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Abstract 

The novel [Ru(II),Ru(II)] dinuclear complex [{Ru(bpy)(ttpy)}2(µ-tdpc)][PF6]2, 

where ttpy: 4-(tert-butylphenyl)-2,2′:6′,2″-terpyridine, bpy: 2,2′-bipyridine and tdpc2- is 

3,6-bis(phenylcyanamido)-1,2,4,5-tetrazine, was synthesized and characterized by 

elemental analysis, 1H-NMR, IR and UV-Vis spectroscopies. Analysis of the cyclic 

voltammetry data combined with spectroelectrochemistry results indicates the 

[Ru(II),Ru(III)] complex is a weakly coupled Class II system. These results were 

compared against the properties of the strongly coupled Class II complex, 

[{Ru(bpy)(trpy)}2(µ-adpc)]3+, where trpy: 2,2′:6′,6″-terpyridine and adpc2-:                 

4,4′-azodi(phenylcyanamide).  DFT calculations of the free ligands and mixed-valence 

complexes suggest that metal-metal coupling primarily occurs via the hole-transfer 

mechanism. 

Two dinuclear complexes, [{Ru(bpy)2}2(µ-adpc)2] and [{Ru(bpy)2(dmso)}2(µ-

adpc)][PF6]2 where dmso: dimethylsulfoxide, were synthesized and characterized by 

elemental analysis, 1H-NMR and UV-Vis spectroscopies. Spectroelectrochemistry studies 

showed delocalized metal-metal mixed-valence Class II description for [{Ru(bpy)2}2(µ-

adpc)2]
+. The [{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 complex exhibits photo-induced Ru-S 

to Ru-O and thermal Ru-O to Ru-S linkage isomerism in DMSO solution. DFT 

calculations suggested the non-innocent behavior of phenylcyanamide ligand in both 

complexes.
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Chapter 1: General Introduction 

 

Researchers around the world are attempting to synthesize single molecules which 

operate as electronic devices to improve the speed of information processing and 

communications as well as decreasing the size of devices.1 Possible molecular devices 

are those with flexible structures that can reversibly change between two or more stable 

states. These devices can be used to control electricity (molecular electronic switches),1,2 

to control light (molecular photonic devices), to think and calculate (molecular 

computers), to transmit signals in desired directions and also in biological systems such 

as ion channels for signal transduction and so on.1 Other molecular devices can be based 

on electro-chromic materials which can be organic, inorganic, polymeric and also mixed-

valence complexes. In response to a changing electric field, these compounds change 

their absorption of electromagnetic radiation (their color changes) and have been used as 

switchable windows and mirrors, electromagnetic shutters and so on.3 

Conductor or semi-conductor molecules have been used as molecular switches. 

Building blocks of these devices are molecules with both oxidizing and reducing moieties 

such as mixed-valence complexes or complexes of redox active metals with non-innocent 

ligands. These complexes are capable of long-range intramolecular electron transfer.4 The 

archetypical example is the Creutz-Taube ion,  

N N Ru(NH3)5(H3N)5Ru

5+
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whose mixed-valence properties have been extensively examined using a comprehensive 

range of physical methods. 

 

1.1 Mixed-valence Complexes 

According to Robin and Day’s classification, mixed-valence complexes are 

divided into three different groups depending on the degree of coupling (the magnitude/ 

extent of delocalization) between metal centres.4 For Class I complexes, there is no 

coupling between metal centres and the properties of the complexes are the same as 

individual metal centres. For Class II complexes, coupling between metal centres are 

weak and the properties of the metal centres are mixed. Importantly, Class II complexes 

possess an intervalence absorption band.  This is a charge-transfer electronic transition 

from the donor-metal centre to the acceptor-metal centre.  For Class III complexes the 

coupling is extremely large and because of this, there is no barrier to thermal electron 

transfer between metal centres. In this delocalized state the odd electron is shared equally 

between metal centres and this gives rise to partial oxidation state.4,5 A new Class of 

mixed-valence complexes, Class II-III , has been proposed by Meyer and coworkers6. 

This group of complexes shows both localized and delocalized behaviors. 

The degree of metal-metal coupling can be described using potential energy 

diagrams.5 Figure 1 shows the representing parabolas for symmetric mixed-valence       

M-L-M complex. The left-hand parabolas in both diagrams A and B represent the 

potential energy surface for Donor-L-Acceptor and the right-hand ones show      

Acceptor-L-Donor, where L is the bridging ligand. The metal-metal charge transfer 

energy is shown as EIT, H represents metal-metal coupling element, ΔGr is a measure of 
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metal-metal interaction known as the free-energy of resonance exchange and ΔGth is the 

thermal electron transfer energy barrier.  

  

                                                  A                                            B 

Figure 1 Potential energy diagram for Class I (dash lines in both A and B), Class II (A) 

and Class III (B) 

 

1.2 Metal-Metal Coupling 

 Metal-metal coupling can occur through direct overlap of metal orbitals or 

through superexchange.7 In superexchange the electron transfer between two metal 

centers occurs through the bridging ligand’s frontier orbitals, highest occupied molecular 

orbital (HOMO) or the lowest unoccupied molecular orbital (LUMO). Electron transfer 

via HOMO is known as hole-transfer while the second one is known as electron transfer. 

As is shown in Scheme 1 for a mixed-valence ruthenium complex the hole transfer 

pathway involves transfer of an electron from the bridging ligand’s HOMO to the 

acceptor ruthenium centre (Ru(III)) dπ orbital which follows by an electron transfer from 

donor ruthenium centre (Ru(II)) to the ligands HOMO. Basically in this method a hole 
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moves from the acceptor to donor orbitals. The electron transfer superexchange pathway 

is mediated by ligand’s LUMO orbital. In a mixed-valence system based on the energy 

and symmetry match of metal centres with bridging ligand’s frontier orbitals one or both 

of the superexchange pathways can occur.8 

 

Scheme 1 Hole- (Orange) and Electron- (Blue) Transfer Superexchange Mechanism 

 

Among different classes of [Ru(II)-Ru(III)] mixed-valence systems are dimers 

with π-acceptor bridging ligands such as pyrazine.4 In this Class of complexes electron 

transfer superexchange dominates coupling between metal centres. Dimers with π-donor 

and π-acceptor multidentate bridging ligands such as triazol9 anions have been reported to 

mediate metal-metal coupling via both, hole and electron transfer, pathways.  

 Studies on different phenylcyanamide ligands such as                                        

1,4-dicyanamidobenzene,10–13 4,4′-azodiphenylcyanamide14 and their respective 

derivatives has shown wide range of coupling between metal centres.  
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These ligands and the substituted variations of them are π-donors. Extension of the π-

acceptor wave function of Ru(III) to π-HOMO of these bridging ligands allows 

superexchange through hole transfer pathway. 

 The π-interactions between metal centre and bridging ligand in mixed-valence 

complexes mostly depends on the inner and outer-sphere perturbation of the complex, 

which is in direct relation with spectator ligands.15 Previous studies on ruthenium mixed-

valence complexes in Crutchley’s group has shown replacement of a strong σ-donor 

ligand such as amine with a weaker σ-donor or even with a π-acceptor ligands such as 

pyridine and bipyridine stabilizes Ru-dπ orbitals. This increases the overlap between 

bridging ligand’s π-HOMO and dπ orbitals of ruthenium which in fact increase the metal-

metal coupling via the hole transfer mechanism.11 

 The interaction of donor solvent molecules with spectator ligands, usually 

acceptor ones such as ammine, is the other common effective factor on metal- metal 

coupling which is known as outer-sphere perturbation. According to this interaction the 

electron density transfers to the ruthenium centre (see Figure 2). The final result of this 

interaction is a decrease of metal-metal coupling because of destabilization of Ru-dπ 

orbital.16 
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Figure 2 Donor-acceptor interaction between donor solvent and ammine group. 

 

1.2.1 Experimental Measurement of Metal-Metal Coupling 

A measure of metal-metal coupling in mixed valence complexes can be obtained 

experimentally through the comproportionation constant (Kc), which is the equilibrium 

constant of the following reaction:17 

 [M(II)-M(II)] + [M(III)-M(III)]

Kc

2 [M(II)-M(III)] Equation 1 

 

That is the summation of the reactions in equations 2 and 3. 

 

[M(II)-M(II)]  [M(III)-M(II)] + e-      Equation 2 

 [M(III)-M(III)] + e- [M(II)-M(III)]       Equation 3 

 

The value of Kc determined from electrochemistry data for the mixed-valence system as: 

 

  ∆𝐺𝑐 = −𝑛𝐹∆𝐸 =  −𝑅𝑇𝑙𝑛𝐾𝑐     Equation 4 

where ΔE is the separation between two redox couple for metal centres, ΔE = EM2 – EM1, 

F is faraday constant, n is the number of electrons in the half reaction, R is the gas 

constant and T is temperature in Kelvin. 
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 Six different factors,11,18,19 shown in equation 5, contribute with ΔGc: 

 

ΔGc = ΔGs + ΔGe + ΔGi + ΔGex + ΔGr + ΔGIP Equation 5 

 

As Gs represents the statistical distribution of the comproportionation equilibrium, Ge 

is used as the electrostatic repulsion factor of the two like charged metal centres, Gi 

relates to the inductive effect of competing coordination of bridging ligand by the metal 

centres, Gex is the symbol for antiferromagnetic exchange factor that stabilizes the 

reactant, Gr is the free energy of resonance exchange (the only representative factor for 

metal-metal coupling in this equation), and finally GIP represents the ion-pairing effect 

on the comproportionation constant. In order to measure the free energy of resonance 

exchange the other 5 factors in the equation 5 must be factored out.  

 

1.2.2 Theoretical Calculation of Metal-Metal Coupling 

 Two theoretical models have been developed in order to compare the 

experimental results of metal-metal coupling with, the Hush model20 and Creutz, Newton, 

and Sutin (CNS) model.21 Experiments has shown the Hush model is more useful to 

demonstrate weakly coupled Class II complexes and the CNS model has been more 

accurate for demonstration of the strongly coupled Class II mixed-valence systems. 

The Hush model uses the information derived from intervalence charge transfer of 

the complex in Muliken-Hush equation (equation 6) to calculate the coupling between 

metal centres in a mixed-valence complex. 
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In this model coupling factor between two metal centres is shown as Had for 

coupling between acceptor-donor centres, r is the distance between these centres which is 

usually derived from crystallography data of the complex, εmax is the molar absorptivity 

of at the intervalence band, EIT is the energy of at intervalence band maximum and Δυ1/2 

is the bandwidth of the intervalence band at half height. Using equation 7 the Hush model 

can predict the MMCT band width for symmetric systems: 

1/2 = (2310max)
1/2     Equation 7 

 The CNS model21 explains the metal-metal coupling in the strongly coupled 

mixed-valence systems by using different pathways of superexchange, electron- and 

hole-transfer. The metal-metal coupling element, as is presented in equation 8, in CNS 

model is shown by HMM΄ where M and M΄ represent the two metal centres (M as the 

acceptor and M′ for the donor centre) in the mixed-valence system: 

eff

LM

LMLM

eff

ML

LMML

MM
E

HH

E

HH
H





 ''

'
2

   Equation 8 

The first part in the CNS model (equation 8) counts for electron-transfer pathway as it 

counts for metals to ligand electronic contributions (HML and HM΄L) and the second part is 

the hole-transfer factor which is based on ligand to metal contributions (HLM and HLM΄). 

ΔEML and ΔELM are the reduced MLCT and LMCT band energies respectively and may 

be calculated from: 
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The ligand-metal coupling elements can be calculated from metal-to-ligand or 

ligand-to- metal charge transfer band properties using  

HML or HLM     Equation 9 

where ELMCT is the LMCT band energy at max in cm-1, ƒ is the oscillator strength of the 

LMCT band and r is the transition dipole moment length in Ǻ,. This equation predicts 

that the magnitude of ligand-to-metal or metal-to-ligand charge transfer is proportional to 

the square root of LMCT or MLCT band oscillator strength, respectively. 

For phenylcyanamide mixed-valence systems it has been shown that hole-transfer 

is the dominant pathway of superexchange. Furthermore for ruthenium (II) complexes it 

is impossible to measure the HML therefore the first part of the CNS equation will be 

ignored. To simplify the calculations an assumption can be used as HLM=HLM′.
11 These 

will end to the final equation as: 

eff

LM

LM
MM

E

H
H




2

'       Equation 10 

Therefore calculation of the metal-metal coupling element can be achieved using 

spectroscopic parameters for ligand-to-metal charge transfer in equation 10. 
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Using the equation 11 for Class II mixed-valence complexes the metal-metal 

coupling relates to the free energy of resonance exchange: 

Gr′ = H2 / EIT            Equation 11    

where H=Had or HMM′ used in Hush and CNS models, respectively. 

 

1.3 Class II/III Identification: 

 

1.3.1 Infrared spectroscopy 

 The fastest rate of electron transfer in mixed-valence complexes occurs in 

barrierless Class III systems which theoretical studies suggest to be as fast as the nuclear 

frequency factor (1012 - 1013 s-1). Therefore one of the most experimentally tractable 

convenient spectroscopic methods to indicate Class III behavior would be the one with 

the time scale on the order of 10-13 s-1.  As the timescale for infrared spectroscopy is 10-11 

to 10-13 this method is an appropriate one.  

Understanding of the IR spectroscopy of mixed-valence complexes bridged by 

phenylcyanamide ligands requires an understanding of the resonance structure of the 

cyanamide group. The properties of the phenylcyanamide ligands are well-known.11,14,22–

25 Previous studies on phenylcyanamide ligands have shown planar structure of 

cyanamide group with phenyl ring which is ideal for the strong π-interaction between 

them.22,24,26–28 The vibrational spectrum of the protonated phenylcyanamide group shows 

an intense absorption band at 2250 cm-1. Upon deprotonation of the cyanamide group the 

resonance structures caused by delocalization of electrons on the π-system shifts this peak 
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to lower frequencies, in the range of 2100 to 2150 cm-1, based on the contributions of the 

resonance forms. As showed in Figure 3 oxidation state of the metal centre affects this 

contribution. 

N
-

C

NRu
2+

R

N

C

N
-

R

Ru
3+

 

(A)                                                                                                 (B) 

Figure 3 Different cyanamide resonance structures based on the ruthenium oxidation 

state. 

 

In Ru(II) complexes with this group of ligands strong triple bond between carbon 

and terminal nitrogen in nitrile group (resonance structure form (A) in Figure 3) results in 

high energy υ(NCN) band. As for complexes with Ru(III) metal centres, as showed in 

part (B) Figure 3, weaker double bond in carbodiimide structure of the cyanamide group 

shifts the υ(NCN) vibrational band to lower energies. 

To illustrate how IR spectroscopy can be used to distinguish between valence 

trapped and delocalized states, consider the complex [{Ru(NH3)5}2(µ-Me2dicyd)][PF6]4 

where Me2dicyd is 2,5-dimethyl-1,4-dicyanamidobenzene dianion. Previous studies 

showed the magnitude of metal-metal coupling in this complex changes in different 

solvents. Figure 4 to Figure 6 show the IR-Spectra of three different mixed valency state 

of the complex.12 

Figure 4 shows the infrared spectroelectrochemistry for systems with little 

coupling between metal centres, as [{Ru(NH3)5}2(µ-Me2dicyd)][PF6]4 in DMSO. At the 
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first point the spectrum of the complex consists just one υ(NCN) vibrational band at 2130 

cm-1 (Figure 4 part A). 

 

Figure 4 Reduction of [III, III] complex, [{Ru(NH3)5}2(µ-Me2dicyd)][PF6]4, to (A) 

mixed-valence [II, III] and (B) [II, II] in DMSO.12 

 

Upon reduction of the [III,III] system to mixed-valence [II,III] complex ( part A Figure 4) 

two new υ(NCN) bands will appear, an intense band at lower energies (2040 cm-1) and a 

weak band at higher energies (2160 cm-1) which is in consistent with one metal centre at 
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2+ oxidation state and the other one at 3+, respectively (part A in Figure 4). As is seen 

little coupling between metal centres in the mixed-valence state results in two different 

υ(NCN) bands. Further reduction to [II, II] complex results in decrease of the intensity of 

the band at 2160 cm-1 and increase of the intensity of the band at 2040 cm-1 which 

confirms form A resonance structure showed in Figure 3 for the Ru(II)-phenylcyanamide 

complex.12 

 

 

Figure 5 IR spectra representing reduction of [III, III] complex, [{Ru(NH3)5}2(µ-

Me2dicyd)][PF6]4, to [II, III] in acetonitrile.12 

 

Increase in the coupling degree between metal centres in the mixed-valence 

system results in the peak broadening. As showed in Figure 5 the initial υ(NCN) band in 

the Ru(III,III) complex broadened upon reduction to the mixed-valence Ru(II,III) system 

in acetonitrile. This broadening coincided with the shift to lower energies (shift from 
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2100 cm-1 to 2060 cm-1). These properties are consistent with the Class II-III 

(intermediate between localized and delocalized) case. 

 

Figure 6 IR-spectra showing the reduction of [III,III], [{Ru(NH3)5}2(µ-Me2dicyd)][PF6]4 

to (A) mixed-valence [II½, II½] and (B) [II,II] complex in Nitromethane.12 

 

Infrared spectra of the complex in nitromethane (Figure 6) showed characteristics 

of Class III mixed-valence systems. Strong coupling between metal centres results in 

2.5+ oxidation states for both ruthenium centres. This new oxidation state generates an 
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equilibrium between two resonance structures showed in Figure 3 therefore just one 

υ(NCN) peak would be expected in the infrared spectrum(see Figure 6). This behavior in 

compare with Class II-III systems (Figure 5) shows reduced broadening and no shift of 

the υ(NCN) peak. Further reduction to Ru(II,II) complex results in the shift of υ(NCN) 

peak to higher energies arises from Ru(II) bound to cyanamide group (resonance form A 

in Figure 3). 

Studies on ruthenium complexes with phenylcyanamide ligands in Crutchley’s 

group showed strong coupling between metal centres in dicyd2- (1,4-

dicyanamidobenzene)10–13 and adpc2- (4,4′-azodiphenylcyanamide)14 complexes. 

 

1.3.2 Theoretical calculation 

Quantum mechanical calculation is often used as supporting evidence for 

experimental results. This method deals with the total charge density and is one of the 

suitable methods of analyzing the spin density in transition metal complexes. 

DFT calculations on a group of [Ru(Tp)(dppe)(R-pcyd)]+, where dppe = 

ethylenebis(diphenylphosphine), Tp- = hydrotris(pyrazol-1-yl)borate, R-pcyd = 

substituted phenylcyanamide ligands, complexes showed different redox activity of the 

phenylcyanamide ligands in the mixed-valence state of the complex.26 Data analysis 

showed relations between the donor strengths of these ligands and their non-innocent 

behavior, as for the complex with 3-Clpcyd ligand the spin density mostly localized on 
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the ligand (Figure 7) where for the Cl5pcyd species localization is predicted mainly 

metal-centered. 

 

Figure 7 calculated spin density for [Ru(Tp)(dppe)(3-Clpcyd)]+ complex.26 

 

The accuracy of DFT calculation depends on the nature of the basis set and 

calculation functions which often requires optimization based on the correlation with 

experimental results. For instance NMR and EPR studies on [Ru(NH3)5(pcyd)]2+ and 

[{Ru(NH3)5}2(-dicyd)]3+ complexes showed Ru(III) metal-centered spin density while 

the DFT calculation suggested spin density mostly on cyanamide ligands. Introducing 

solvents properties perturbed the spin density slightly (Figure 8) while simulating the 

polar solvent-solute interactions by using an explicit electrostatic model showed the most 

effect on the calculated spin density.29 
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Figure 8 spin density distribution of [{Ru(NH3)5}2(-dicyd)]3+(A) in vacuum, (B) 

in dielectric continuum and (C) with explicit electrostatic interactions. Green surfaces 

represent area with positive spin densities and yellow color is used for negative ones. The 

numbers in % show the atomic spin densities on each ruthenium centres.29 

 

1.4 Research strategies 

For the last 3 decades Crutchley’s group has worked on the coordination 

chemistry of different families of phenylcyanamide complexes. In order to synthesize 

complexes with the application as molecular devices and switches the electronic nature of 

the inner- and the outer-sphere of these complexes have been tuned in different ways. 

In presence of π-acid metals, dianion phenylcyanamide ligands show σ- and π-

donor properties. Based on the oxidation state of the metal centre cyanamide groups will 

possess one of the structures shown in Figure 3. It has been observed for binding to a 
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ruthenium (III) metal centre, the cyanamide group possesses mainly resonance form B 

while for binding to Ru(II) resonance form A is dominant.22,28 As has been stated before 

for mixed-valence systems these differences can be recognized using infrared 

spectroscopy. 

Figure 9 shows the dianion forms of the two different diphenylcyanamide ligands 

used in this research in order to synthesize three different dinuclear ruthenium 

complexes. 
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Figure 9 Structures of aromatic di(phenylcyanamide) dianion ligands, adpc2- : 4,4′-

azodi(phenylcyanamide) dianion and tdpc2-: novel 3,6-bis(phenylcyanamido)-1,2,4,5-

tetrazine dianion. 

 

Chapter 2 describes the synthesis and characterization of the neutral and anionic 

form of the novel H2tdpc bridging ligand and its dinuclear ruthenium complex 

[{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 where ttpy is 4-(tert-butylphenyl)-2,2′:6′,2″-terpyridine 

and bpy is 2,2′-bipyridine.30 Investigations on the oxidation and electronic properties of 

this complex have been done using cyclic voltammetry, IR and UV-Vis 

spectroelectrochemistry. The results have been compared with analogue cyanamide 

complex [{Ru(trpy)(bpy)}2(µ-adpc)][PF6]2, where trpy is 2,2′:6′,6″-terpyridine, and the 

theoretical calculations. In chapter 3 another dinuclear ruthenium complex bridged by 

adpc2-, [{Ru(bpy)}2(µ-adpc)2], is synthesized and used as precursor in the synthesis 
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procedure of [{Ru(bpy)(dmso)}2(µ-adpc)][PF6]2. The mixed valency of the precursor 

complex has been examined using IR and UV-Vis spectroelectrochemistry as well as 

cyclic voltammetry. The dinuclear [{Ru(bpy)(dmso)}2(µ-adpc)][PF6]2 complex has been 

examined for linkage isomerism of dmso ligand using UV-Vis spectroscopy and cyclic 

voltammetry methods. 

The chemical structures of the products have been characterized using 1H-NMR, 

IR and UV-Vis spectroscopies. 
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Chapter 2: Mixed-valence Properties of a Dinuclear Ruthenium 

Complex Bridged by Bis(phenylcyanamido)tetrazine 

 

2.1 Introduction 

Electronic coupling between two metal centres in mixed-valence complexes alters 

with the nature of bridging ligand. Different classes of bridging ligands have been 

previously examined and their effect on metal-metal coupling in mixed-valence 

complexes have been studied such as π-acid bridging ligands for instance pyrazine and 

4,4′-bipyridine.4  

For ruthenium in 2+ and 3+ oxidation states bound to a π-acid bridging ligand, the 

electron transfer superexchange arises via lowest unoccupied molecular orbital of the 

bridging ligand. In Crutchley’s group, studies on the anionic π-donors phenylcyanamide 

bridging ligands such as 1,4-dicyanamidobenzene have showed that metal-metal coupling 

occurs via hole-transfer superexchange and depends on the coupling of metal dπ- orbitals 

with the  highest occupied molecular orbital (HOMO) of bridging ligand.11 

In earlier studies on phenylcyanamide bridging ligands another class of these 

ligands had been studied in which the donor phenylcyanamide group is bounded to the 

acceptor azo group as 4,4′-azo-diphenylcyanamido dianion adpc2-.14 

N

N N

N
C

C
N
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DFT calculation on this new class of ligands showed HOMO and LUMO are both 

delocalized over the entire molecule and that they are in close energy match with dπ 

donor and acceptor orbitals by which superexchange can occur through electron- and 

hole-transfer mechanisms. In order to explore more about the effect of acceptor groups of 

donor-acceptor-donor bridging ligands on the metal-metal coupling, the azo group has 

been replaced with tetrazine, a stronger acceptor. In the present research the novel 3,6-

bis(phenylcyanamido)-1,2,4,5-tetrazine dianion (tdpc2-) bridging ligand has been 

synthesized and characterized. 
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Tetrazine is predicted to be a stronger acceptor than the azo group and should 

have the effect of stabilizing this ligand’s HOMO and LUMO. The effect of this 

perturbation on mixed-valence properties will be explored. 

 

2.2 Experimental 

2.2.1 Materials 

Glacial acetic acid ( 99.7%, ACS reagent grade, Anachemia), ammonium 

thiocyanate (Sigma-Aldrich), 4-aminobenzonitrile (Sigma-Aldrich), hydrazine hydrate 

(Sigma-Aldrich), benzoyl chloride (99%, Sigma-Aldrich), triethyl amine (99.5%, Fluka), 

lead(II) acetate trihydrate (ACS reagent grade, 99+%, Aldrich), thallium (I) acetate ( 

99%, Sigma-Aldrich) (Caution: highly toxic! Danger of cumulative effect), 
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Ammonium hexafluorophosphate (99.5%, Alfa Æesar), ruthenium trichloride hydrate 

(99.9%, Alfa Æsar), 2,2′-bipyridine (Reagent plus,  99%, Sigma-Aldrich), dimethyl 

sulfoxide (anhydrous,  99.5%, Sigma-Aldrich) and dimethylformamide DMF (Caledon) 

were used as received.  The reagent complex, [Ru(ttpy)(bpy)(Cl)][PF6] and 4-(tert-

butylphenyl)-2,2′:6′,2′′-terpyridine (ttpy) were synthesized as reported previously.13 

 

2.2.2 Anhydrous Hydrazine 

A literature procedure was followed with modification.31 Under argon 50 g of 

NaOH pellets were ground to a powder and then added to 110 mL of hydrazine 

monohydrate. The sealed mixture was stirred for 20 h and then filtered under argon. The 

filtrate was distilled at 70 °C under reduced pressure into two fractions. The first fraction 

of 20 mL was discarded and the second fraction of 50 mL was used for the next step. 

 

2.2.3 Synthesis of 3,6-Bis-(4-aminophenyl)-1,2-dihydro-1,2,4,5-tetrazine (1) 

A literature procedure was followed with modification.32 2 g of 4-

aminobenzonitrile (17 mmol) was dissolved in 10 mL anhydrous hydrazine under argon. 

The solution was then heated to 100-105 °C with stirring. After 18 h, the reaction mixture 

was cooled to room temperature, precipitating the yellow product which was filtered off 

and washed with methanol, water and methanol and allowed to dry under argon. Yield: 

0.77 g (34%). 1H-NMR (300 MHz, DMSO-d6): 5.48 (4H, singlet), 6.53 (4H, doublet), 

7.47 (4H, doublet), 8.51 (2H, singlet) ppm in agreement with literature.  Mpt: 259-262 °C 

(lit. Mpt. 261°C).32 
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Increase in the temperature (even just with 10 degrees) results in white needle 

crystals of 3,5-diamino-4-amino-1,2,4-triazol.33 Yield: 1.9 g (84%) 1H-NMR (300 MHz, 

DMSO-d6): 5.46(4H, singlet), 5.96 (2H, singlet), 6.64 (4H, doublet), 7.67 (4H, doublet) 

ppm which is in agreement with literature.33Mpt: 224-228 (lit. Mpt: 225-227 °C). 

 

2.2.4 Synthesis of 3,6-bis(phenylcyanamido)-1,2,4,5-tetrazine·1.35H2O (4) 

Under argon, ammonium thiocyanate (1.125 g, 15 mmol) was dissolved in 10 mL 

refluxing acetone. To this gently refluxing solution was added dropwise an acetone 

solution of benzoylchloride (1.7 mL, 15 mmol in 10 mL of acetone), precipitating 

ammoniumchloride as the reaction proceeded.  After the addition was complete, the 

reaction mixture was refluxed for a further 15 min under argon.  A solution of 3,6-bis(4-

aminophenyl)-1,2-dihydro-1,2,4,5-tetrazine (2 g, 7.5 mmol) in 120 mL of hot acetone 

was then added dropwise to the refluxing reaction mixture and the reaction mixture 

refluxed for 3 hours.  The reaction mixture was poured into 700 mL distilled water with 

stirring, precipitating the brownish-orange thiourea 2 (Scheme 4) which was filtered and 

washed with distilled water.  Under argon, the still wet 2 was added to 200 mL 2 M 

NaOH and the mixture boiled for 5 min.  The now clear-orange solution was cooled 

down to 60 °C and 5.6 g (15 mmol) of lead acetate in 20 mL distilled water was added.  

Black PbS formed immediately and after 5 min of stirring, the PbS was Büchner filtered 

from the red filtrate which was cooled in a suction flask immersed in an ice/salt bath.  

Addition of 25 mL glacial acetic acid to the filtrate precipitated the dark-red 3,6-

bis(phenylcyanamido)-dihydro-1,2,4,5-tetrazine 3 which was filtered, washed with water 

and dried under argon. Yield: 2.14 g of crude.  The crude 3 was dissolved in a 100 mL 
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aqueous solution of 6% hydrogen peroxide and heated in an oil bath at 60 °C for 2 hours 

during which time red H2tdpc (4) precipitated. The crude 4 was dissolved in 800 mL of 

hot acetone and then filtered from insoluble impurities.  The filtrate was evaporated to a 

red powder which was then recrystallized from 500 mL (2:1) hot acetone : water, 

affording red dendritic crystals of 4. Yield: 1.0 g (43%). Anal. Calcd for C16H11.7N8O1.35: 

C, 56.75; H, 3.78; N, 33.09. Found: C, 57.11; H, 3.68; N, 32.69. IR: ν(NCN) 2228 cm-1. 

1H NMR (300 MHz, DMSO-d6): 10.81 (2H, broad singlet), 8.50 (4H, doublet), 7.25 (4H, 

doublet) ppm. 13C NMR (300 MHz): 163, 143.21, 130, 126.48, 116.28, 111.72 ppm. Mpt: 

288-291 °C. 

 

2.2.5 Preparation of Tl1.75tdpc (5) 

To a solution of 4 (0.4 g, 1.27 mmol) in 150 mL of boiling 2 : 1 acetone/water 

was added thallium acetate (0.7 g, 2.5 mmol) in 50 mL 2 : 1 acetone/water followed by 

1.5 mL triethylamine. The reaction mixture was boiled for 5 min and then chilled to         

-20 °C. Fine black crystals of Tl1.75tdpc formed which were filtered and washed with 

water and acetone. Yield: 0.47 g, 51%. Anal. Calcd for C16H8N8Tl1.75: C, 28.68; H, 1.20; 

N, 16.73. Found: C, 28.88; H, 1.30; N, 16.44.  IR: ν(NCN) 2124.5 cm-1. 1H NMR (300 

MHz, DMSO-d6): 8.03 (4H, doublet), 6.72 (4H, doublet) ppm.  The presence of 4 which 

co-precipitated with its thallium salt was confirmed by 1H NMR.  The near insolubility of 

the thallium salt prevented further purification. 
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2.2.6 Preparation of [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2·1.25H2O (6) 

[Ru(ttpy)(bpy)Cl][PF6] (0.33 g, 0.4 mmol) and Tl1.75tdpc (0.18 g, 0.25 mmol) 

were dissolved in 150 mL of DMF under inert atmosphere, and the deep red-purple 

solution was refluxed for 60 hours. The dark-brown reaction mixture was then chilled to  

-20 °C and filtered using a fine frit and Celite® powder to remove fine white TlCl and 

unreacted Tl1.75tdpc.  The filtrate was then concentrated to 20 mL by rotary evaporation, 

and 600 mL diethyl ether was used to precipitate crude product. After cooling the ether 

solution for an hour at -20 °C, the product was collected by suction filtration (0.28 g). The 

crude product was purified by chromatography.  In a typical experiment 0.2 g of the 

crude complex was dissolved in 15 mL of 1:1 acetonitrile/toluene which was filtered and 

loaded onto a 30 cm x 3 cm chromatography column containing 200 g grade III alumina 

(Brockmann 1, weakly acidic, 150 mesh).  Two bands containing starting material and 

mononuclear complex were eluted first with 1:1 acetonitrile/toluene. The third band 

containing desire complex was eluted using 2:1 acetonitrile/ toluene and the eluate 

evaporated to dryness using rotary evaporation. Recrystallization was achieved by the 

slow diffusion of diethyl ether into a saturated solution of complex in DMF. Yield: 0.17 g 

(37%). Anal. Calcd. for Ru2C86H72.5O1.25N18P2F12: C, 55.23; H, 3.91; N, 13.48. Found: C, 

54.92; H, 3.88; N, 13.46. IR: ν(NCN) 2176 cm-1. 1H NMR (300 MHz, DMSO-d6): 9.68 

(d, 2H), 9.25 (s, 4H), 9.00 (dd, 6H), 8.72 (d, 2H), 8.45 (t, 2H), 8.24 (d, 4H), 8.18 (t, 6H), 

7.94 – 7.83 (m, 6H), 7.77 (d, 4H), 7.72 (d, 4H), 7.57 (d, 2H), 7.52 – 7.46 (t, 4H), 7.18 

(t,2H), 6.17 (d, 4H) ppm. 
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2.3 Physical Measurements 

2.3.1 Electrochemistry 

Cyclic voltammetry studies were performed in DMF solution using a Metrohm 

Autolab potentiostat/galvanostat PGSTAT30. As electrochemical cell a double jacketed 

container with an internal volume of 15 mL with Teflon cap to hold three electrodes and 

argon bubbler was used. Three electrode system containing a platinum disk as working 

electrode, a platinum wire as auxiliary electrode and a silver/silver chloride wire as quasi-

reference electrode was used. All electrodes were cleaned manually and polished with    

1-μm diamond polish after and before each set of scans. 0.1 M solution of TBAH was 

used as supporting electrolyte. Argon gas was used to degas the solution for 10-15 

minutes before recording the scans. All CV experiments were recorded under slow flow 

of argon on the solution. In order to record the CV background 0.1 V/s scan rate was 

used. Ferrocene (E°= 0.665 V versus NHE)34 was used as the internal reference. 

 

2.3.2 Infrared, Electronic Absorption and NMR spectroscopies 

A Bomem Michelson 120 FTIR spectrometer was used to record the infrared 

spectra of KBr disc of the samples which were corrected for background air. 

Quantitative Electronic absorption spectra were collected using Cary 3 

instrumentation and two matching quartz cell with length path of 1 cm. In order to set the 

baseline both cells containing the solvent were used. To collect the spectra of the sample 

both cells placed in the instrument, one contained solvent for baseline correction and the 

other one contained the sample solution. 
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1H-NMR spectra of the samples were recorded using Bruker AMX-400 NMR or 

Bruker 300 Ultra Shield spectrometers with respect to TMS at 0.00 ppm. 5-10 mg of the 

samples in 1 mL deuterated solvent in a Norell XR-55 NMR tube was used for each 

sample. 

 

2.3.3 IR- and UV-Vis-NIR Spectroelectrochemistry 

All spectroelectrochemistry examinations were performed using OTTLE cell 

(Optically Transparent Thin Layer Electrode) (Figure 10) at room temperature. Similar to 

Hartl design35 the cell consists of two polyethylene spacers in between two CaF2 plates. 

Two 0.1 mm platinum wires each in contact with a piece of gold foil (500 line/inch, 60% 

transmittance, Buckbee Mears) were used as counting and worker electrodes and an 

Ag/AgCl wire was used as reference electrode. Electrodes were fitted in between the two 

layers of polyethylene spacer. The electrode wires were connected to tin coated copper 

wires to which the current would apply through the alligator clips. The sample in 0.1M 

TBAH solution was first filtered through 0.45um (µm) Millipore filters (syringe filters) 

and then introduced to the cell using 2 mL Luer-lock syringes via the cell’s inlet and 

outlet ports. To insure the beam (IR or UV-Vis) passes only through the working 

electrode the top layer of the cell in front of the other two electrodes were masked using 

electrical tape (part 4 Figure 10). BAS CV-27 voltammograph was used to control the 

applied voltage and the electrochemistry of the solution was observed via Varian Cary 5 

UV-Vis-NIR and Bohem Michelson 120 FTIR spectrophotometers. Prior to apply the 

voltage on complexes the background spectra were collected and the baseline was set 

using the electrolyte and solvent. Followed by the scan of the actual sample in the range 
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of 1900- 2300 cm-1 for IR and 450- 2500 nm for UV-Vis studies. Positive potentials were 

applied in order to generate the Ru(III) species. In order to monitor the reversibility of the 

redox processes, after each increase in positive potential and spectral data collection, the 

potential was returned to zero potential and the spectrum collected to demonstrate 

recovery of the starting complex’s spectrum. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 OTTLE cell used for spectroelectrochemistry studies. 

 

 

2.3.4 Elemental Analyses 

All elemental analyses were performed by Canadian Microanalytical Services, 

Ltd. in Delta, B. C., Canada 
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2.3.5 DFT Calculations 

Gas-phase hybrid HF-DFT SCF calculations of equilibrium geometry, MOs, 

orbital energies and spin density distributions were performed with Wave function Inc., 

Spartan’14 Parallel program package, using the B3LYP/6-31G* model.  

 

2.4 Results and Discussion 

 

2.4.1 Synthesis 

The steps used to prepare H2tdpc(4) are shown in Scheme 4.  The synthesis of the 

diamine (1) in 34% yield was significantly less than that reported in the literature (65%) 

and could probably be improved by a more effective preparation of anhydrous hydrazine. 

Also according to previous studies36 on different substituted 1,4-dihydrotetrazine 

compounds and actual experiment on 3,6-Bis-(4-aminophenyl)-1,2-dihydro-1,2,4,5-

tetrazine higher temperature (as shown in Scheme 3) results in rearrangement of 6 

member ring to 5 member white needle crystalline 3,5-diamino-4-amino-1,2,4-triazol 

compound. 

 

 

N

N N

NH2

NH2
NH2
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Scheme 2 Synthesis of 3,5-Diamino-4-amino-1,2,4-triazol and 3,6-Bis-(4-aminophenyl)-

1,2-dihydro-1,2,4,5-tetrazine. 
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Nevertheless, the quantity of 3,6-bis-(4-aminophenyl)-1,2-dihydro-1,2,4,5-tetrazine was 

sufficient to proceed and, in latter steps, it was found to be important not to oxidize the 

dihydrotetrazine ring in this step as this deactivates the amine and prevents its conversion 

to the cyanamide.  Reaction of the tetrazine compound with two equivalents of benzoyl 

thiocyanate formed the thiourea derivative in 77% crude yield which was then 

desulfurized by treatment with lead acetate followed by protonation with acetic acid to 

yield 3 (Scheme 4).  Oxidation of crude 3 with hydrogen peroxide, followed by 

recrystallization from acetone/water gave H2tdpc in 43% yield. 
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Scheme 3 Proposed Mechanism of 1,2-Dihydrotetrazine to 4-Aminotriazol Recycling by 

Bentiss et al.33 
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Scheme 4 Synthesis Procedure of H2tdpc. 
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The dinuclear ruthenium complex [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 was prepared 

by the metathesis reaction of Tl1.75tdpc with two equivalents of [Ru(ttpy)(bpy)Cl][PF6].  

The complex is soluble in DMF and DMSO but only slightly soluble in poor donor 

solvents.  Attempts to grow X-ray quality crystals were unsuccessful with the best results 

obtained by ether diffusion into a DMF solution of the complex which yielded thin, dark-

red crystalline shards.   
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2.4.2 NMR Spectroscopy 

1H-NMR spectra of 3,6-bis-(4-aminophenyl)-1,2-dihydro-1,2,4,5-tetrazine (1), 

3,5-diamino-4-amino-1,2,4-triazol, tdpcH2 (4), Tl1.75tdpc (5) , [{Ru(ttpy)(bpy)}2(µ-

tdpc)][PF6]2 complex (6) and also 13C-NMR spectrum of tdpcH2 (4) were all recorded in 

DMSO-d6 with TMS as reference. The chemical shifts and integrations are listed in Table 

1 also the spectra for all the products are shown in Figure 11 to Figure 16. 

1H-NMR spectrum of tdpcH2 (4) showed the expected AX pattern of the phenyl 

ring protons and a broad singlet cyanamide proton chemical shift at 10.81 ppm. 

The spectrum of Tl1.75tdpc (5) (Figure 15) contains two doublets as expected and 

also two doublets at 8.4 and 7.2 ppm which are due to protonated form of this ligand, 

H2tdpc. Unfortunately we were not able to purify it. 

The 1H-NMR spectrum of 6 is consistent with its formulation.  Only two doublets 

at 7.72 and 6.17 ppm are observed for the tdpc2- ligand, with the correct integration for an 

equivalent coordination of its cyanamide groups to Ru(ttpy)bpy moieties.  

1H-NMR peaks for compounds 1, 4, 6 and 3,5-diamino-4-amino-1,2,4-triazol 

have been assigned to the representative protons and are provided in parts B1 to B4 in the 

Appendix B. 
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ppm

56789

 
Figure 11 1H-NMR spectrum of 3,6-bis-(4-aminophenyl)-1,2-dihydro-1,2,4,5-tetrazine in 

DMSO-d6. 

ppm

5678

 
Figure 12 1H-NMR spectrum of 3,5-diamino-4-amino-1,2,4-triazol in DMSO-d6. 
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ppm

7891011

 
Figure 13 1H-NMR spectrum of H2tdpc in DMSO-d6. 

ppm

110120130140150160170

 
Figure 14 13C-NMR spectrum of H2tdpc in DMSO-d6. 
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ppm

6.57.07.58.08.5

 
Figure 15 1H-NMR spectrum of Tl1.75tdpc in DMSO-d6. (Peaks at 7.2 and 8.4 ppm are 

due to impurities of protonated H2tdpc). 

 

 
Figure 16 

1H-NMR spectrum of [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2  in DMSO-d6. 
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Table 1 1H-NMR Chemical Shifts in DMSO-d6 

Compound Chemical Shift (ppm) 

 

3,6-Bis-(4-aminophenyl)-1,2-dihydro-1,2,4,5-tetrazine 

(1) 

 

5.48 (s, 4H), 6.53 (d, 4H),  

7.47 (d, 4H), 8.51 (s, 2H) 

 

3,5-diamino-4-amino-1,2,4-triazol 

 

5.46(s, 4H), 5.96 (s, 2H),  

6.64 (d, 4H), 7.67 (d, 4H) 

 

H2tdpc 

(4) 

 

10.81 (broad s, 2H), 8.50 (d, 4H),  

7.25 (d, 4H) 

Tl1.75 tdpc 

(5) 

 

8.03 (d, 4H),6.72 (d, 4H) 

 

 

[{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 

(6) 

 

9.68 (d, 2H), 9.25 (s, 4H), 9.00 (dd, 

6H), 

 8.72 (d, 2H), 8.45 (t, 2H), 8.24 (d, 4H), 

 8.18 (t, 6H), 7.94 – 7.83 (m, 6H), 7.77 

(d, 4H), 7.72 (d, 4H), 7.57 (d, 2H), 7.52 

– 7.46 (t, 4H), 7.18 (t,2H), 6.17 (d, 4H), 

1.38 (s, 18H) 

 

2.4.3 IR-spectroscopy 

The infrared spectra of neutral tdpcH2 ligand, Tl1.75tdpc and dinuclear 

[{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 complex were taken on KBr discs and corresponding 

stretching frequencies of υ(NCN) are tabulated among with literature values14 for adpcH2 

ligand, Tl2adpc and dinuclear [{Ru(trpy)(bpy)}2(µ-adpc)][PF6]2 complex in Table 2. 

Representative spectra of neutral tdpcH2 ligand and its anionic form Tl1.75tdpc and also 

[{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 complex are shown in  Figure 17 to Figure 19. 
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The IR spectra of phenylcyanamide ligands are usually characterized by a strong 

υ(NCN) in the range of 2200-2400 cm-1. For the anionic form this band appears in the 

range of 2050-2150 cm-1, which can be explained according to resonance structure of 

cyanamide (see Figure 3 in chapter 1).24,26,27,37,38 For the protonated H2tdpc ligand the 

vibrational mode of NCN bond appears at 2228 cm-1.  

Table 2 Infrared Spectroscopy Data Performed as KBr discs 

Compound υ (NCN)/ cm-1 

tdpcH2 2228 

Tl1.75tdpc 2125 

[{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 2176 

adpcH2 2225 

Tl2adpc 2078 

[{Ru(trpy)(bpy)}2(µ-adpc)][PF6]2 2161 
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Figure 17 IR spectrum of H2tdpc KBr pellet. 
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Figure 18 IR spectrum of Tl1.75tdpc KBr pellet. 
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Figure 19 IR spectrum of [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2  KBr pellet. 
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2.4.4 Electronic Absorption Spectroscopy 

The electronic absorption data for tdpcH2 (4), its thallium salt Tl1.75tdpc (5), and 

dinuclear [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6] (6) complex have been placed in Table 3 as 

well as literature data for adpcH2 (7), Tl2adpc (8) and dinuclear [{Ru(trpy)(bpy)}2(µ-

adpc)][PF6] (9) complex14 to compare. The UV-Vis spectra of tdpcH2 (4), Tl1.75tdpc (5) 

and [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6] (6) are shown in Figure 20 to Figure 23.  

 

Scheme 5 Protonated, Monoprotonated and Deprotonated Forms of tdpc Ligand. 
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The electronic spectrum of 4 (form A in Scheme 5) is shown in Figure 17 and that 

of the dianion (structure C Scheme 5) is shown in Figure 19.  The spectrum of 4 in DMF 



41 

 

is a mixture of protonated, deprotonated and possibly monoprotonated (structure B in 

Scheme 5 ) forms.  This occurs because DMF, strong donor solvent, is acting as a base. 

The complex’s spectrum (Figure 23) shows absorptions centered at ~300 nm, 

which are assigned to * transitions of phenyl and pyridine moieties, and a broad 

visible absorption centered at 450 nm.  The latter is likely due to overlapping tdpc2- ILCT 

transitions and Ru(II)-to-ttpy and –bpy metal-to-ligand charge transfer (MLCT) 

transitions.  

Table 3 Quantitative Electronic Absorption Spectral Data 

Compound Absorption / nm (ε/M-1cm-1) 

4a 275 (37000), (π  π* phenyl) 

335 (26000),  (HNCN  Tetrazine) 

5b 455 (54000) (NCN  Tetrazine) 

6a 290 (150000), (π  π* bpy & phenyl) 

436 (78000), (π  π* MLCT & 4 ILCT),  

8b  500 (54400),523 (51500), (NCN  Azo ILCT) 

9b 293 (81900), (π  π* bpy, terpyrine & phenyl) 

317 (72100), 490 (69100), (ILCT, Ru(II)- bpy & Ru(II)- trpy)14 

 
                        a in CH3CN 
                        b in DMF 
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Figure 20 Electronic absorption spectrum of H2tdpc (4) in acetonitrile. 
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Figure 21 Electronic absorption spectrum of H2tdpc (4) in DMF. 
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Figure 22 Electronic absorption spectrum of Tl1.75tdpc (5) in DMF. 
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Figure 23 Electronic absorption spectrum of [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 (6)  in 

DMF. 

 

2.4.5 Electrochemistry 

The cyclic voltammetry of [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 (6) in DMF (Figure 

24) showed only one oxidation wave at 0.98 V vs. NHE which is at similar potential to 

that of the reagent complex [Ru(ttpy)(bpy)Cl][PF6] whose voltammogram shows a 

Ru(III/II) couple at 1.04 V vs NHE.13 For [{Ru(ttpy)(bpy)}2(µ-tdpc)]2+, the separation 

between anodic and cathodic waves (Ep =140 mV) and the shape of the anodic and 

cathodic waves is consistent with two overlapping Ru(III/II) couples.  Using the method 

of Taube and Richardson,39 we estimated the separation between these couples to be 100 

mV which corresponds to a comproportionation constant of only Kc = 50.  Mixed-valent 

[{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ (6) is therefore a weakly coupled Class II complex. 



44 

 

Applied Potential, V vs NHE

0.0 0.4 0.8 1.2

C
u
rr

en
t 

(
A

)

0.0

0.5

1.0

Scan

 
Figure 24  Cyclic voltammogram of [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 in DMF with 0.1 M 

tetrabutylammonium hexafluorophosphate, using platinum counter and working electrode, silver 

wire pseudo-reference (cobaltocene internal reference, E°= - 0.589 V versus NHE) at scan rate of 

100mV/s. 

 

Table 4 Cyclic Voltammetry Data for Dinuclear Ruthenium Complexes with tdpc2- and 

adpc2- Bridging Ligands 

Complex Ru III/II 

[{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 

(6) 

1.04(a) 

[{Ru(trpy)(bpy)}2(µ-adpc)][PF6]2 

(9) 

0.79(a)  1.57(a) 

0.91(b)  ~ 1.6(b) 

(a) In DMF (b) In CH3CN    

 

2.4.6 Vis-NIR Spectroelectrochemistry 

The spectroelectrochemistry of [{Ru(ttpy)(bpy)}2(µ-tdpc)]2+ (6) in DMF solution 

is shown in Figure 25.  Upon oxidation to form the [Ru(III),Ru(II)] complex (Figure 

25a), the band at 450 nm decreases and a new band appears at 1190 nm which is assigned 

to the Ru(III)-cyanamide ligand-to-metal charge transfer (LMCT) chromophore.27 At 
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higher positive potentials, oxidation to the [Ru(III),Ru(III)] complex (Figure 25b) causes 

the intensity of the LMCT band at 1190 nm to initially increase, consistent with there 

being two LMCT chromophores, and a decrease in the low energy tail.  Unfortunately, 

further oxidation results in the loss of isosbestic points and the general loss of absorption 

intensity in the vis-NIR region.  The inability to recover the [Ru(II),Ru(II)] spectrum 

indicated decomposition of the [Ru(III),Ru(III)] complex.  Nevertheless, the initial loss of 

the low energy tail is consistent with its assignment as an intervalence transition.  

Deconvolution of this low energy tail, assuming Gaussian band shape, yielded an 

intervalence transition with wavelength 1530 nm (or max = 6540 cm-1), corrected(1) max = 

7680 M-1cm-1, and band width at ½ max, 1/2 = 3420 cm-1. This band width is in 

reasonable agreement with that calculated by the Hush model (𝜈1/2 = √2310𝜈𝑚𝑎𝑥  = 

3890 cm-1) and further confirms [{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ as a Class II complex.  The 

resonance exchange Had was calculated to be 400 cm-1 using equation 6 (chapter 1),40 

where r (transition dipole moment length) was taken as the through space metal-metal 

separation 21 Å.   

 

                                                 

(1) At small Kc the intensity of an intervalence transition should be corrected for the 

comproportionation equilibrium of species other than the mixed-valence complex.  For         

Kc = 50, the percentage mixed-valence complex is given by 𝑃 =
√𝐾𝑐

√𝐾𝑐+2
= 78%.   
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Figure 25 Vis-NIR spectroelectrochemistry of [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 (6) in 

DMF solution, 0.1 M TBAH.  a) oxidation forming [{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ and b) 

partial oxidation to form [{Ru(ttpy)(bpy)}2(µ-tdpc)]4+. 
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2.4.7 IR-spectroelectrochemistry 

The IR spectroelectrochemistry of [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 (6) in DMF 

solution is shown in Figure 26.  Upon oxidation to the mixed-valence state, the more 

intense cyanamide stretching band (NCN) at 2160 cm-1 decreases and a very weak 

(NCN) band appears at 2030 cm-1 which arises from the cyanamide group bound to 

Ru(III). 
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Figure 26 IR spectroelectrochemistry of [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 (6) in DMF 

solution, 0.1 M TBAH showing oxidation to [{Ru(ttpy)(bpy)}2(µ-tdpc)]3+.   
 

As explained in chapter 1 similar shifts in (NCN) bands with ruthenium 

oxidation state have been observed for mononuclear and dinuclear ruthenium cyanamide 

complexes12 and is due to a change in the contribution of carbodiimide and nitrile 

resonance forms to the cyanamide group.  Importantly, the appearance of two (NCN) 

bands in the mixed-valence complex supports a valence-trapped state. 
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2.4.8 DFT Calculation 

The frontier molecular orbitals and energies of adpc2- and tdpc2- are shown in 

Figure 27.  The equilibrium geometry of both dianion bridging ligands is approximately 

planar in which the cyanamide groups adopt an anti-conformation.  A planar geometry 

was found for substituted 1,4-dicyanamidebenzene dianion ligands and their complexes 

and also complexes of adpc2- (9) which is a consequence of the mixing of cyanamide and 

aromatic  systems.  Furthermore, (as shown in Figure 27), the HOMOs of adpc2- (8) and 

tdpc2- (5) are  non-bonding and span the entire molecule.  The HOMO of tdpc2- (5) at 

0.7 eV is 0.7 eV more stable than that of adpc2- (8) and this extra stability is expected to 

decrease metal-metal coupling via hole-transfer superexchange when tdpc2- bridges two 

metal ions.29 

The DFT calculation of the spin density distribution in the mixed-valence 

complex [{Ru(tpy)(bpy)}2(µ-tdpc)]3+ (6) is shown in Figure 28 in which spin density 

resides mostly in p atomic orbitals of the bridging ligand with minor d orbital 

contributions from the ruthenium ions. Based on this calculation alone, a radical bridging 

ligand state is predicted however solvent interactions can shift spin density onto the metal 

ions as has been demonstrated for [{Ru(NH3)6)}2(µ-dicyd)]3+ where dicyd2- is 1,4-

dicyanamide benzene dianion29 and because of this interpretation of Figure 28 should be 

qualified.  In addition, the cyanamide groups in this calculation are equivalent but this is 

inconsistent with the observation of two (NCN) bands in the IR spectroelectrochemistry 

of the mixed-valent complex in Figure 26. 

 



49 

 

 
Figure 27 DFT calculated frontier molecular orbitals and energies of adpc2- (8) and tdpc2- 

(5). 

 

 

 

 
Figure 28 Spin density distribution of [{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ (6). 
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2.5 Conclusion 

 

The novel bridging ligand, 3,6-bis(phenylcyanamido)-1,2,4,5-tetrazine (tdpcH2) 

(4) and its dinuclear complex, [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 (6), were prepared and 

characterized by elemental analysis, and 1H NMR spectroscopy.  Cyclic voltammetry and 

vis-NIR and IR spectroelectrochemistry of [{Ru(ttpy)(bpy)}2(µ-tdpc)]2+(6) showed that 

[{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ is a Class II mixed-valence system with metal-metal 

coupling of 400 cm-1 assuming a metal-metal separation of 21 Å.  This was contrasted 

with metal-metal coupling of 2600 cm-1 for the Class III mixed-valence system 

[{Ru(tpy)(bpy)}2(µ-adpc)]3+ (9) and a metal-metal separation of 19.5 Å.  DFT 

calculations of adpc2- and tdpc2- revealed that the HOMO of tdpc2- is 0.7 eV more stable 

than that of adpc2- and this together with a slightly longer metal-metal separation is 

expected to diminish hole-transfer superexchange via the tdpc2- ligand.  Gas phase DFT 

calculations of the spin density distribution of [{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ showed most 

of the spin density localized on the bridging ligand.  However this result is in 

disagreement with IR spectroelectrochemistry results and recent studies have shown that 

the distribution of spin density can be dramatically shifted by solvent interactions. 
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Chapter 3:  Photo-linkage Isomerism in a Dinuclear DMSO Complex 

 

3.1  Introduction 

Among different classes of molecular sensors and optical molecular devices such 

as molecular switches and storage devices are photo-switchable bi-stable complexes.41,42 

Such compounds undergo fast photo-induced isomerization between ground and 

metastable states.43 One class of ligands with photo-linkage isomerism ability is the SO 

isomerization in sulfoxide groups44,45 which arises from the metal-to-ligand charge 

transfer (MLCT) excited state.  This linkage isomerism can also occur as a result of the 

thermal oxidation of the metal centre.  

According to Hard-Soft Acid Base (HSAB) theory, the hard acid Ru(III) would 

preferably bond to hard base such as oxygen in dmso to form Ru(III)-sulfoxide(O) while 

Ru(II) as soft acid prefers sulfur binding site of sulfoxide as Ru(II)-sulfoxide(S) (as is 

shown in Figure 29). 
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Figure 29 Electrochemically induced linkage isomerism in Ru-sulfoxide complexes.46 
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Recent studies44,46–49 on ruthenium-sulfoxide complexes have shown the same 

linkage isomerism can be induced photochemically. The ultra-fast charge transfer from 

dπ-orbital of metal centre to π*-orbitals of the π-acceptor ligand generates a Ru(III) ion in 

the excited state.  In response dmso rearranges to the sulfoxide(O) species.  The excited 

state then rapidly relaxes to the metastable Ru(II)-sulfoxide(O) which undergoes slow 

conversion to Ru-sulfoxide(S) isomer (Figure 30). 

 

Ru(II)S
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CH3
CH3
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CH3
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Figure 30 Photo-induced linkage isomerism in ruthenium-sulfoxide complexes. 

  

Past studies on mixed-valence ruthenium complexes bridged by aromatic 

phenylcyanamide complexes showed that these complexes possess solvent and 

coordination sphere sensitive metal-metal coupling. Creating photo-switch mixed-valence 

complexes first prerequisites finding an appropriate coordination sphere with ability of 

photoisomerism and mixed valency. According to recent studies,46 the coordination 

sphere of cis-[{Ru(bpy)2(dmso)(R-pcyd)}]+ complexes, where bpy is 2,2′-bipyridine, 

dmso is dimethylsulfoxide and R-pcyd is substituted phenylcyanamide ligands, fits this 

requirement.  Indeed the quantum yield of dmso linkage isomerism in these complexes 

was shown to be dependent on the donor properties of the phenylcyanamde ligand.     

The objective of present research work is to synthesize a mixed-valence complex 

with the same coordination sphere as [{Ru(bpy)2(dmso)(R-pcyd)}]+. The proposed 

structure of the complex [{Ru(bpy)2(dmso)}2(µ-L)]n+  is: 
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There are many studies14 that show that when L =adpc2-, this ligand can extend 

the electronic transition pathway via its extended conjugated π system. Interaction of the 

HOMO and LUMO of the ligand with the donor and acceptor orbitals of ruthenium ion 

make superexchange possible through both mechanisms, hole- and electron- transfer, in 

[{Ru(trpy)(bpy)}2(µ-adpc)]2+ complex.  

In order to examine the ability of this ligand in superexchange in dinuclear 

complexes another class of di-bridged ruthenium complex {Ru(bpy)2}2(µ-adpc)2 have 

been synthesized and characterized by elemental analysis, 1H-NMR and IR 

spectroscopies which in the next step was reacted with DMSO in mild acidic solution 

headed for replacing one of the bridging ligands with two DMSO ligands. The pure 

[{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 product has been characterize by elemental analysis, 

1H-NMR and IR spectroscopies. 

 

 

 

 



54 

 

3.2 Experimental 

3.2.1 Materials 

Glacial acetic acid ( 99.7%, ACS reagent grade, Anachemia), ammonium 

thiocyanate (Sigma-Aldrich), 4-nitroaniline (97.5%, Sigma), potassium 

peroxomonosulphate (Oxone®) (4.5% active oxygen, Acros), sulfuric acid (ACS reagent 

grade, 98%, Anachemia), benzoyl chloride (99%, Sigma-Aldrich), triethyl amine (99.5%, 

Fluka), lead(II) acetate trihydrate (ACS reagent grade, 99+%, Aldrich), sodium hydroxide 

(97%, ACS reagent grade, Caledon Labs.), thallium (I) acetate ( 99%, Sigma-Aldrich) 

(Caution: highly toxic! Danger of cumulative effect), ammonium hexafluorophosphate 

(99.5%, Alfa Æesar), ruthenium trichloride hydrate (99.9%, Alfa Æsar), lithium chloride 

(99%, Sigma-Aldrich), 2,2′-bipyridine (Reagent plus,  99%, Sigma-Aldrich), dimethyl 

sulfoxide (anhydrous,  99.5%, Sigma-Aldrich) and dimethylformamide DMF (Caledon) 

were used as received. 

 

3.2.2 Preparation of 4,4-Azodianiline 

5 g (36 mmol) 4-nitroaniline was dissolved in 70 mL 5.5 M H2SO4 solution (20.5 

mL H2SO4 in 49.5 mL water). 23 g (0.15 mole) Oxone® was added gradually (3 times, 

each time 8 g) during an hour to the sulfuric acid solution at 60-65 ºC. An extra 10 mL of 

water was added to the thick mixture to help stirring the solution better. The reaction 

mixture was stirred for another hour at the same temperature then filtered and yellowish 

orange precipitate was washed 3 times with 250 mL distilled water. Recrystallization 
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from 80 mL boiling acetic acid yielded 3.5 g (13 mmol, 72%) red needle 4,4-

azodi(nitrobenzene) crystals which was washed with 100 mL cold glacial acetic acid. 

Dried 4,4-azodi(nitrobenzene) was then dissolved in 100 mL (3:1) ethanol/water 

solution. After addition of 44 g (0.56 mole) Na2S the solution was refluxed for one hour. 

During reflux time color of the solution changed from red to dark-blue to reddish black. 

After one hour the round bottom flask was set aside to cool down to room temperature for 

40 min, then the solution was chilled down in the fridge. After cooling completely 

(overnight in the fridge) 2.3 g (11 mmol, 82%) pure red needle crystals of 4,4-

azodianiline was filtered off the solution. Overall yield: 60%. 1H NMR (300 MHz, 

DMSO – d6): 7.53 (d, 4H); 6.63 (d, 4H); 5.72 (s, 4H) ppm. Mpt: 251 ºC (Literature Mpt: 

245 ºC) 

 

3.2.3 Preparation of 4,4’-Azodi(phenylcyanamide), (adpcH2) (7) 

4.5 mL benzoyl chloride in 50 mL acetone was added drop-wise to refluxing 

solution of 2.44 g ammonium thiocyanate in 50 mL acetone precipitating ammonium 

chloride as the reaction proceeded.  After the addition was complete, the reaction mixture 

was refluxed for a further 15 minutes. Solution of 4,4-azodianiline (3.4 g, 16 mmol) in 

200 mL of hot acetone was then added drop-wise to the refluxing mixture and the 

reaction mixture refluxed for 1 h. The reaction mixture was poured into 1 L stirring 

distilled water precipitating the brownish-green thiourea derivative which was filtered 

and washed with distilled water. The thiourea derivative was then added to hot 450 mL    

2 M NaOH and the mixture boiled for 5 minutes.  The clear-red solution was cooled 

down to 60 °C followed by addition of 12.2 g (30 mmol) of lead acetate in 50 mL 
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distilled water.  Black PbS formed immediately and after 5 minutes of stirring, the PbS 

was Büchner filtered from the red filtrate which was cooled in a suction flask immersed 

in an ice/salt bath.  Addition of 100 mL glacial acetic acid to the filtrate precipitated the 

yellow 4,4-azodi(phenylcyanamide) (7) which was filtered, washed with water and dried. 

Recrystallization from 3:1 acetone/water solution yielded 3.2 g (78%) pure adpcH2. IR:    

υ (NCN) 2238 cm-1. 1H NMR (300 MHz, DMSO - d6) 10.5 (broad singlet, 2H); 7.89 (d, 

4H); 7.14 (d, 4H) ppm. 

 

3.2.4 Preparation of Tl2adpc (8) 

To the boiling solution of 0.52 g (2 mmol) adpcH2 in 2:1 acetone/ water was 

added 60 mL 2:1 acetone/water solution of 1.06 g (4 mmol) TlNO3 followed by 2 mL 

triethylamine. The reaction mixture was boiled for 5 minutes and then gradually chilled 

to -20 ºC. Fine orange crystals of Tl2adpc (8) were formed which was filtered, washed 

with water and acetone and finally dried. Yield: 0.8 g, 60%. IR: υ (NCN) 2035 cm-1. 1H-

NMR (300 MHz, DMSO - d6) δ: 7.41 (d, 4H); 6.60 (d, 4H) ppm.   

 

3.2.5 Preparation of cis-bis(bipyridine)dichlororuthenium(II), [Ru(bpy)2Cl2] (10) 

In order to prepare the precursor complex 6.11 g (0.04 mole) 2,2-bpy was reacted 

with 5.1 g (0.02 mole) RuCl3·3H2O in 300 mL DMF under reflux condition for 3 hours. 

After chilling to room temperature the volume of the solution was reduced to 

approximately 100 mL using rotary evaporator. Crude product was then precipitated 

using 450 mL diethyl ether, filtered and dried overnight.  
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Recrystallization was performed by dissolving the crude product in 350 mL hot 

1:1 ethanol/water solution, hot solution was filtered and to the still hot filtrate was added 

45 g (1.1 mole) lithium chloride. The solution then boiled to reduce the volume to 200 

mL and then cooled down overnight in the fridge. Dark green [Ru(bpy)2Cl2] (10) was 

filtered off the solution and washed with copious amount of water. Yield: 5.2 g, 56%. 1H-

NMR (300 MHz, DMSO – d6): 9.98 (d, 2H); 8.65 (d, 2H); 8.50 (d, 2H); 8.07 (td, 2H); 

7.77 (td, 2H); 7.68 (td, 2H); 7.52 (d, 2H); 7.10 (td, 2H) ppm. 

 

3.2.6 Preparation of [{Ru(bpy)2}2(µ-adpc)2] ·(DMSO)·3(H2O) (11) 

0.65 g (1.0 mmol) Tl2adpc and 0.46 g (0.95 mmol) [Ru(bpy)2Cl2] were refluxing 

in 30 mL DMF for 3 h. The reaction mixture cooled down to -20 ºC and then filtered. 

Fine black precipitate was filtered off the solution, dissolved in 5 mL DMSO, filtered 

through 45µm Millipore (syringe filter) and recrystallized by acetone diffusion. Yield: 

0.43 g, 64%. Anal. Calcd. for Ru2C70H60O3N20S: C, 56.82; H, 4.09; N, 18.93. Found: C, 

56.75; H, 3.93; N, 18.79. IR: υ(NCN) 2161 cm-1. 1H-NMR (300 MHz, DMSO-d6): 9.54 

(d, 4H), 8.80 (d, 4H), 8.67 (d, 4H), 7.95 (t, 4H), 7.93 (m, 8H), 7.70 (d, 4H), 7.48 (d, 8H), 

7.29 (t, 4H), 6.68 (d, 8H) ppm. 13C-NMR (300 MHz, DMSO-d6): 159.1; 157.8; 156.3; 

152.8; 152.2; 144.6, 136.7; 135.8; 128.2; 127.2; 126.6; 123.7; 123.8; 119.7; 31.2. 

 

3.2.7 Preparation of [{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2·3H2O (12) 

0.2 g (0.15 mmol) {Ru(bpy)2}2(µ-adpc)2 was dissolved in 5 mL DMSO. 0.30 

mmol HPF6 in 20 mL DMSO was then added to the complex solution. The mixture was 

heated up to 100-110 ºC under inert atmosphere for 30 minutes. The hot DMSO mixture 
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filtered through frit and to the hot filtrate was added excess amount of NH4PF6 (0.5 g, 3 

mmol). 40 mL distilled water was then used to precipitate the crude product. After 

cooling down to room temperature, the product was collected by suction filtration (0.12 

g). The crude product was purified by chromatography. In a typical experiment 0.10 g of 

the crude complex was dissolved in 7 mL of 1:1 acetonitrile/toluene which was filtered 

and loaded onto a 30 cm x 3 cm chromatography column containing 150 g grade V 

alumina (Brockmann 1, weakly acidic, 150 mesh). One band containing mononuclear 

complex eluted first with 1:1 acetonitrile/toluene. The second band containing desire 

complex was eluted using 1:9 DMF/acetonitrile and the eluate evaporated to dryness 

using rotary evaporation. Residual was dissolved again in 10 mL acetonitrile and filtered 

through frit, evaporated to dryness and again was dissolved in 5 mL acetone which was 

then precipitated out using 40 mL diethyl ether. Yield: 22 mg (Yield of column: 22%, 

total yield: 12.3%). Anal. Calcd. for Ru2C54H58N14O5S2P2F12: C, 43.89; H, 3.68; N,12.35. 

Found: C, 43.73; H, 3.27; N, 12.21. IR: υ(NCN) 2171cm-1, υ(S=O) 1098 cm-1, υ (Ru-S) 

427cm-1. 1H-NMR (300 MHz, DMSO-d6): 10.04 (d, 2H); 9.18 (d, 2H); 8.85 (m, 8H); 

8.74 (d, 2H); 8.45 (t, 2H); 8.36 (t, 2H); 8.18 (t, 2H); 8.10 (t, 2H); 8.49 (q, 4H); 7.92 (d, 

2H); 7.52 (t, 2H); 7.45 (t, 2H); 7.35 (d, 4H); 7.26 (d, 2H); 6.20 (d, 4H); 3.22 (s, 6H); 2.26 

( s, 6H) ppm. 

 

3.3 Physical Measurements 

3.3.1 Electrochemistry 

Cyclic voltammetry studies were performed using Metrohm Autolab 

potentiostat/galvanostat PGSTAT30 as described before.                                             
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N,N-Dimethylformamide (DMF) and Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, 

Chromosolv®Plus, 99.9%, HPLC grade) were used as solvents for the studies. As an 

internal reference cobaltocenium hexafluorophosphate (E°= - 0.589 V versus NHE)34 was 

used. 

 

3.3.2 Infrared, Electronic Absorption and NMR Spectroscopies.   

In order to record infrared absorption spectra KBr disk of each compound was 

placed in sample holder part of Bomem Michelson 120 FTIR spectrometer which were 

corrected for air background. 

Electronic absorption spectra were taken using a Cary 3 spectrophotometer as 

described before. 

1H NMR spectra were recorded using Bruker 300 Ultra Shield spectrometers and 

all the peaks were referenced to TMS at 0.00 ppm. 5-10 mg of sample in 1 mL DMSO-d6 

was used to record the chemical shifts.  

 

3.3.3 Vis-NIR and IR Spectroelectrochemistry 

Vis-NIR and IR-spectroelectrochemistry were performed using an optical 

transparent thin-layer electrochemical cell. 0.1M TBAH solution in DMF was used as 

supporting electrolyte and solvent. Applied potential was in the range of -0.1 and 1.3 V 

during the experiment. The Vis-NIR spectra were collected on a UV-Vis-NIR Cary 5 

spectrophotometer with appropriate background correction of solvent and electrolyte at a 

scan rate of 1800 nm/min and IR spectra were collected on the same Bomem Michelson 

120 FTIR spectrometer as used for IR-spectroscopy. 
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3.3.4 Elemental Analyses: 

All elemental analyses were performed by Canadian Microanalytical Services, 

Ltd. in Delta, B. C., Canada. 

 

3.3.5 DFT Calculations: 

Gas-phase hybrid HF-DFT SCF calculations of equilibrium geometry, MOs, 

orbital energies and spin density distributions were performed with Wavefunction Inc., 

Spartan’14 Parallel program package, using the B3LYP/6-31G* model.  

 

3.4 Results and Discussions: 

3.4.1 Synthesis of Ligand  

4,4-Azodianiline was synthesized via condensation reaction of nitroso 

compounds. The oxidation of the aromatic amine achieved by using Oxone® (potassium 

peroxomonosulphate) in aqueous acidic solution led to the less water soluble 

nitrosoarene. Azocoupling reaction resulted in desired 4,4-azodi(nitrobenzene) which 

was recrystallized from acetic acid to yield 71% pure product. Experiments showed the 

yield of the reaction increases by slow addition of the oxidizing agent. 

In the next step of completing the anticipated azodianiline the nitro groups of 

azodi(nitrobenzene) reduced to amine groups using sodium sulfide in ethanol/water 

solution at refluxing temperature. The pure product was crystallized directly from the 

reaction mixture in 61% overall yield. 
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Scheme 6 Synthesis of 4,4-Azodianiline 
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The azodi(phenylcyanamide) ligand (7) was synthesized via thiourea procedure 

from corresponding aniline derivative (Scheme 7). This method consists of the synthesis 

of benzoyl thiocyanate from the reaction of ammonium thiocyanate with benzoyl chloride 

in refluxing acetone solution which results pale green solution with white precipitate. 

Addition of an aniline derivative to the reaction mixture results in nucleophilic addition 

of amine group to the carbonyl of benzoyl thiocyanate. The formed thiourea derivative 

undergoes base hydrolysis by boiling in 2 M NaOH(aq) solution followed by 

desulfurization at 65 ºC by lead acetate precipitating black PbS. Finally acidification of 

the aqueous solution with glacial acetic acid yielded a protonated phenylcyanamide 

derivative. Several experimental steps have to be estimated during this procedure such as 

(1) the duration of the reaction between benzoylthiocyanate and aniline derivative 

depends on the nature of the phenyl ring substituents. It has been shown for highly 

deactivated amines excess amount of benzoylthoicyanate is needed as well as longer 

refluxing time. (2) Desulfurization step has to be done at temperature not greater than 
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65ºC to prevent dimerization. And finally (3) acidification step should be done as fast as 

possible to prevent the formation of a guanidine derivative.22 

In order to increase the reactivity of the prepared ligand, its thallium salt (8) was 

synthesized in acetone/water solution by reacting thallium acetate salt with neutral 

adpcH2 (7) in presence of triethylamine as deprotonating agent. 

 

Scheme 7 Preparation of 4,4-Azodiphenylcyanamide (7) 
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3.4.2 Synthesis of complexes: 

Precursor cis-[Ru(bpy)2Cl2] complex (10) was synthesized through the reaction 

of  two equivalent bipyridine with an equivalent RuCl3 in DMF. After 3 hours of reflux 

the crude product stirred in a hot solution of lithium chloride in ethanol/water, which 

after chilling down resulted in pure micro crystalline desired complex. 

 

[{Ru(bpy)2}2(µ-adpc)2] complex (11). Synthesis of this complex was a slight 

challenge in terms of reaction duration as the reaction mixture made of refluxing one 

equivalent thallium salt of adpc2- ligand with one equivalent of pre-made                       

cis-[Ru(bpy)2Cl2] (10) in DMF has the potential of producing less soluble multi-nuclear 

complexes which have almost the same 1H-NMR spectra as the desire complex. 

Refluxing time longer than 3 hours of Tl2adpc (8) with Ru(bpy)2Cl2 (10) caused thick 

layer of black precipitate at the bottom of reaction flask which was just slightly soluble in 

hot DMSO while the desired dinuclear complex was soluble in DMF and DMSO. 

After 3 hours refluxing the reaction mixture and chilling down to -20 ºC the 

solution was filtered, black fine precipitate on the filter was collected, which was the 

mixture of TlCl (thallium chloride) salt and the desired product. Purification of the 

product achieved by dissolving the mixture in hot DMSO followed by filtration using 

Millipore filters and finally recrystallizing the ruthenium complex (11) with acetone 

diffusion in to DMSO solution.  
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3.4.3 Infrared Spectroscopy: 

One of the best spectroscopic methods to show the presence of cyanamide 

functional group in a compound is the vibration of NCN bond in infrared region. In the 

present research the infrared spectra of adpcH2 (7), Tl2adpc (8) and the dinuclear 

[{Ru(bpy)2}2(µ-adpc)2] (11) complex were taken on KBr pellets. The corresponding IR-

spectra are shown in Figure 31 to Figure 33. The vibration of NCN band appears at 2238, 

2035 and 2161 cm-1 for adpcH2 (7), Tl2adpc (8) and the [{Ru(bpy)2}2(µ-adpc)2] (11) 

complex, respectively. 
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Figure 31 IR spectrum of adpcH2 (7) (KBr disc). 
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Figure 32 IR spectrum of Tl2adpc (8) salt (KBr disc). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33 IR spectrum of [{Ru(bpy)2}2(µ-adpc)2] (11) complex (KBr disc). 
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As was described before in section 1.3.1, different resonance structures of 

cyanamide group are responsible for the differences in υ(NCN). In the neutral form of the 

ligand the resonance structure A in Figure 3 is the dominant form as for dianion form of 

the ligand in Tl2adpc form B is the major structure.  

 

3.4.4 1H-NMR spectroscopy 

1H-NMR spectra of azodianiline, adpcH2 (7), Tl2adpc (8), [Ru(bpy)2Cl2] (10) and 

[{Ru(bpy)2}2(µ-adpc)2] (11) were all recorded in DMSO-d6 with TMS as reference. The 

chemical shifts and integrations are listed in Table 5 also the spectra for all the products 

are shown in Figure 34 to Figure 38. 1H-NMR of adpcH2 and its thallium salt have been 

previously reported 14 and were replicated in the present work. 

The bipyridine ligands in cis-[Ru(bpy)2Cl2] (10) complex (Figure 37) have two 

magnetically non-equivalent pyridine moieties and therefore display 8 total proton peaks 

including two sets of  two doublets and two sets of two triplets within the chemical shifts 

from 7.1 to 10 ppm. For the [{Ru(bpy)2}2(µ-adpc)2] (11) complex chemical shifts of 

bipyridine ligands have almost the same pattern as its precursor complex. 1H-NMR 

spectrum (Figure 38) shows two magnetically non-equivalent pyridine moieties as 8 

peaks in total for bipyridines and two doublets for two groups of different protons in 

adpc2- bridging ligands. 

1H-NMR peaks for complexes 10 and 11 have been assigned to the representative 

protons and are provided in parts B5 and B6 in the Appendix B. 
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Table 5 300 MHz 1H NMR Data in DMSO-d6. 

Compound Chemical shifts(ppm)/type 

4,4-Azodianiline 

 

7.53 (d, 4H); 6.63 (d, 4H) 

5.72 (s, 4H) 

adpcH2 (7) 
10.5 (broad s, 2H) 

7.89 (d, 4H); 7.14 (d, 4H) 

Tl2adpc (8) 7.41 (d, 4H); 6.60 (d, 4H) 

cis-[Ru(bpy)2Cl2] 

(10) 

9.98 (d, 2H) 

8.65 (d, 2H) 

8.50 (d, 2H) 

8.07 (td, 2H) 

7.77 (td, 2H) 

7.68 (td, 2H) 

7.52 (d, 2H) 

7.10 (td, 2H) 

 

[{Ru(bpy)2}2(µ-adpc)2] 

(11) 

 

9.54 (d, 4H); 8.80 (d, 4H) 

8.67 (d, 4H); 7.95 (t, 4H) 

7.93 (m, 8H); 7.70 (d, 4H) 

7.48 (d, 8H); 7.29 (t, 4H) 

6.68 (d, 8H) 

 

 

ppm

5.05.56.06.57.07.58.0

 
Figure 34 1H-NMR of 4,4-azodianiline  in DMSO-d6. 
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Figure 35 1H-NMR of adpcH2 (7) in DMSO-d6. 

ppm

5678

 
Figure 36 1H-NMR of Tl2adpc (8) in DMSO-d6. 
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ppm

78910

 
Figure 37 1H-NMR of  cis-[Ru(bpy)2Cl2] (10) in DMSO-d6. 

 

ppm

678910

 
Figure 38 1H-NMR of [{Ru(bpy)2}2(µ-adpc)2] (11) in DMSO-d6. 
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3.4.5 Electrochemistry 

The CV of [{Ru(bpy)2}2(µ-adpc)2] (11) was performed in DMF at the scan rate of 

0.1 V/sec. The voltammogram is shown in Figure 39. CV data for Tl2adpc (8) and the 

dinuclear complex are tabulated in Table 6. As previous studies showed, the CV of 

Tl2[adpc] (8) has two closely spaced redox couples which are only partially reversible.14 

The voltammogram of [{Ru(bpy)2}2(µ-adpc)2] (11) in DMF shows two oxidation waves 

at 0.64 and 0.77 V versus NHE which we assigned to Ru(III/II). The other peak 

representing two electron process at 0.93 V was assigned to adpc(1-/2-) oxidation. The 

assignments of couples determined by combined IR and vis-NIR spectroelectrochemical 

analysis as well as theoretical calculations on oxidized dinuclear complexes. 

  The Ru(III/II) couples of (11) are reversible and the separations between cathodic 

and anodic waves are 59 mV and 61 mV for a scan rate of 0.1 V/sec. As KC = 1016.91 ΔE 

and ΔE=130 mV the comproportionation equilibrium constant for [{Ru(bpy)2}2(μ-adpc)2] 

(11) complex was calculated to be  Kc = 1.6 x 102.  This low Kc value implies a weak 

metal-metal coupling in the mixed-valence complex.  
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Figure 39 Cyclic voltammogram [{Ru(bpy)2}2(µ-adpc)2]  in DMF with 0.1 M 

tetrabutylammonium hexafluorophosphate, using platinum counter and working electrode, silver 

wire pseudo-reference (cobaltocene internal reference, Cc/Cc+) at scan rate of 100mV/s vs. NHE. 

 

Table 6 Electrochemicala Results for dianion adpc and its dinuclear ruthenium complex. 

Compound Ru(III/II) L(-1/-2) 

 

L(0/-1) 

 

[AsPh4]2[adpc]14  

 

0.48b 

 

0.63b 

 

[{Ru(bpy)}2(µ-adpc)2]
b (11) 0.64, 0.77 0.93 

 

 

 ain Volts vs NHE at ambient temperature (23°C) and a scan rate 0.1 V/s; 0.1 M TBAH 

electrolyte; using platinum counter and working electrode, silver wire pseudo-reference; 

cobaltocenium hexafluorophosphate (E° = -0.589V versus NHE)51 was used as internal reference; 
bin DMF. 

 

3.4.6 Electronic Absorption Spectroscopy 

The quantitative electronic absorption spectra of Tl2adpc (8) and [{Ru(bpy)}2(µ-

adpc)2] (11) in DMF are shown in Figure 40 and Figure 41 respectively and also 

tabulated in Table 7. The anionic ligand in DMF shows a strong visible absorption in the 

case of adpc2- which has been assigned to a cyanamide-to-azo group intra-ligand charge 



72 

 

transfer (ILCT).14 Upon the coordination of adpc2- to Ru(II) metal centre this ILCT band 

is present and overlaps in energy with metal-to-ligand charge transfer (MLCT) of Ru(II)-

bpy chromophores. 
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Figure 40 Electronic absorption spectrum of Tl2adpc (8) in DMF. 
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Figure 41 Electronic absorption spectrum of [{Ru(bpy)2}2(µ-adpc)2] (11) in DMF. 
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Table 7 Quantitative Electronic Absorption Spectral Data of Dianion adpc and its 

Dinuclear Complexes in DMF. 

Compound Absorptions (ε / M-1cm-1) 

(8)14  500 (54400), 525 (51500) (NCN  Azo ILCT) 

(11) 

290(92900) (π π* bpy) 

340(24500), 500( 85700) )(ILCT, Ru(II)- bpy & Ru(II)- trpy) 

(9)14 293 (81900), (π π* bpy, terpyrine & phenyl)  

317 (72100), 490 (69100), (ILCT, Ru(II)- bpy & Ru(II)- trpy)14 

   

3.4.7 Vis-NIR Spectroelectrochemistry 

The Vis-NIR spectroelectrochemistry of the [Ru(II), Ru(II)] (11) complex in 

DMF generating the [Ru(III), Ru(II)] and [Ru(III), Ru(III)] spectra are shown in Figure 

42. 

For one electron oxidation product of [{Ru(bpy)}2(µ-adpc)2] (11) which was 

performed in an electrical range between 0.0 - 0.55 V (vs Ag/AgCl reference electrode), 

three new bands at λmax= 654, 830 and 1930 nm appear in the visible near-IR region (part 

A Figure 42). Assignment of the band at 830 nm is given to the Ru (III)-cyanamide 

chromophore as it shows gain of absorptivity with the formation of the [R(III), Ru(III)] 

complex.  The band at 654 nm has been assigned to a Ru(II) → adpc MLCT transition 

nm as decreases in intensity with the formation of completely oxidized [Ru(III), 

Ru(III)].14 The absorption centered at 1930 nm which is not present in the spectra of the 

[Ru(II), Ru(II)]  and [Ru(III), Ru(III)] is assigned to a Ru(II)-Ru(III) metal-to-metal 

charge transfer (MMCT). Further oxidation of this complex (electrical potential range 

between 0.55 – 0.65V vs. Ag/AgCl reference electrode) results in intensity decrease of 
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the previously generated peak at 1930 nm and the generation of another peak at 1353 nm 

which is associated with Ru(III)-Ru(III) ligand-to-metal charge transfer (LMCT) (part B 

Figure 42). Further oxidation of the complex results in a loss of reversibility. 
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Figure 42 OTTLE cell electronic spectra of [{Ru(bpy)}2(µ-adpc)2]  in DMF under 

increasing oxidation potentials (0.0 → 0.65 V).  0.1 M TBAH; ITO (indium-tin oxide) 
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coated glass served as working and counter electrodes; Ag/AgCl reference 

electrode(A)0.0 - 0.50 V; (B) 0.5-0.55 V; (C) 0.55-0.65 V. 
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Figure 43 Metal-metal charge transfer band of [{Ru(bpy)}2(µ-adpc)2]  in DMF, smoothed data. 

 

MMCT band plotted against an energy axis has been presented in Figure 43 in 

which the characteristic of Class (III) mixed-valence complexes such as non-Gaussian 

shape with high energy tail have been revealed50. [{Ru(bpy)}2(µ-adpc)2] complex 

possesses λmax, max and Δ1/2 equal to 1846 nm, 10363 M-1.cm-1 and 4500 cm-1, 

respectively. 

 

3.4.8 IR Spectroelectrochemistry 

As stated before cyanamide group possesses two different resonance forms which 

are in contribution with the oxidation state and the coordination sphere of the complex. 
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Two different oxidation states (2+ and π-acid 3+) of ruthenium perturb the resonance 

form of cyanamide ligand (see Figure 3) which can be recognized via IR-

spectroelectrochemistry methods. 

From the spectra, the oxidation of [{Ru(bpy)}2(µ-adpc)2] (11) to form 

[{Ru(bpy)}2(µ-adpc)2]
1+ resulted in a gradual decrease of intensity of  the υ(NCN) at 

2170 cm-1 and small increase of intensity in lower and higher energy tails. The growth of 

the band at 2260 cm-1 is associated with the resonance form A in Figure 3 which is due to 

the formation of Ru(III) species. Further oxidation to generate [{Ru(bpy)}2(µ-adpc)2]
2+ 

accompanied by less dramatic decrease of the peak at 2170 cm-1 and increase of the peak 

at 2060 cm-1 which might be due to anionic cyanamide bound to Ru(III) centre. 

Generally, good reversibility was observed for single electron oxidation, while the second 

oxidation is not very reversible (80 - 90% recovery of the initial spectrum).   The 

observation of two υ(NCN) bands for [{Ru(bpy)}2(µ-adpc)2]
1+ arises from two 

cyanamide coordination environments, one bonded to Ru(III) and the other to Ru(II).  

This is consistent with a Class II mixed-valence state. 
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Figure 44 IR spectroelectrochemical oxidation of [{Ru(bpy)}2(µ-adpc)2]  to form 

[{Ru(bpy)}2(µ-adpc)2] 
+ and [{Ru(bpy)}2(µ-adpc)2] 

2+  in DMF, 0.1 M TBAH. 0.0  - 0.85 

V vs. Ag / AgCl. 
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3.4.9 DFT Calculation of Neutral and Singly Oxidized [{Ru(bpy)}2(µ-adpc)2] 

Complex 

 

Theoretical DFT calculation of frontier molecular orbitals of [{Ru(bpy)}2(µ-

adpc)2] (11) complex was performed using the B3LYP/6-31G* model and has been 

shown in Figure 45. 

As seen for this complex the HOMO is mostly bridge-based with small 

contribution to ruthenium (dπ) orbitals and two degenerated LUMO are based on 

bipyridine π* orbitals as expected for π-acceptor ligands which helps stabilizing filled dπ 

orbitals of Ru(II) metal centre. 

 The DFT calculation of the spin density distribution in the mixed-valence 

[{Ru(bpy)}2(µ-adpc)2]
+ is shown in Figure 46 in which spin density resides in pπ atomic 

orbitals of the bridging ligands with dπ orbital contributions from the ruthenium ion.  

Comparison of the spin density calculated for [{Ru(bpy)}2(µ-adpc)2]
+ with that of 

a similar calculation for [{Ru(tpy)(bpy)}2(µ-adpc)]3+, Figure 47, shows decrease of 

metal’s dπ contribution for the latter complex. This is consistent with the Ru(III) 

oxidation state being better stabilized when two cyanamide anion ligands are coordinated.  

However, based on these calculations alone, for [{Ru(bpy)}2(µ-adpc)2]
+, a radical 

bridging ligand is predicted for the mixed-valence state in disagreement with IR 

spectroelectrochemistry which shows two υ(NCN). It is suggested that the level of theory 

used is inadequate and that a more sophisticated treatment involving solvent interactions 

is required.  Previous studies have shown this to be extremely important.29   
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Figure 45 DFT calculation of orbital energies and selected molecular orbitals of 

[{Ru(bpy)}2(µ-adpc)2] (11). 
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Figure 46 Spin density distribution of [{Ru(bpy)2}2(µ-adpc)2]
+. 

 

 
 

Figure 47 Spin density distribution of [{Ru(tpy)(bpy)}2(-adpc)]3+.51 
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3.5 Results and Discussion of dinuclear [{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 

complex: 

 

3.5.1 Synthesis 

[{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 (12) complex was synthesized by refluxing 

the precursor [{Ru(bpy)2}2(µ-adpc)2] (11)complex in slightly acidic DMSO solution 

under inert atmosphere. Experiments have shown longer reflux time or higher 

temperatures even during solvent removal (drying time) results in substitution of both 

adpc2- ligands by dmso.46 In order to obtain elementally pure complex from crude 

mixture of mononuclear and dinuclear complexes, purification was achieved by using 

deactivated grade (V) alumina column. To prevent undesired linkage isomerism and 

binding to alumina the purification step was performed in dark. The desired product was 

eluted from the column by 1:9 DMF/acetonitrile solvent. Higher polarity of solvent 

decreased the elution time but increased the amount of impurity in the final product. The 

specific binding ability46 of these types of complexes to alumina column decreased the 

yield. 
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3.5.2 Infrared Spectroscopy 

Infrared data of the dinuclear [{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 (12) complex in 

both S- and O-bonded forms have been placed in the Table 8 and a representative IR-

spectrum of the initial S-bonded isomer is shown in Figure 48. The IR spectrum of S-

bonded complex was taken on KBr pellet. The spectrum of O-bonded isomer obtained by 

evaporating the partially photolyzed acetone solution of initially S-bonded isomer with 

white light from Xe-150 watt arc lamp for 1 hour onto KBr pellet. The representative 

spectrum is shown in Figure 49. 

Both IR spectra exhibited strong υ(NCN) band at 2166 cm-1 for the coordinated 

adpc2- ligands. The intense band located at 840 cm-1 is due to υ(P-F) stretching of 

hexafluorophosphate anion in both isomers. One of the characteristics of the ruthenium-

polypyridyl-sulfoxide complexes is a fairly intense (SO) band at 1080-1150 cm-1 and 

860-1000 cm-1 for S- and O-bonded sulfoxide ligands, respectively.52 The other 

characteristics of Ru-dmso complexes is the weak υ(Ru-S) and υ(Ru-O) stretches at 410-

430 cm-1 and 460-490 cm-1 respectively.52–55 In agreement with the reported ranges, the 

(SO) of Ru-S and Ru-O isomers of the dinuclear [{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 

complex stretches at 1098 and 1020, respectively. 

 

Table 8 Infrared Spectroscopy Data (KBr disc) 

υ (NCN)/cm-1 υ (SO) 

S-bound 

υ (SO) 

O-bound 

υ (Ru-S) υ (Ru-O) 

2166 1098 1020 427 446 
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Figure 48 IR spectrum of [{Ru(bpy)2(S-dmso)}2(µ-adpc)][PF6]2 complex(KBr disc). 

 
Figure 49 IR spectrum of [{Ru(bpy)2(O-dmso)}2(µ-adpc)][PF6]2 complex(KBr disc). 

 

3.5.3 1H-NMR Spectroscopy 

The 1H-NMR spectrum of the [{Ru(bpy)2(S-dmso)}2(µ-adpc)][PF6]2 (12) 

complex was recorded in DMSO-d6 solution and is shown in Figure 51. The chemical 

shifts of the protons among with the assignments of the peaks are tabulated in Table 9. 
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All proton peaks for bpy, adpc2- and coordinated DMSO ligands were assigned with the 

help of coupling constants, 1H-1H COSY and integration values for respective peaks. The 

results were also compared with reported chemical shifts of structurally similar 

[{Ru(bpy)2(S-dmso)(R-pcyd)][PF6] complexes.46 the numbering scheme used to assign 

the protons is shown in Figure 50. 
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Figure 50 The numbering scheme used to assign the proton chemical shifts. 

 

 

 

Table 9 300 MHz 1H NMR Data of [{Ru(bpy)2(S-dmso)}2(µ-adpc)][PF6]2 in DMSO-d6. 

Chemical shift (ppm) / type 

bpy adpc dmso 

10.04(d, 2H) A6 

9.18(d, 2H) D6 

8.85(m, 8H)D3, A3, B3 

8.74(d, 2H)C3 

8.45(t, 2H)D4 

8.36(t, 2H)A4 

8.18(t, 2H)B4 

8.10(t, 2H) C4 

8.49(q, 4H)D5, A5 

7.92(d, 2H)C6 

7.52(t, 2H)B5 

7.45(t, 2H) C5 

7.26(d, 2H)B6 

7.35(d, 4H) E3 

6.20(d, 4H) E2 

 

3.22(s, 6H) Me1 

2.26( s, 6H) Me2 
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Figure 51 1H-NMR of [{Ru(bpy)2(S-dmso)}2(µ-adpc)][PF6]2 (12) in DMSO-d6, two inset 

figures are the peaks for methyl groups of dmso ligand. 
 

 The spectral pattern seen in [{Ru(bpy)2(S-dmso)}2(µ-adpc)][PF6]2 (12) is much 

the same as the same protons in cis-[Ru(bpy)2(S-dmso)Cl][PF6] complex in term of the 

number of the peaks and chemical shifts and were assigned accordingly.43,56–60 The 

dinuclear complex (12) has two non-equivalent bipyridine ligands with four magnetically 

non-equivalent pyridine rings (rings A, B, C and D in Figure 50) therefore exhibit a total 

of 16 peaks in 1H-NMR. These 16 peaks are divided into eight doublets (positions 3 and 

6 Figure 50) and eight triplets (positions 4 and 5 Figure 50) in the range of 7.26 t 10.04 

ppm. Two doublets at 6.20 and 7.35 ppm with the integration of 4 are assigned to the 

phenyl protons of the bridging ligand, adpc2-. In the aliphatic region of the spectrum two 

singlet peaks (the inset peaks in Figure 51) with equal integrations of 6 protons, one at 

3.22 and the other one at 2.26 ppm, represent two non-equivalent methyl groups on the 

coordinated dmso ligand. The same as cis-[Ru(bpy)2(dmso-S)Cl][PF6] complex two 
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methyl groups on dmso ligands in the dinuclear complex (12) showed non-equivalent 

behavior as one appeared more downfield (2.26 ppm) and the other one more up-field 

(3.22 ppm). According to the X-ray crystal structure of the cis-[Ru(bpy)2(S-

dmso)Cl][PF6] complex, one of the methyl groups ( Me2 in Figure 50) experiences the 

shielding (2.26 ppm) effect of the anisotropic pyridine ring current as the other one 

experiences the cyanamide moieties of the bridging ligand and appears at more up-field 

region (3.22 ppm). 

1H-NMR spectrum of the partially photolyzed solution of [{Ru(bpy)2(dmso)}2(µ-

adpc)][PF6]2 (12) complex in DMSO-d6 was taken after irradiation of the solution of 

initially S-bonded complex (12) with white light from Xe-150 watt arc lamp for 1 hour. 

The spectra of initial S-bonded and final mixture of S- and O-bonded complex (12) are 

shown in Figure 52 to Figure 54. 

ppm

2.02.22.42.62.83.03.2

Me(S-DMSO)
Me(S-DMSO)

 
Figure 52 1H NMR spectra of [{Ru(bpy)2(S-dmso)}2(µ-adpc)][PF6]2 complex  in dmso-

d6 ,initial S-isomer. 
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Figure 53 1H NMR spectra of [{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 complex  in dmso-d6, 

after 1 hour irradiation. 

ppm

2.02.22.42.62.83.03.2

Me(S-DMSO)
Me(S-DMSO)

Me(O-DMSO)

 
Figure 54 1H NMR spectra of [{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 complex in dmso-d6 , 

after 2 hours irradiation. 

 

Upon partial photolysis of the initial S-bonded complex (12) two singlet peaks of 

the methyl groups merged together to a sharp singlet at 2.54 ppm, close to the residual 

solvent peak in DMSO-d6. This change in the H-NMR spectrum of dmso complex (12)  

in the aliphatic range has been described as S  O linkage isomerism of dmso ligand 
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where the chemical shifts of the two non-equivalent methyl groups in S-bond isomer 

merge together as two equivalent methyl groups in O-bond isomer. 

 

3.5.4 Electronic Absorption Spectroscopy 

The quantitative electronic absorption spectrum of the dinuclear complex (12) 

was recorded in its DMSO solution and as shown in Figure 55 has two maximum of 

absorption at 287 and 488 nm with extinction coefficients of 81500 and 55100 M-1cm-1 

respectively. 
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Figure 55 Electronic absorption spectrum of [{Ru(bpy)2(S-dmso)}2(µ-adpc)][PF6]2 

 in DMF. 

 

The electronic absorption spectrum of the dinuclear [{Ru(bpy)2(S-dmso)}2(µ-

adpc)][PF6]2 (12) complex, the same as its mononuclear analogue [Ru(bpy)2(R-

pcyd)(dmso-S)]+ complexes,46 is characterized by two intense bands, one at UV region 

(287 nm, ε = 81500 M-1cm-1) and the other band at 488 nm ( ε =55100). The sharp band 

at UV region has been assigned to bpy rings π to π* transitions. The intense band at 488, 
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the same as observed for [{Ru(trpy)(bpy)}2(µ-adpc)]2+ (9) complex,14 is assigned to 

cyanamide-to-azo group intraligand charge transfer (ILCT) transition which has the same 

energy as the MLCT transition of the Ru(II)-to-bpy chromophores. 

Figure 56 shows the spectra of the S- and the O-bonded isomers of [{Ru(bpy)(O-

dmso)}2(µ-adpc)]2+ complex in DMSO solution. The O-bonded spectrum was recorded 

after complete photolysis of initially S-bonded isomer using blue light (450 ± 20 nm) 

irradiation. As shown in Figure 57, this linkage isomerism thermally reverts back to S-

bonded isomer (O  S isomerism). 
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Figure 56 Photo-induced S→O isomerization of [{Ru(bpy)2(dmso)}2(µ-adpc)]2+ in 

DMSO solution. 
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Figure 57 Thermal relaxation of photo-induced S  O isomer of [{Ru(bpy)2(dmso)}2(µ-

adpc)]2+. 

 

3.5.5 Electrochemistry 

CV of [{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 (12) complex was performed in 

DMSO at the scan rate of 0.1 V/sec. The cyclic voltammogram is shown in Figure 58. 

The voltammogram of this complex (12) showed two quasi-reversible and one 

irreversible peaks. The first two reversible peaks at 0.76 V and 0.94 V potentials have 

been assigned to Ru(III/II) oxidation and the irreversible one at 1.09 V assigned to the 

oxidation of two Ru(III) centres to Ru(IV). 
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Figure 58 Cyclic voltammogram [{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 in DMSO with   

0.1 M tetrabutylammonium hexafluorophosphate, using platinum counter and working 

electrode, silver wire pseudo-reference (cobaltocene internal reference, E°= - 0.589 V 

versus NHE) at scan rate of 100mV/s. 

 

The separations between cathodic and anodic quasi-reversible waves for Ru(III/II) 

oxidations are 96 mV and 92 mV at different scan rates. As KC = 1016.91 ΔE and with 

ΔE=180 mV the comproportionation equilibrium constant for of [{Ru(bpy)(dmso)}2(µ-

adpc)]3+ complex was calculated to be  Kc = 1.11 x 103.  This Kc value implies this 

complex as Class II with a moderate coupling between metal centres. 

 

3.5.6 DFT Calculation  

Figure 59 showes theoretical DFT calculation of frontier molecular orbitals of 

[{Ru(bpy)(dmso)}2(µ-adpc)]2+ (12) complex using the B3LYP/6-31G* model. The same 

as [{Ru(bpy)2}2(µ-adpc)2] (11) complex the HOMO and also HOMO-1 are  mostly on 

phenylcyanamide bridging ligand and LUMO has the bipyridine character. 
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Figure 59 DFT calculation of orbital energies and selected molecular orbitals of 

[{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 (12). 

 

 
 

Figure 60 Spin density distribution of [{Ru(bpy)2(dmso)}2(µ-adpc)]3+ (12). 

 

LUMO: -5.9 eV 
LUMO: -5.9 eV 
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The DFT calculation of the spin density distribution in the mixed-valence 

complex [{Ru(bpy)2(dmso)}2(µ-adpc)]3+is shown in Figure 60. According to these 

calculation spin density resides mostly in p atomic orbitals of the bridging ligand with 

slight d orbital contributions from the ruthenium ions. Based on this calculation alone, a 

radical bridging ligand state is predicted however as has been stated before solvent 

interactions can shift spin density onto the metal29 and because of this interpretation of  

Figure 60 should be qualified.  

 

3.6 Conclusion 

[{Ru(bpy)}2(µ-adpc)2] (11) and [{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 (12) were 

prepared and characterized by elemental analysis and 1H-NMR spectroscopy. Cyclic 

voltammetry studies of the neutral complex showed two reversible peaks each consists 

with one electron for Ru(III/II) couples and a peak in consistence with two electron 

reaction for L0/L-1 of bridging ligands. IR- and UV-Vis-spectroelectrochemistry of the 

dinuclear [{Ru(bpy)}2(µ-adpc)2] (11) complex showed that the oxidation yields a Class II 

mixed-valence state with Kc = 1.11x103. Electronic absorption studies on 

[{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 (12) complex showed the complex undergoes photo-

induced linkage isomerism in solution using 447.5 nm LED lamp. The [{Ru(bpy)2(dmso-

O)}2(µ-adpc)]2+ isomer reverts back thermally to [{Ru(bpy)2(dmso-S)}2(µ-adpc)]2+. The 

cyclic voltammogram of this complex showed three processes as two quasi-reversible 

couples for Ru(III/II) followed by  one irreversible process which we assigned to 

Ru(III/IV). 
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 Gas phase DFT calculations on both the mixed-valence dinuclear complexes (11) 

and (12) showed spin-density distribution to be localized mostly on the bridging ligand 

with only a small contribution from the ruthenium centres in disagreement with IR 

spectroelectrochemical studies.  
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Chapter 4: Conclusion and Future Work 

 

4.1 Research Summary 

The synthesis and characterization of the brand new phenylcyanamide ligand 

tdpc2- : 3,6-bis(phenylcyanamido)-1,2,4,5-tetrazine and its dinuclear ruthenium complex 

[{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 were described in Chapter 2.  

The elemental analysis and the 1H-NMR of the protonated H2tdpc (4) were in a 

good agreement with the expected formula. The IR-spectrum showed the sharp υ(NCN) 

band at 2228 cm-1 and 2124 cm-1 for neutral and dianion form of the ligand, respectively. 

Low solubility of the thallium salt of tdpc2- ligand (5) prevents us from further 

purification and also performing cyclic voltammetry studies on the dianion form of the 

ligand. The electronic absorption spectra of H2tdpc (4) showed absorption at UV region 

(275 nm) which upon partial deprotonation (dissolving in DMF, strong donor solvents) 

and complete deprotonation, as in Tl1.75tdpc (5), shifts to longer wavelengths, 450 nm.  

Elemental analysis, 1H-NMR and IR-spectroscopies of the dinuclear complex (6) 

confirmed the proposed formula. Cyclic voltammetry and spectroelectrochemistry were 

used to study the coupling between two metal centres in the dinuclear complex (6). Table 

4 showed the cyclic voltammetry results for [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 (6) 

complex in comparison to Class(III) [{Ru(trpy)(bpy)}2(µ-adpc)][PF6]2 (9) complex. The 

shape and the ΔEp (separation between the cathodic and anodic potentials) of the only 

observed oxidation wave for [{Ru(ttpy)(bpy)}2(µ-tdpc)]2+ (6) is consistence with two 

overlapped Ru(II/III) couples.  
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UV-Vis spectroelectrochemistry of the complex (6) showed formation of the new 

band at 1190 nm with a low energy tail centered at 1530 nm during the oxidation of the 

complex (6) which is assigned to an intervalence transition. The band at 1190 is assigned 

to two overlapped metal-to-ligand charge transfer (MLCT) bands. Calculations based on 

the properties of the intervalence band confirmed weak metal-metal coupling in 

[{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ complex. The IR-spectroelectrochemistry of this complex 

during the oxidation showed rapid decrease of the initial υ(NCN) band and appearance of 

a new weak band at lower frequencies. The appearance of two υ(NCN) in the IR spectra 

of the mixed-valence complex (6) supports the valence-trapped state. The overall results 

from CV, Vis-NIR and IR spectroelectrochemistry showed the mixed-valence 

[{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ complex to have metal-metal coupling of 400 cm-1 which is 

consistent with a weakly-coupled Class II system. 

Spin density calculation on the mixed-valence [{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ 

complex (6) showed  majority of the spin density on the pπ orbitals of the bridging ligand 

with minor contribution of metal dπ orbitals which is not in agreement with the 

experimental results. As explained before, solvent interactions with the complex can shift 

spin density to the metal centres.  

The DFT studies on the dianion form of tdpc2- (5) ligand showed stability of 

HOMO by the factor of 0.7 eV in compare to adpc2-. The extra stability of the HOMO 

was expected to decrease the metal-metal coupling in dinuclear systems when tdpc2- 

bridges the metal centres in compare to adpc2- systems if the hole transfer superexchange 

mechanism was dominant. The experimentally observed weak coupling in 

[{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ (6) compare to strong coupling in [{Ru(trpy)(bpy)}2(µ-
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adpc)] (9) complex suggests hole-transfer superexchange as the major pathway for our 

phenylcyanamide systems. 

In the second study of this research dinuclear [{Ru(bpy)2}2(µ-adpc)2] (11) 

complex was synthesized and the proposed formula was approved by elemental analysis. 

IR-spectrum of the complex with a sharp band at 2161 cm-1 confirmed the presence of 

cyanamide ligand. 1H-NMR spectrum of the complex (11) consists of 10 peaks was also 

in agreement with the expected structure.  

The cyclic voltammogram of the dinuclear complex (11) consists of 3 oxidation 

couples which are assigned to two separate one-electron processes for Ru(II/III) and one 

two-electron process for L(-1/-2) oxidations. 

UV-Vis spectroelectrochemistry study of the complex (11) showed formation of a 

metal-to-metal charge transfer (MMCT) band centered at 2000 nm. Further oxidation to 

generate [Ru(III),Ru(III)] species caused an ILCT band at 1400 nm. 

The IR-spectroelectrochemistry study on [{Ru(bpy)2}2(µ-adpc)2] (11) complex 

showed Class II behavior during the oxidation. The oxidation resulted in the intensity 

decrease of the initial υ(NCN) and generation of a new peak at lower frequencies. 

 The total results of different experimental tests showed moderate metal-metal 

coupling in the mixed-valence [Ru(II), Ru(III)] state of the complex (11). With a 

calculated Kc= 1.11x103, this mixed-valence complex is classified as a Class II complex.  

Gas phase DFT calculation on the spin density distribution of the mixed-valence 

[{Ru(bpy)2}2(µ-adpc)2]
+ complex (11) showed greater contribution of ruthenium-dπ 

orbital with the bridging ligand’s orbitals than in [{Ru(ttpy)(bpy)}2(µ-tdpc)]3+ (6). It is 
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suggested that inclusion of the effect of solvent-solute interaction in the DFT calculation 

would result in better agreement with the spectroelectrochemical studies of the complex.  

The characterized dinuclear [{Ru(bpy)2}2(µ-adpc)2] (11) complex was then used 

to synthesize the dinuclear [{Ru(bpy)2(S-dmso)}2(µ-adpc)][PF6]2 complex (12)  in order 

to investigate the linkage-isomerism of dmso with the aim of developing a mixed-valence 

“photo-switchable” complex. Characterization of the S-bonded complex by elemental 

analysis and infrared spectroscopy confirmed the proposed formula and the presence of 

adpc2- ligand. 1H-NMR spectrum of the S-bonded complex (12) consists of 18 peaks for 

aromatic rings and two shielded singlet peaks for two methyl groups on dmso ligands 

which are in agreement with the proposed structure and formula. The 1H-NMR spectrum 

of the partially photolyzed [{Ru(bpy)2(dmso)}2(µ-adpc)] complex (12) showed the same 

pattern as the S-bonded isomer except for the methyl peaks.  

Cyclic voltammetry data for this complex (12) showed two reversible Ru(II/III) 

couples and one irreversible couple which we assigned to Ru(III/IV) oxidations of both 

metal centres.  

Electronic absorption spectroscopic studies on the complex (12) in DMSO 

solution showed mostly the same absorptions as for the precursor [{Ru(bpy)2}2(µ-adpc)2] 

(11) complex. The spectrum consists of two absorption peaks one at UV region which is 

assigned to π to π* transitions of bipyridine and phenyl rings and a peak in visible region 

which has been assigned to cyanamide-to-azo intraligand charge transfer (ILCT). 

Irradiation of the DMSO solution of the complex (12) showed decrease of the 

electronic absorption which we assigned to SO linkage isomerism of dmso that 
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thermally reverts back to sulfur bound over 3 hours. Thermal reversibility of the 

electronic absorption change shows photo-switchable activity of this complex. 

Gas phase DFT calculation on the spin density of this complex (12), the same as 

the other two complexes, showed the most of the density on the bridging ligand. 

 

4.2 Future Work 

Changing the acceptor group, azo, in adpc2- (7) with stronger acceptor unit such 

as tetrazine in tdpc2- (4) stabilized the π-HOMO of the bridging ligand by 0.7 eV, which 

against our prediction showed decrease of coupling between the two metal centres in its 

dinuclear [{Ru(ttpy)(bpy)}2(µ-tdpc)]2+ (6) complex. Further characterization of the 

complex by EPR would provide more quantitative estimate of spin density distribution on 

the complex (6). Also changing the energy of the HOMO of tdpc2- through synthesis of 

substituted tdpc2- ligands with different electron donor groups can provide more 

information about the effect of this group of ligands on the degree of metal-metal 

coupling. 

1H-NMR and electronic absorption spectroscopic studies on photo-linkage 

isomerism of the dinuclear [{Ru(bpy)2(dmso)}2(µ-adpc)]2+ (12) complex showed 

encouraging results. UV-Vis- and IR- spectroelectrochemistry studies on 

[{Ru(bpy)2(dmso)}2(µ-adpc)][PF6]2 (12) would be the next step in characterizing this 

potentially photo-switchable complex completely in solution. Previous studies on 

mononuclear complexes of the same coordination showed solid state photo-isomerization 

of ruthenium-dmso complexes in Poly(methyl methacrylate) (PMMA) polymer films.46 
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The same studies on the dinuclear complex (12) may open new aspects in molecular 

devices. 

  Synthesis of analogue complexes with substituted adpc2- ligands with different 

electronic absorption than adpc2- would also be a further step in synthesis of photo-

switchable complexes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



101 

 

Appendices 

Appendix A  : Techniques 

A.1 Preparation of Ag/ AgCl Reference Electrode 

As reference electrode in OTTLE cell two stripes of silver wires with known 

diameter were twisted together and were soaked in 3M HNO3 solution for 5 minutes and 

then rinsed with deionized water. The cleaned silver wire was then used as working 

electrode in the standard H-cell with platinum disk counter and the reference glassy 

Ag/AgCl electrode. 0.1m HCl solution was used as electrolyte. The current density then 

was set as 0.4 mA/cm2 of the silver wire. The cell was left in the adjusted current for 30 

minutes while the white-gray Ag/AgCl layer was collected on the surface of the working 

silver wire. The Ag/AgCl electrode was then rinsed with deionized water and left to dry. 
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A.2 TBAH Preparation 

TBAH was synthesized through the combination of 0.1 M tetrabutylammonium 

bromide (1 g in 30 mL 1:1 ethanol/water) solution with 0.1 M (30 mL 1:1 ethanol/water 

solution of 0.5 g) ammonium hexafluorophosphate. Precipitated white TBAH was 

collected and washed with 30 mL water.  

Recrystallization of TBAH was achieved through dissolving the crude product in 

30m hot ethanol followed by filtration. To the still hot filtrate was added 10mL water. 

The solution was cooled to room temperature and then chilled down overnight in the 

fridge. The white TBAH needles were collected and the same process was done for 2 

more times. The pure TBAH was vacuum dried at 110ºC (refluxing toluene) for 48hours. 

Yield: 77%. 
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Appendix B  : NMR Spectra 

 

B.1 3,6-bis-(4-aminophenyl)-1,2-dihydro-1,2,4,5-tetrazine (1) 

N N

N
H

N
H

NH2NH2 A

1 2

B

2  

300 MHz 1H NMR Data of (1) in DMSO-d6. 

Chemical shift (ppm) / type 

Phenyl Tetrazine Ammine 

6.53 (d, 4H) A1 

7.47 (d, 4H) A2 

8.51 (s, 2H) B2 

 

5.48 (s, 4H) 

 

 

ppm

56789

 

Figure 61 1H-NMR spectrum of 3,6-bis-(4-aminophenyl)-1,2-dihydro-1,2,4,5-tetrazine in DMSO-d6. 
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B.2 3,5-diamino-4-amino-1,2,4-triazol 

 

N

NN

NH2

NH2 NH2

A

1 2

B

C

 

300 MHz 1H NMR Data of 3,5-diamino-4-amino-1,2,4-triazol in DMSO-d6. 

Chemical shift (ppm) / type 

phenyl triazol ammine 

6.64 (d, 4H) C1 

7.67 (d, 4H) C2 

5.96 (s, 2H) B 

 

5.46 (s, 4H) A 

 

ppm

5678

 

Figure 62 
1H-NMR spectrum of 3,5-diamino-4-amino-1,2,4-triazol in DMSO-d6 
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B.3 H2tdpc (4) 

 

N N

N N

NHNH

N

N

A

1 2

 

300 MHz 1H NMR Data of (4) in DMSO-d6. 

Chemical shift (ppm) / type 

phenyl cyanamide 

7.25 (d, 4H)  A1 

8.50 (d, 4H) A2 

10.81 (broad s, 2H) 

 

ppm

7891011

 

Figure 63 
1H-NMR spectrum of H2tdpc in DMSO-d6. 
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B.4 [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2 (6) 

Ru

N

N N

N

N NCN

t-Bu

N N

N N

II

AB

E

C

D
F

33

2

3

2

3

3

4

4

4

3

5
6

5

5

6

6

 
 

300 MHz 1H NMR Data of (6) in DMSO-d6. 

Chemical shift (ppm) / type 

ttpy , bpy tdpc t-Butyl 

9.68 (d, 2H) C6 

9.25 (s, 4H) B3 

9.00 (m, 6H) C3, A3 

8.72 (d, 2H) D3 

8.45 (t, 2H) C4 

8.18 (m, 6H) E2, D4 

7.94 – 7.83 (m, 6H) C5, A4 

7.77 (d, 4H) E3 

7.72 (d, 4H) A6 

7.57 (d, 2H) D6 

7.52 – 7.46 (t, 4H) A5 

7.18 (t,2H) D5 

8.24 (d, 4H) F3 

6.17 (d, 4H) F2 

1.38 (s, 18 H) 

 
Figure 64 

1H-NMR spectrum of [{Ru(ttpy)(bpy)}2(µ-tdpc)][PF6]2  in DMSO-d6. 
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B.5 [{Ru(bpy)2Cl2] (10) 

Ru

N

N

N
Cl

N
Cl

B

A

3 5

4

4

3

5

6
6

 
300 MHz 1H NMR Data of (10) in DMSO-d6. 

Chemical shift (ppm) / type 

bpy 

9.98 (d, 2H) A6 

8.65 (d, 2H) A3 

8.50 (d, 2H) B3 

8.07 (m, 2H) A4 

7.77 (m, 2H) A5 

7.68 (m, 2H) B4 

7.52 (d, 2H) B6 

7.10 (t, 2H) B5 

 

 

ppm

78910

 
Figure 65 

1H-NMR of  cis-[Ru(bpy)2Cl2] in DMSO-d6. 
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B.6 [{Ru(bpy)2}2(µ-adpc)2]  (11) 

Ru

N

N

N

N

N
N

N
N

Ru

N

N

N

N

NCN

NCN
NCN

NCN

A

B
E

3

4
3

5

4 3

6

26

5

 
 

300 MHz 1H NMR Data of (11) in DMSO-d6. 

Chemical shift (ppm) / type 

bpy adpc 

9.54 (d, 4H) A6 

 8.80 (d, 4H) A3 

8.67 (d, 4H) B3 

7.95 (t, 4H) A4 

7.93 (m, 8H) A5, B4 

7.70 (d, 4H) B6 

7.29 (t, 4H) B5 

7.48 (d, 8H) F3 

6.68 (d, 8H) F2 

 

 

ppm

678910

 
Figure 66 

1H-NMR of [{Ru(bpy)2}2(µ-adpc)2] in DMSO-d6.
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