrum profile of the composite (black line) is that of the additive 

contribution of the GO scattering spectrum (red line) and absorption spectrum of 

CoIIITRP(dmbpy) supramolecule (blue line) indicating weak interaction between 

them. It is noticeable the presence of the Soret band at 436 nm and the IL dmbpy 

pπ→pπ* transition at 292 nm. Increasing baseline both in GO and composite spectra 

indicates the interaction between CoIIITRP(dmbpy) and GO ensuring the formation of 

the desired CoIIITRP(dmbpy)/4GO compound. 

 

Figure 62. UV-vis/scattering spectra of CoIIITRP(dmbpy) (blue line), GO (red line) and 

CoIIITRP(dmbpy)/4GO composite (black line). 
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 Raman spectra 

 Comparative Raman spectra for the GO, CoIIITRP(dmbpy) and 

CoIIITRP(dmbpy)/4GO is shown in Figure 63a. GO spectrum (red line) possess two 

distinguishable peaks assigned as the symmetric D band at 1353 cm-1 and a G band 

at 1608 cm-1 from νC=C. 

It is observed in the composite spectrum the additive contribution of the peaks 

of the GO and CoIIITRP(dmbpy) constituents without any energy shift in the 

vibrational modes indicating once again a weak interaction between these two 

moieties` π-systems. 

 

Figure 63. Raman spectra of GO, CoIIITRP(dmbpy) and CoIIITRP(dmbpy)/4GO (a), confocal 

Raman images of CoIIITRP(dmbpy)/4GO generated from CoIIITRP(dmbpy) spectra (b), from 

GO (c) and convoluted image (d). Raman profile contribution of CoIIITRP(dmbpy) and GO 

along 

Composite homogeneity is of crucial importance for possible applications. 

Therefore, confocal Raman images were generated in order to observe the 

distribution of the CoIIITRP(dmbpy) (Fig 63b), GO sheets (Fig 63c) and the overall 

allocation of the composite along the working surface (Fig 63d). With these chemical 

mappings, it was observed a homogeneous distribution of both CoIIITRP(dmbpy) and 
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GO along the surface explored, confirmed by the convoluted image in Figure 63d and 

its Raman profile contribution (Figure 63e) along the green line displaying the binary 

character of the deposited composite. 

CoIIITRP(dmbpy)/4GO composite electrochemical behavior 

This composite was drop casted over a GC electrode and dried under air with 

the aim of testing upon oxygen detection through reductive catalysis. These 

measurements were performed in collaboration with Professor Mauro Bertotti´s 

Laboratory and the CVs are shown in Figure 64 for the cathodic region of a dioxygen 

saturated aqueous solution. From these experiments we were able to see the anodic 

shift of the reductive process of the O2 molecule with an outstanding potential 

anticipation for the CoIIITRP(dmbpy) deposited over the GC electrode (green line) 

and the CoIIITRP(dmbpy)/4GO composite (blue line). This shift was over 800 mV 

when compared with the bare GC electrode (black line) indicating a synergistic 

interaction between the CoIIITRP(dmbpy) complex and the GO sheets making this a 

suitable material for dioxygen sensing devices once the reduction mechanism is 

elucidated. 

For this reason, RDE measurements were performed in order to clarify the 

reduction pathway being performed by the composite. Several voltammograms at 

different rotation speeds and disk potentials were collected and employed in the 

corresponding Levich and Koutecky-Levich plots shown in appendant 3 in the 

published article. 126 The number of electrons involved in the process (n) was 

calculated from the slope of the Koutecky-Levich linearizations and compared with 

the theoretical slopes for n = 2 and 4 for hydrogen peroxide and water formation 

respectively. It was brought to our attention that the reduction process was 
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tetraelectronic when the bias potential was more negative than 0.28 V (vs SHE). 

Conversely, when the potential was more positive than 0.28 V, the rate of electron 

transfer from the electrode to the composite may be limiting the reaction to a 

bielectronic reduction. 

Analytical performance of the modified electrodes was done by measuring 

their response in a deaerated solution (Ar) upon O2 bubbling affording a linear 

response as a function of dissolved dioxygen concentration with a bias potential of 

0.17 V yielding a limit of detection of 5.8x10-6 mol L-1. 

On the other hand, stability of the modified electrodes and reproducibility of 

the analytical signal was monitored employing fast cycling of dioxygen concentration. 

Thus, the response time curve when switching between O2 saturated to argon 

saturated solution indicated a rapid and reproducible responses over long periods of 

time. Moreover, potential physiological interferents such as glucose, urea and 

ascorbic acid where added and none or very low current variations were observed. 
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Figure 64. Cathodic region of cyclic voltammograms of GC (black line), GO/GC (red line), 

CoIIITRP(dmbpy)/GC (green line), CoIIITRP(dmbpy)/4GO (blue line) modified electrodes of an 

O2 saturated aqueous solution. 

 Chapter III conclusions 

 Supramolecular CoIIITRP(dmbpy) complex was successfully synthesized from 

its minor cis-RuII(dmbpy)2Cl2 and CoIITPyP complexes and fully characterized. 

 The CoIIITRP(dmbpy)/4GO composite was prepared and fully characterized 

prior to its utilization in modified electrodes. 

 Modified electrodes employing the CoIIITRP(dmbpy)/4GO composite displayed 

outstanding activity towards dioxygen reduction in aqueous media with an 

approximately 800 mV cathodic shift when compared with bare GC electrodes. 

Furthermore, dioxygen reduction mechanism found for this composite suggests a 

four-electron transfer when the bias potential is more negative than 0.28 V vs SHE. 
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 Stability measurements exhibited rapid and stable responses overtime with 

little to no interference from common physiological compounds. 

 Due to the afforded experimental evidence, it is possible to assemble and 

develop reliable dissolved dioxygen sensors from the CoIIITRP(dmbpy)/4GO 

composite. 
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CHAPTER IV: Synthesis and Characterization of 

Co
III
TRP(dcbpy)-Ni Coordination Polymer and its GO 

Composite for Isoniazid Sensing. 

 

cis-[RuII(H2dcbpy)2Cl2] characterization 

 UV-vis spectra 

 Electronic spectra for the cis-[RuII(H2dcbpy)2Cl2] complex shown in Figure 65 

exhibits a band at 314 nm assigned to the IL pπ→pπ* transition from the H2dcbpy 

ligands and two MLCT bands from dπ→pπ* at 398 and 543 nm. 

 

Figure 65. UV-vis spectra from cis-[RuII(H2dcbpy)2Cl2] in DMF. 

 1H-NMR spectra 

 1H-NMR spectra shown in Figure 66 displays six well-defined signals with 

some minor impurities from the complex [RuII(H2dcbpy)3]Cl2 that do not represent any 
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inconvenient for further synthetic steps. Assignation was made upon coupling 

constants found (J in Hz). 

 1H NMR (500 MHz, DMSO-d6) δ ppm 7.46 (d, J=5.80 Hz, 2 H) 8.19 (d, J=5.80 

Hz, 2 H) 8.85 (dd, J=1.53, 0.92 Hz, 2 H) 8.90 (dd, J=4.88, 0.92 Hz, 2 H) 9.03 (s, 2 H) 

10.06 (d, J=5.80 Hz, 2 H). 

 

Figure 66. 1H-NMR spectra of cis-[RuII(H2dcbpy)2Cl2] in DMSO-d6. 

CoIIITRP(H2dcbpy) characterization 

 1H-NMR and 2D 1H-1H COSY NMR spectra 

 Figure 67 displays the 1H-NMR spectrum of CoIIITRP(dcbpy) exhibiting nine 

signals distributed between the 8.5-11 ppm window. Due to high symmetry of the 

CoIIITPyP moiety, only three signals appear for the pyrrole hydrogens and pyridine 

ortho and meta protons. However, low symmetry of the peripheral ruthenium 

complexes generates different magnetic environments for the protons in the dcbpy 

rings just like the 1H NMR spectrum for the cis-[RuII(H2dcbpy)2Cl2] complex. 

Therefore, it was expected a total of seventy-two hydrogens distributed equally 
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among nine signals. Due to spin-spin coupling, Hb, Hc, H1, H2, H5 and H6 protons 

should appear as doublets and Ha, H3 and H4 protons as singlets. 

 Due to the higher complexity of this tetraruthenated porphyrin, assignment of 

the signals within the 1H-NMR spectrum was not straightforward and a homonuclear 

spin coupling 2D NMR experiment (COSY) shown in Figure 68 was employed to 

unequivocally allocate the protons in the TRP structure (Figure 67 inset). In this 

spectrum, appeared couplings of protons H4-H5 and H2-H3 that were crucial to fully 

differentiate and assign the “singlets” H3 and H4. It was also relevant the coupling 

between Hb-Hc from the pyridyl group from the CoIIITPyP residue. 

1H NMR (500 MHz, D2O/NaOD) δ ppm 8.67 (d, J=5.19 Hz, 8 H) 9.05 (d, 

J=5.80 Hz, 8 H) 9.10 (d, J=5.49 Hz, 8 H) 9.29 (d, J=5.80 Hz, 8 H) 9.48 (d, J=4.88 Hz, 

8 H) 10.03 (s, 8 H) 10.23 (s, 8 H) 10.29 (s, 8 H) 10.77 (d, J=5.49 Hz, 8 H). 

 

Figure 67. 1H-NMR spectrum of CoIIITRP(dcbpy) in D2O/NaOD. 
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Figure 68. 2D 1H-1H NMR COSY spectrum of CoIIITRP(dcbpy) in D2O/NaOD. 

 UV-vis spectra 

 Figure 69 displays the UV-vis spectrum of CoIIITRP(dcbpy) complex in 

MeOH/H2O/NaOH which highlights the additive nature of its constituents’ spectra 

(Figures 56 and 65). The first transition located at 308 nm was assigned as IL from 

the pπ→pπ* in the dcbpy ligands, slightly shifted towards higher energies when 

compared with the free ruthenium complex due to the formal negative charge in the 

carboxylic groups which destabilizes the pπ* level. This trend was also observed in 

the CoIIITRP(dmbpy) indicating that destabilization of the pπ* orbital upon coordination 

of the CoIIITPyP moiety may be also taking place. 

 The Soret band appears at 435 nm, almost the same energy of that for the 

CoIIITRP(dmbpy) supramolecule, indicating that stabilization of the second excited 
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state (S2) of the CoIIITPyP is affected by the bpy electron donating nature under our 

experimental conditions. 

 Q bands are located at 543 nm (Q1-0) and 590 nm (Q0-0) as expected for a 

Co(III) porphyrin species. Likewise observed for the Soret band, Q bands in 

CoIIITRP(H2dcbpy) are located at almost the same energies than those of the 

CoIIITRP(dmbpy) compound indicating that stabilization of the first electronic excited 

state of the CoIIITPyP residue is dependent of the bpy ligand nature for this particular 

case. As discussed for the CoIIITRP(dmbpy) the oxidation of the cobalt center from 

Co(II) to Co (III) is attributed to the reaction with dioxygen in the air exposed 

solutions. 

 Moreover, the absorption spectrum exhibits broad bands at 364 nm and 504 

nm ascribed to the peripheral ruthenium complexes MLCT Ru dπ→pπ* dcbpy. 

 

Figure 69. UV-vis spectra of CoIIITRP(dcbpy) in MeOH/H2O/NaOH. 
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 Table V summarizes the electronic transitions of the CoIIITRP (dmbpy and 

dcbpy) and its constituents ruthenium complexes and CoIIITPyP. 

Table V. Summary of UV-vis spectra transitions from CoIIITRP supramolecules and its 

constituent complexes. 

Compound Band (nm) 

IL Soret MLCT1 MLCT2 Q(1-0) Q(0-0) 

CoIITPyP - 413 - - 533 

cis-[RuII(dmbpy)2Cl2] 297 - 569 413 - 

cis-[Ru
II
(H2dcbpy)2Cl2] 314 - 543 398 - 

CoIIITRP(dmbpy) 292 436 497 366 545 594 

CoIIITRP(dcbpy) 308 435 504 364 543 590 

Spectrophotometric titration 

 The spectrophotometric titration of CoIIITRP(dcbpy) species was performed 

sweeping the 13 to 2 pH window. But due to the elevated number of carboxylic 

groups capable of undergo acid-base equilibriums (sixteen in total) pKa 

determination was unsuccessful because no well-defined sigmoidal patterns were 

obtained when monitoring different absorption bands in the basic pH range (pH > 7). 

On the other hand, results for the acid pH window (pH < 7) were much more 

congruent and allowed a better understanding of the processes taking place. 

 Figure 70a displays the spectrophotometric titration of the CoIIITRP(dcbpy) 

species in the 7 to 2 pH window. The first noticeable change is the red-shifting of the 

IL band from 308 nm to 313 nm upon dcbpy protonation this is in agreement with a 
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higher stabilization of the π* orbital owed to the negative charge neutralization in the 

carboxylic groups. The Soret band is shifted towards lower energies from 436 nm to 

441 nm and its absorbance is diminished with a concomitant increasing of the MLCT 

band absorption induced by the π* orbital stabilization in the dcbpy ligands. 

 Monitoring the absorbance at 436 nm yielded the best results in order to 

stablish what is believed to be the first deprotonation process underwent by the 

supramolecule. This is shown in Figure 70b displaying the sigmoidal fitting performed 

with a calculated r2 = 0.99028. 

 

Figure 70. Spectrophotometric titration of CoIIITRP(dcbpy) (a), sigmoidal fitting for 

absorbance at 436 nm (b) and second derivative of the sigmoidal function (c). 

 As discussed in previous spectrophotometric titrations, the second derivative 

of the fitted sigmoidal curve afforded the pKa value for the process when its value 



 
 

145 
 

reaches zero. Figure 70c exhibits this second derivative plot with the calculated pKa 

3.46. 

 FTIR spectra 

 Figure 71 displays the FTIR spectrum of CoIIITRP(H2dcbpy) in which appear 

the very broad νOH stretching band at 3437 cm-1 mainly from the -OH in the 

carboxylic groups and its hydrogen bond with water molecules. Little shoulders 

corresponding to the νCH sp2 from the aromatic rings are visible between 2900 and 

3100 cm-1. The carbonyl stretching band (νC=O) appeared at 1726 cm-1. 

 Unfortunately, unequivocal band assignments cannot be done in this case 

since the CoIIITRP(H2dcbpy) species bears similar functional groups within its 

structure that may result in overlapped absorption bands. Therefore, we will refer to 

regions in the spectrum where vibrational bands of some functional groups are 

typically located. Bands at 1612 and 1546 cm-1 can be assigned to νC=C stretching 

mode of double bonds in aromatic rings. Also, several ring vibration modes 

(porphyrin ring included) and aromatic ring vibrations can be found in the 1100 to 

1500 cm-1 region. Finally, δC-C-H bending mode associated with the β-pyrrolic 

hydrogens can be found in the lower energy end of the spectra between 700 to 850 

cm-1.127,128 
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Figure 71. FTIR spectrum of CoIIITRP(H2dcbpy) in KBr pellet. 

 Raman spectra 

 Raman spectra of the CoIIITRP(H2dcbpy) compound is shown in Figure 72 and 

collected employing the 532 nm laser as excitation source. 

Peaks at 360 and 703 cm-1 assigned to the ϕC–C macrocycle ring deformation 

(δ(porph) + δ(py)) and γC–H out of plane deformation modes, respectively, whereas 

the band at 1022 cm-1 was attributed to C–N in-plane stretching mode of py. The 

peaks at 1261 cm-1 δ(Cm-py), 1473 cm-1 (Cα-Cβ), 1534 cm-1 (Cβ-Cβ) and (C-C)+ 

(C-N)+ δ(CCH), 1606 cm-1 (C-C)+(C-N) and 3068 cm-1
(Cβ-H) were associated 

with the CoIIITRP(H2dcbpy) complex. 
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Figure 72. Raman spectra of CoIIITRP(H2dcbpy). 

Electrochemistry 

 CV experiment shown in Figure 73 exhibits redox processes of all the 

constituents in the CoIIITRP(dcbpy) complex. The anodic region displays the RuIII/RuII 

wave at Epa = 1.18 V as an irreversible process for the four peripheral complexes 

which is a result of the catalytic current arisen from sample preparation that included 

an addition of water and sodium hydroxide to fully dissolve the porphyrin. The 

appearance of only one redox wave for the ruthenium process indicates no electronic 

communication between the metal centers by acting as independent redox sites. 

 Cathodic region in the CV possess three distinguishable processes. The first 

wave at Epc = -1.18 V was assigned to the first reduction of the porphyrin ring to the 

radical anion, while its second reduction to the dianion appeared at Epc = -1.32 V. 

The first reduction of the dcbpy ligand to the radical anion was observed at Epc = -

1.54 V. 
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 As perceived in the CV for the CoIIITRP(dmbpy) species, the CoIII/CoII process 

did not appear in CoIIITRP(dcbpy) voltammogram due to its slow heterogeneous 

electron transfer kinetics discussed before. 

 

Figure 73. Cyclic voltammogram of CoIIITRP(dcbpy) in DMF/H2O/NaOH mixture 100 mV s-1. 

 Spectroelectrochemistry 

 Figure 74 displays the spectroelectrochemistry spectra performed between 

1.03 and 1.27 V for the RuIII/RuII process. The most noticeable spectral changes 

were from the IL pπ→pπ* from the dcbpy ligands lowering its intensity being 

compensated by broadening at 308 nm. MLCT2 band at 364 nm is diminished 

together with the MLCT1 at 504 nm due to oxidation of the ruthenium center the 

charge transfer is no longer possible from the metal to the dcbpy ligands owing to the 

low electronic density over the dπ orbitals. 
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 Soret and Q bands profiles remain unchanged along with their energies, 

indicating that in the potential window swept the only electrochemical process 

involved is that of the ruthenium core. 

 

Figure 74. Spectroelectrochemistry spectra of CoIIITRP(dcbpy) in DMF. 

 Spectroelectrochemistry was employed to identify the presence of the CoIII/CoII 

process and is shown in Figure 75. Therefore, potential sweeping between 0.2 to -

0.43 V afforded well-defined UV-vis spectral changes centered in the CoIII/IITPyP 

moiety transitions.  

Soret band is red-shifted towards 412 nm upon cobalt reduction corresponding 

to the wavelength found for the CoIITPyP (Table V). The most outstanding feature 

observed in this band is the isosbestic point indicating the equilibrium between the 

Co(III) and Co(II) species (Figure 75 inset) affording an estimate E1/2 = 0.05 V. 

Q bands also gave a glimpse of the reduction process taking place within the 

potential sweep. With a two Q band profile in the Co(III) species to a single Q band at 
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531 nm for the Co(II) center which is in agreement with the wavelength found for the 

Q band in the CoIITPyP complex (Table V). 

 

Figure 75. Spectroelectrochemistry spectra of CoIII/IITRP(dcbpy) in DMF. 

CoIIITRP(dcbpy)-Ni/GO composite characterization 

 The synthetic approach taken for this particular composite demanded a series 

of requirements in order to facilitate the interaction between the highly negatively 

charged CoIIITRP(dcbpy) species and GO sheets. Previous attempts showed little to 

no interaction of the GO dispersion with the supramolecular porphyrin by means of 

UV-vis measurements of the remaining supernatant. Therefore, a coordination 

polymer exploiting the carboxylate groups in the CoIIITRP(dcbpy) complex would 

reduce the net negative charge to the extent of favoring the interaction with GO. 

Nickel (II) was the chosen ion to take part into the coordination polymer mainly 

because its coordination geometry which may favor a 2D arrangement and its 

charge. 
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 X-ray Powder Diffraction measurement 

 XRPD experiments shown in Figure 76 displayed significant shift for the 001 

reflection plane to lower 2θ values from 11.3° in GO to 6.5° in the composite, 

confirming a lamellar structure with the CoIIITRP(dcbpy)-Ni coordination polymer 

intercalated between GO sheets. 

 Average crystallite size was estimated from the 001 reflection peaks 

employing the Debye-Scherrer equation 20. 

            ⁄         20 

 Where D is the average crystallite size, λ is the x-ray irradiation wavelength, B 

is the FWHM in radians and K is the Scherrer constant (0.9). With this equation the 

crystallite sizes found were 5.6 and 2.5 nm for GO and CoIIITRP(dcbpy)-Ni/GO 

respectively. In agreement with the interaction and easier dispersibility of the of the 

CoIIITRP(dcbpy)-Ni/GO composite when compared with GO. 

 Eq 20 was employed even though the morphology expected for the 

nanocomposite differs substantially from an sphere (K = 0.9), affording an 

approximate crystallite size which was the objective behind this approximation. 
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Figure 76. X-ray powder diffractograms of CoIIITRP(dcbpy)-Ni/GO (red line) and GO (black 

line). 

 FTIR spectra 

 Comparative FTIR spectra for the CoIIITRP(dcbpy)-Ni/GO composite and its 

constituents are shown in Figure 77. It was observed the additive profile for the 

composite spectrum (blue line) exhibiting IR bands corresponding to its components 

such as the 1984 cm-1 band from the CoIIITRP(H2dcbpy) complex and the 1075 cm-1 

from the GO typically attributed to stretching modes of the epoxy groups and the 

1632 cm-1 band is assigned to the ν(C=C) vibration. On the other hand, the 

disappearance of some bands was attributed to the hindrance of some vibrational 

modes, as consequence of the interaction of CoIIITRP(dcbpy)-Ni with GO, an 

example of such vibrations are; the out of plane deformations and bending modes. 

 The absence of the ν(C=O) stretching band at 1726 cm-1 in the composite IR 

spectrum, is ascribed to the coordination of the Ni(II) ions to the carboxylate groups, 

lowering the C=O bond stretching energy. 
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Figure 77. FTIR spectra of CoIIITRP(H2dcbpy) (black line), GO (red line) and 

CoIIITRP(dcbpy)-Ni/GO composite (blue line) in KBr pellets. 

Raman spectra 

 Figure 78 displays the comparative Raman spectra of the CoIIITRP(H2dcbpy) 

(black line), GO (red line) and CoIIITRP(dcbpy)-Ni/GO composite (blue line). GO 

spectrum exhibited the D band at 1330 cm-1 assigned to the sp2 aromatic carbon 

rings breathing modes in regions where structural disorders and defects are present, 

and the G band which is ascribed to the first order scattering of E2g phonons of in-

plane bond-stretching motions of sp2 carbon atoms at 1595 cm-1.129 
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Figure 78. Raman comparative spectra of CoIIITRP(H2dcbpy) (black line), GO (red line) and 

CoIIITRP(dcbpy)-Ni/GO composite (blue line) λexc 532 nm. 

Complementarity of the GO and CoIIITRP(H2dcbpy) spectra leads to easily 

distinguishable vibration peaks in the composite spectrum facilitating the Raman 

mapping of the CoIIITRP(dcbpy)-Ni/GO composite shown in Figure 79. The mapping 

was performed over the same composite aggregate and the images were generated 

by monitoring the Raman peak at 1350 cm-1 of the GO spectrum and presented as 

the red picture displayed in Figure 79a. Figure 79b was obtained when tracking the 

peak at 1540 cm-1 of the CoIIITRP(H2dcbpy) spectrum. Both Figures 79a and 79b 

were convoluted in order to generate an image exhibiting the contribution and 

therefore the distribution of the GO and CoIIITRP(H2dcbpy) over the composite 

aggregate (Figure 79c) confirming a homogeneous distribution of the GO and the 

tetraruthenated porphyrin along the composite as observed by the yellow color.  
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Figure 79. Raman microscopy images from 1350 cm-1 GO band (a), 1540 cm-1 

CoIIITRP(H2dcbpy) band (b) and convoluted CoIIITRP(dcbpy)-Ni/GO composite image (c). 

CoIIITRP(dcbpy)-Ni/GO composite electrochemical behavior 

Isoniazid is a heterocyclic compound shown in Figure 80a and widely 

employed as an antibiotic for tuberculosis treatment. Although it is used together with 

rifampicin or other antibiotics it could be employed on its own. This molecule´s 

antibiotic properties rely on its ability to disrupt the bacteria´s cell wall formation.  

However, some undesirable side effects can often appear, mostly when 

isoniazid blood concentration is not controlled. This side effects include increased 

blood levels of liver enzymes and hepatotoxicity.130 

Hence, a reliable, fast and easy method for isoniazid quantification is of high 

interest. Therefore, the oxidative catalysis observed for CoIIITRP(dcbpy)-Ni/GO 

composite competes with already published methodologies in the potential observed 
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for the isoniazid electrochemical process, linear range and LOD. Nevertheless, the 

ease of sample preparation for our composite stands above the rest because little to 

no modifications were performed in order to obtain reproducible results. For our 

quantification experiments isoniazid aqueous solutions with KNO3 (0.1 mol L-1) as 

supporting electrolyte were employed successfully. 

Figure 80b displays the cyclic voltammograms of increasing isoniazid 

concentration (1x10-4 to 1x10-3 mol L-1) at 100 mV s-1. The oxidative catalysis of 

isoniazid performed by the modified GC electrode with CoIIITRP(dcbpy)-Ni/GO 

composite appears at Epa between 0.2 and 0.32 V vs SHE. The electrochemical 

wave was observed as an irreversible process which is explained by the nature of the 

species generated upon isoniazid oxidation (N2 and isonicotinic acid). This was 

confirmed by dinitrogen evolution on the surface of the modified electrode in a 

deaerated isoniazid solution. 

Plotting of concentration vs current peak taken from CVs shown in Figure 80c 

afforded a linear behavior with increasing concentration with an r2 = 0.9979, 

indicating a good fitting that could be employed for real sample quantifications as 

performed by P. Rossini for a commercial tablet used in tuberculosis treatments and 

shown in the published article.131 

Composite modified electrode performance was compared with bare GC and a 

GO modified electrode and its electrochemical responses are shown in Figure 81. 

From that comparative figure the synergistic effect between the GO and 

CoIIITRP(dcbpy)-Ni polymer stands out with an anodic shift of approximately 400 mV 

from the bare GC electrode and about 300 mV from the GO modified electrode, 
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meaning less possible interferents from real samples due to the low applied voltage 

required to oxidize isoniazid. 

 

Figure 80. Schematic structure of isoniazid (a), cyclic voltammograms with increasing 

concentration of isoniazid at 100 mV s-1 (b) and linear behavior of concentration vs peak 

current (c). 

 Since analytical quantifications are usually performed applying a bias potential 

(to the working electrode) that is usually above the redox wave observed for the 

analyte, this linear behavior employing the peak current (Figure 80c) is a valid way of 

observing current behavior and will not differ from the currents measured in the 

quantification process due to the higher potential employed. 
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Figure 81. Comparative CVs upon isoniazid (2x10-4 mol L-1) oxidation of GC (black line), GO 

(red line) and CoIIITRP(dcbpy)-Ni/GO (blue line) modified electrodes, 100 mV s-1. 

 Stability experiments performed over several days displayed an overall good 

physical adherence of the composite to the GC electrode surface and the 

electrochemical behavior shown in Figure 82a exhibited a stable response under 

working conditions, presenting about 90% activity after four days as displayed in 

Figure 82b. With these results continuous usage of CoIIITRP(dcbpy)-Ni/GO modified 

electrodes is not advise for longer than four days, however as exposed above, ease 

of sample and electrode modification account for further viability of the proposed 

sensors. 
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Figure 82. Cyclic voltammograms of a 2x10-4 mol L-1 isoniazid solution over a four day period 

(a) and CVs peak current behavior over time (b), 100 mV s-1. 

 BIA experiments performed by Rossini (Appendix 5) allowed the analytical 

determination of the LOD and LOQ by using isoniazid solutions between 4.0x10-5 to 

1.2x10-4 mol L-1 affording LOD = 3.53x10-6 mol L-1 and LOQ = 1.18x10-5 mol L-1. This 

sensitivity is comparable with reported electroanalytical sensors. However, it should 

be addressed that our modified electrode performs under significant milder conditions 

(e.g. E = 0.10 V vs Ag/AgCl and pH 7) in relation to the methods shown in Table VI. 

 Moreover, determination of isoniazid in a pharmaceutical sample was 

performed by BIA experiments and the results were in excellent agreement with the 

expected values with only a 0.48% higher content in relation to the values afforded in 

the tablets tested. 
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Table VI. Comparison of different modified electrodes performance towards oxidative 

isoniazid detection. 

Electrode Method Potential 

(V) 

vs 

Ag/AgCl 

Detection 

Limit (µM) 

Linear 

Range 

(µM) 

Buffer (pH) Reference 

CoTRP(dcbpy)2]-Ni/GO BIA 0.10 3.5 100-

1000 

KNO3 (7) Present 

work 

 75:25, NiCo(OH)2 BIA 0.33 0.05 99-950 KOH 1mol L
-1

 
130

 

OPPy/GC CV 0.105 3.15 - NH3/NH4Cl (9) 
132

 

ARS/GC LSV 0.5 3.94 10-800 PBS (6) 
133

 

Rh/GC CV 0.80 13.00 70-130 PBS (7) 
134

 

Ag-HCF/SPE FIA 0.45 2.6 5-500 (3) 
135

 

Bentonite clay/GC LSV 0.85 0.80 - Na2SO4 (13.5) 
136

 

GO/GC LSV 0.307 0.17 2-70 PBS (7) 
137

 

f-MWCNT/GC CV 0.40 0.27 1-70 AB (4) 
138

 

OPPy = overoxidized polypyrrole; GC = glassy carbon electrode; ARS = Alizarin Red S; PH = 

poly-L-histidine; HCF = Hexacianoferrate; SPE = Screen Printed Electrode; PBS = Phosphate Buffer 

Solution; f-MWCNT = Functionalized Multiwalled Carbon Nanotubes. 

 

Chapter V conclusions 

 CoIIITRP(H2dcbpy) supramolecule was successfully synthesized from its minor 

cis-RuII(H2dcbpy)2Cl2 and CoIITPyP complexes and fully characterized by several 

analytic techniques. 
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 CoIIITRP(dcbpy)-Ni coordination polymer was successfully generated in situ in 

order to promote the CoIIITRP(dcbpy)-Ni/GO composite formation. 

 CoIIITRP(dcbpy)-Ni/GO modified electrodes displayed very good activity 

towards isoniazid oxidative sensing with an anodic shift of approximately 400 mV 

when compared to a bare GC electrode. Furthermore, linear current response was 

obtained in the 1x10-4 to 1x10-3 mol L-1 isoniazid concentration range. Moreover, 

stability tests showed a 90% activity retention after four days. 

 CoIIITRP(dcbpy)-Ni/GO modified electrodes afforded a LOD = 3.53x10-6 mol L-

1 and LOQ = 1.18 x10-5 mol L-1 which are comparable to the values found in 

literature. Additionally, these modified electrodes allowed isoniazid determination in a 

commercial tablet employed for tuberculosis treatment with only 0.48% higher 

content than values reported by manufacturer. 

 These experimental results point out the viability of device assembling 

employing CoIIITRP(dcbpy)-Ni/GO composite as modifying agent for effective and 

reliable isoniazid sensors, making them better performers than many reported 

compounds due to the milder sensing conditions employed (pH 7 aqueous media). 
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APPENDICES 

 Appendix 1: [RuII(McTerpy)(dmbpy)(TMT)]PF6 molar extinction 

coefficients. 

Table VII. Molar extinction coefficients of [RuII(McTerpy)(dmbpy)(TMT)]PF6 

Band (nm) ε (cm-1 L mol-1) 

281 63757 

317 38894 

435 9167 

497 9560 
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 Appendix 2: I-V plots of the [RuII(McTerpy)(dmbpy)(HTMT)] and (N-

Bu4)[RuII(McTerpy)(dmbpy)(TMT)] DSSCs. 

 

Figure 83. I-V curve of [RuII(McTerpy)(dmbpy)(HTMT)] assembled DSSC. 

 

Figure 84. I-V curve of (N-Bu4)[RuII(McTerpy)(dmbpy)(TMT)] assembled DSSC. 
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Appendix 3: Electrostatic bending and outer-sphere intervalence transfer 

in a flexible ligand-bridged ruthenium(III)-iron(II) complex paper first page. 
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166 
 

 Appendix 4: CoTRP/Graphene oxide composite as efficient electrode 

material for dissolved oxygen sensors paper first page. 
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 Appendix 5: GO composite encompassing a tetraruthenated cobalt 

porphyrin-Ni coordination polymer and its behavior as isoniazid BIA sensor 

paper first page. 
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Appendix 6: Parallel Collaborations 

 Bromination of 5,15-diisopentiloxyphenylporphyrin (DIPP) with NBS 

 

Figure 85. Schematic representation of 5,15-diisopentiloxyphenylporphyrin. 

This porphyrin was synthesized by Professor Koiti Araki employing the 

aldehyde and dipyrromethane route (variation of the Adler-Longo method). The 

objective with this porphyrin was to synthesize charge separation compounds 

shielding the porphyrin ring with isolating alkyl chains, placing a physical and 

energetical barrier between the HOMO and LUMO.52  

Figure 86, shows the 1H-NMR spectrum of DIPP (5,15-

diisopentiloxyphenylporphyrin) and its assignments, confirming the purity of the 

starting material. 1H NMR (500 MHz, Acetone-d6) δ ppm 1.01 (d, J=6.81 Hz, 24 H) 

1.80 (q, J=6.81 Hz, 8 H) 1.87 - 1.98 (m, 4 H) 4.29 (t, J=6.68 Hz, 8 H) 7.01 (t, J=2.32 

Hz, 2 H) 7.47 (d, J=2.45 Hz, 4 H) 9.20 (d, J=4.63 Hz, 4 H) 9.58 (d, J=4.63 Hz, 4 H) 

10.54 (s, 2 H). 
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Figure 86. 1H NMR spectrum of 5,15-diisopentiloxyphenylporphyrin in acetone-d6. 

Bromination in just one of the free meso positions was achieved by 

meticulously controlling temperature and stoichiometry of the reaction with NBS. 

Therefore 1.000 g (1.2 mmol) of DIPP was dissolved in deaerated (N2) 600 mL of dry 

CHCl3 at 0 °C. A purged (N2) dry CHCl3 solution of 0.2205 g (1.2 mmol) of NBS was 

added dropwise over the course of 6 hours using and addition funnel with vigorous 

stirring. 30 mL of acetone were added to deactivate unreacted NBS and the solution 

was evaporated under rotary evaporator. Silica column chromatography was 

performed using a mixture hexane/CHCl3 1:1 providing three fractions of the Br2-

DIPP, Br-DIPP and unreacted DIPP. All the fractions were collected and the 

brominated compounds characterized. 
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Characterization of Br-DIPP 

 

Figure 87. Schematic representation of 5,15-diisopentiloxyphenyl-10-bromoporphyrin. 

This porphyrin was the main product of the synthetic route followed before; the 

objective with this monobromated compound is to asymmetrically functionalize the 

meso positions 10 and 20 with pyridine or polypyridine type groups with Sonogashira 

cross couplings in order to coordinate different ruthenium complexes to obtain 

differentiated and localized HOMO/LUMO regions within the same molecule 

obtaining larger excited state lifetimes therefore, increasing overall cell efficiencies. 

Elemental analysis showed very good match between the experimental and 

theoretical values:  

% CHN analysis: Exp(Calc) % C 70.25(70.49) % H 6.85(6.94) % N 6.33(6.32). 

ESI mass spectra Figure 88, shows the molecular ion peak [M+H]+ 887.39 m/z 

with the isotopic distribution for one bromine atom in the molecule. There is another 

peak at 909.37 m/z which corresponds to the [M+23]+ ion; those 23 mass units are 

due to a sodium atom, maintaining the same isotopic distribution of the molecular 

peak. 
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Figure 88. ESI mass spectra of Br-DIPP. Nebulizer: 0.8 Bar, Dry Gas: 5 L min-1, Temp: 200 

°C, HV: 4500 V. 

1H NMR spectrum shown in Figure 89 exhibits ten signals for the eleven 

magnetically different protons present in the molecule, due to the proximity of the 

signals for the protons g and h. The presence of the signal for the meso hydrogen (k) 

and the signal splitting of the pyrrole protons confirms that this product is the 

monobromated porphyrin due to symmetry loss.  

1H NMR (500 MHz, Acetone-d6) δ ppm 1.00 (d, J=6.81 Hz, 24 H) 1.79 (q, 

J=6.72 Hz, 8 H) 1.92 (dq, J=13.45, 6.69 Hz, 4 H) 4.28 (t, J=6.68 Hz, 8 H) 7.01 (t, 

J=2.32 Hz, 2 H) 7.44 (d, J=2.18 Hz, 4 H) 9.10 (d, J=4.63 Hz, 2 H) 9.12 (d, J=4.90 Hz, 

2 H) 9.50 (d, J=4.63 Hz, 2 H) 9.80 (d, J=4.63 Hz, 4 H) 10.45 (s, 1 H). 
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Figure 89. 1H NMR spectrum of Br-DIPP in acetone-d6. 

Characterization of Br2-DIPP 

 

Figure 90. Schematic representation of 5,15-diisopentiloxyphenyl-10,20-dibromoporphyrin. 

This porphyrin was obtained as a side product of the bromination described 

and was recovered because it has some potential use in symmetric compounds that 

could be useful for coordination polymers.  
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Elemental analysis showed very good match between the experimental and 

theoretical values: 

% CHN analysis: Exp(Calc) % C 64.86(64.73) % H 6.80(6.27) % N 

5.53(5.81). 

ESI mass spectra in Figure 91, shows the molecular ion peak [M+H]+ 965.31 

m/z with the proper isotopic distribution for a molecule with two bromine atoms. There 

is another peak at 987.29 m/z which corresponds to the [M+23]+ ion; those 23 mass 

units are due to a sodium atom, maintaining the same isotopic distribution of the 

molecular peak. 

 

Figure 91. ESI mass spectra of Br2-DIPP. Nebulizer: 0.8 Bar, Dry Gas: 5 L min-1, Temp: 200 

°C, HV: 4500 V. 

1H NMR spectrum in Figure 92, displays eight signals corresponding with the 

eight magnetically different hydrogens present in Br2-DIPP. Absence of the 10 and 20 

meso protons signal and merging of the pyrrole signals confirm the dibromated 

character of the product due to symmetry recovery. Solubility issues in acetone led to 

chloroform usage in this experiment. 
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1H NMR (500 MHz, CHLOROFORM-d) δ ppm 1.00 (d, J=6.64 Hz, 24 H) 1.79 

(q, J=6.64 Hz, 8 H) 1.86 - 1.94 (m, 4 H) 4.17 (t, J=6.77 Hz, 8 H) 6.91 (t, J=2.30 Hz, 2 

H) 7.33 (d, J=2.30 Hz, 4 H) 8.97 (d, J=4.09 Hz, 4 H) 9.61 (d, J=4.85 Hz, 4 H). 

 

Figure 92. 1H NMR spectrum of Br2-DIPP in chloroform-d. 
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 Synthesis and characterization of 5,15-dioctyloxyphenylporphyrin 

(DOPP). 

 

Figure 93. Schematic representation of 5,15-dioctyloxyphenylporphyrin. 

 This porphyrin was synthesized in collaboration with MSc. Wilmmer Alexander 

Arcos from our laboratory employing the aldehyde and dipyrromethane route 

(variation of the Adler-Longo method). 

 However, the aldehyde and the dipyrromethane were synthesized from 

ordinary organic reagents as reported elsewhere:53 

 Synthesis and characterization of 1,3-dioctyloxybenzene 

 11 g of resorcinol (0.1 mol), 69.6 mL of 1-bromooctane (0.4 mol) and 69 g of 

K2CO3 (0.5 mol) were refluxed for 96 hours in 500 mL dry acetone. Solvent was 

removed employing a rotary evaporator and extracted three times with ethyl acetate 

(100 mL each). The extracts were washed with deionized water and dried employing 

CaSO4. Solvent was removed under vacuum and the product was purified using 

silica column chromatography using hexanes/CHCl3 5:1 as eluent. Solvent was 
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removed in the rotary evaporator and the white product was crystallized from the 

residual slurry by adding acetonitrile and the solid was dried under vacuum overnight. 

 % CHN analysis: Exp(Calc) % C 78.46(78.99) % H 11.61(11.45) % N 

2.26(0). 

 

Figure 94. Schematic representation of 1,3-dioctyloxybenzene synthesis. 

 
1H NMR spectrum shown in Figure 95, exhibits well defined signals for the 

aromatic and nearest protons to the oxygen atoms displaying a higher chemical shift 

when compared with the other alkyl chain hydrogens. 

 1H NMR (300 MHz, CHLOROFORM-d) δ ppm 0.84 - 0.94 (m, 6 H) 1.20 - 1.52 

(m, 20 H) 1.71 - 1.84 (m, 4 H) 3.94 (t, J=6.59 Hz, 4 H) 6.45 - 6.49 (m, 2 H) 6.50 (d, 

J=2.20 Hz, 1 H) 7.11 - 7.20 (m, 1 H). 

 

Figure 95. 1H NMR spectrum of 1,3-dioctyloxybenzene in chloroform-d. 
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 Synthesis and characterization of 2,6-dioctyloxybenzenaldehyde 

 This synthetic route was performed in the Professor Alcindo Santos´ 

laboratory with the aid of MSc Gisele. 5 g of 1,3-dioctyloxybenzene (15 mmol) and 

0.6 mL of freshly distilled TMEDA were dissolved in 50 mL of dry THF employing a 

three necked flask. The solution was bubbled for 15 minutes with dinitrogen and 

cooled to 0 °C and 12.0 mL of n-butyllithium (1.6 mol L-1 solution in hexanes) was 

added dropwise using an addition funnel over 20 min and let to react for 3 hours. The 

solution was warmed to room temperature and 2.5 mL of freshly distilled DMF were 

added dropwise and let to react for further 2 hours. The reaction was stopped with 

water and extracted three times with ether (100 mL each). The combined extracts 

were dried with brine and CaSO4 and dried with a rotary evaporator. The solid was 

recrystallized from hexanes to yield and orange product. 

 

Figure 96. Schematic representation of 2,6-dioctyloxybenzenaldehyde synthesis. 

 As observed in Figure 97, disappearance of proton 1 signal at 6.50 ppm and 

the appearance of a singlet at 10.55 ppm indicates the formation of an aldehyde 

group in the benzene ring. The other aromatic signals exhibit minor shifts due to the 

electronic effect of the aldehyde electron withdrawing nature. 
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Figure 97. 1H NMR spectrum of 2,6-dioctyloxybenzenaldehyde in chloroform-d. 

 1H NMR (300 MHz, CHLOROFORM-d) δ ppm 0.84 - 0.94 (m, 6 H) 1.24 - 1.53 

(m, 20 H) 1.77 - 1.90 (m, 4 H) 4.03 (t, J=6.50 Hz, 4 H) 6.53 (d, J=8.42 Hz, 2 H) 7.38 

(t, J=8.42 Hz, 1 H) 10.55 (s, 1 H). 

Synthesis and characterization of DOPP 

 2.0 g of dipyrromethane (13.8 mmol) and 5.0 g of 2,6-

dioctyloxybenzenaldehyde (13.8 mmol) were dissolved in 1 L DCM and degassed 

with dinitrogen for 15 minutes. Right after, 0.96 mL of trifluoroacetic acid (12.4 mmol) 

were added and the solution was stirred for 4 hours at room temperature. 4.7 g of 

DDQ (20.7 mmol) were added to the stirring solution and let to react for 1 hour. The 

mixture was basified employing diethylamine approximately 20 mL and filtered 

through silica in a glass crucible. Solvent was removed in a rotary evaporator and the 

remaining solid was purified using silica column chromatography with DCM/Hexanes 

1:2 as eluent. 
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 This porphyrin presented solubility issues in chloroform; hence the preferred 

choice was acetone to collect the spectrum. As observed in Figure 98 there are five 

well-defined signals in the aromatic region of the spectrum. Being three of them from 

the pyrrole (5 and 6) and 10,20 -meso (7) protons, indicating a close resemblance of 

5,15-diisopentiloxyphenylporphyrin (DIPP) 1H NMR spectrum. Nevertheless, the alkyl 

chains disposition differs in DOPP, positioning them over and under the porphyrin 

ring as shown by Yella and coworkers in their DFT and TDDFT calculations.52 This 

proximity between them and the porphyrin core ring current, make their magnetic 

environments unstable, generating multiple signals with poor definition and 

unmatching integrals. 

 

Figure 98. 1H NMR spectrum of DOPP in acetone-d6. 

 1H NMR (300 MHz, acetone-d6) δ ppm 3.92 (t, J=6.13 Hz, 8 H) 7.15 (d, J=8.42 

Hz, 4 H) 7.78 (t, J=8.33 Hz, 2 H) 8.96 (d, J=4.58 Hz, 4 H) 9.41 (d, J=4.58 Hz, 4 H) 

10.32 (s, 2 H). 
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Chapter V conclusions 

 DIPP was obtained in its pure form from Professor Koiti Araki, it was 

successfully characterized and functionalized with NBS for further synthetic steps 

with the aim to create both symmetric an asymmetric porphyrins capable of 

coordinate two metal centers, opening the possibilities to assemble supramolecular 

structures able to display catalytic and photochemical among other properties. 

 DOPP was fully synthesized from resorcinol and pyrrole through several 

reaction steps. The aim with this porphyrin was to perform a reliable comparison with 

DIPP for supramolecular porphyrins bearing metal complexes or clusters (i.e. MOFs) 

and the differences in performance from the sole organic porphyrins reported by 

Yella and coworkers. 

 Unfortunately, by not being the main objective of my doctoral research, time 

ran out and further synthetic steps couldn´t be executed. Nevertheless, the objectives 

being pursued with these porphyrins are attractive enough to other fellow 

researchers within LQSN continue this endeavor. 
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Full 1H NMR spectrum of DOPP 
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