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Abstract 

The development of photosynthetic systems is a growing field in chemistry with 

significant environmental applications. Ruthenium(II)-based polypyridine 

complexes are thoroughly studied for their capability to perform light-driven 

catalysis and to photo-induce charge-transfer to diverse organic, inorganic, and 

biological molecules. However, the development of a powerful and durable 

photosensitizer, which can be easily conjugated to different biocatalysts, has not 

been achieved yet.  

In the field of artificial metalloenzymes, the design of a suitable photosensitizing 

unit that can be tethered to such compounds is of particular interest, considering 

that only few multi-cofactor artificial metalloproteins have been reported so far. 

Among them, [RuII(bpy)3] and [RuII(tpy)2] have been generally adopted. 

[RuII(bpy)3] possesses well-known photophysical and photochemical properties, 

such as high chemical stability, high molar absorptivity (~14,600 M-1cm-1), and 

fluorescence quantum yield. Moreover, an exited-state lifetime in the order of 

microseconds (~ 1,100 ns) is crucial for its photochemical application. However, 

because of its stereogenic metal center, the functionalization of one or more of the 

coordinated bpy-ligands produces at least two stereoisomers (L and D) with 

distinct photophysical properties, increasing the synthetic complexity. In contrast, 

[RuII(bpy)3] has an isomeric defined structure. Nevertheless, poor photophysical 

properties, such as lower molar absorptivity (<10,000 M-1cm-1) and picosecond 

excited state-lifetime, hamper its applicability. Several reports have been 

published that describe tris-heteroleptic complexes as a feasible alternative in 

order to overcome such limitations. 
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In chapter one, we report our contribution in the field of photosensitization. The 

synthesis and characterization of a new tris-heteroleptic ruthenium(II) complex, 

[RuII(bpy)(tpy)(pyCOOH)] (bpy = 2,2’-bipyridine, tpy = 2,2’:2”,6’-terpyridine 

and pyCOOH = 4-carboxylpyridine), will be presented. Such complex has an 

isomerically-defined structure; it holds a carboxyl moiety that provides a versatile 

coupling moiety for bioconjugation, and that enhances its photophysical 

properties thanks to the electron withdrawing effect. The photophysical 

performance of the ruthenium(II) complex has been characterized by steady-state 

spectroscopic experiments, and supported by DFT and TD-DFT calculations for 

further understanding of the observed properties at a molecular scale. The 

synthesized ruthenium(II) complex has shown an enhanced light absorptivity of 

approximately 12,000 M-1cm-1 (at λmax = 460 nm) and 13,000 M-1cm-1 (at λmax = 

427 nm) in acetonitrile, and a wider range of visible light absorption in comparison 

to [RuII(bpy)3] (14,600 M-1cm-1; λmax = 460 nm). As expected for this class of 

terpyridine-based ruthenium(II) complexes, [RuII(bpy)(tpy)(pyCOOH)] has only 

limited fluorescence quantum yield, approximately tenfold less than [RuII(bpy)3] 

(F([RuII(bpy)(tpy)(pyCOOH)])=0.009; F([RuII(bpy)3])=0.095). The TD-DFT 

shows that the electronic density of the LUMO, involved in the charge transfer 

transition, mainly occupies the carboxyl moiety. Such key feature could be 

extremely positive if we consider that such moiety is involved into the conjugation 

between the ruthenium(II) complex and other molecular assemblies. 

The photochemical performance has been studied using a multicomponent 

system, composed of the ruthenium(II) complex, cytochrome c and aniline as the 

photosensitizer, electron acceptor and sacrificial electron donor, respectively. The 

photo-induced electron transfer process was found to be pseudo first-order against 

ruthenium(II) complex concentration, being 76% as active as [RuII(bpy)3]. Such 

lower activity may be accounted to the higher activation energy barrier (ca. 3.7 

kJ.mol-1) between the two complexes. 



 
 

 xi 

In chapter two, the tethering between the ruthenium(II) complex and artificial 

peptide has been tested by preparing two prototype systems based on cobalt(III) 

Mimochrome VI*a (CoIIIMC6*a), which is a rationally designed heme-peptide 

conjugate. The latter has been reported for its remarkable electrochemical activity, 

longevity, and stability in electrochemical hydrogen evolution in water under mild 

conditions. Therefore, CoIIIMC6*a has been used as a model system to test the 

here-presented complex conjugation. Two conjugation protocols have been 

characterized using both spectroscopic and chromatographic techniques. The 

synthetic results show that the ruthenium(II) complex can be easily tethered to the 

lysine-residue of CoIIIMC6*a either through click-chemistry crosslinking (using 

DBCO-PEG4-NHS as the spacer) or through direct conjugation (using a one-pot 

protocol for NHS coupling). Preliminary results of photoinduced hydrogen 

evolution have shown that it occurred only when [RuII(bpy)3] was used as freely 

diffusing photosensitizer. Nonetheless, spectroscopic evidence has excluded any 

inactivation of CoIIIMC6*a by the [RuII(bpy)(tpy)(pyCOOH)] complex, thus 

confirming the general covalent approach of photosensitization.  
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Synthesis and characterization of a new 
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1.1. Introduction 

Sun is a freely available, abundant, and sustainable energy source. The earth 

receives solar energy, as heat and light, at the rate of approximately 1.2.1018 J.s-1, 

which exceeded the annual worldwide energy consumption rate of approximately 

1.5.1014 J.s-1 1–3. Today, an effective method for capturing, converting, and storing 

solar energy is still under development.  

The available methods for harvesting solar-energy are fundamentally three: 

(i) Solar-cells (known as photovoltaics “PV”), which convert sunlight directly into 

electricity. Typically, photovoltaics convert near “10 - 20%” of the energy 

received to electricity 4,5. Recently, the most efficient solar cell has been reported 

by F. Dimroth’s group, being a gallium-based multi-junction concentrator PV 

with an efficiency of 46% 6. 

(ii) Solar-thermal electricity, in which the solar heat energy is transferred to a 

working fluid of a Stirling engine. The mechanical power is then converted into 

electricity by an electric generator or an alternator 7. The complexity of this system 

constraints its application to the electric supply in vast areas and facilities 8. 

(iii) Other chemistry-based technologies, in which solar energy is used either as 

heat (thermochemical reactions) or light (photochemical reactions) to drive 

chemical transformations, such as fuel production 9,10. 

Solar energy is already utilized in different applications, e.g., organic synthesis 11, 

photodynamic therapy 12, dye-sensitized solar cell (DSSC) 13–15, fuel cell 

technologies 16, and biofuel production 17. Sunlight-dependent fuel production is 

generally referred to as artificial photosynthesis 18. 

In photosynthesis, the sunlight is converted and stored as chemical bonds 

belonging to the so-called “high-energy substances” (or energy carriers) 9,10. 
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Hydrogen, oxygen, and hydrocarbons are the most common examples of such 

energy carriers 3,18–21. Photosynthesis is considered a growing field in chemistry; 

despite its undoubted advantages in sustainable fuel production, the development 

of efficient systems for sunlight harvesting and conversion to the carriers is still 

an open challenge 19,20. 

Light harvesting can be accomplished by photon absorption and subsequent 

charge-separation processes. The photosensitizer is the molecular system that 

works as antennas; it initiates a chemical reaction by capturing a photon at an 

appropriate wavelength 22,23. The photosensitization is the process by which the 

excited photosensitizer performs electron or energy transfer to another molecule, 

the so-called acceptor, ultimately forming highly reactive species useful for 

several applications, such as photosynthesis 18,24. 

Inspired by the extensive knowledge earned over the past centuries in the fields of 

photophysics and photochemistry, many authors are involved in the development 

of efficient, durable, and synthetically accessible photosensitizers. Indeed, 

photosensitizer features must be opportunely tuned to match the requirements 

needed for a specific application, such as catalysis.  

Next section (1.1.1) will briefly describe the basic physical and chemical concepts 

of photosensitization. Later on, a particular focus will be dedicated to 

ruthenium(II) complexes as photosensitizers, section (1.1.2; p. 21).  
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1.1.1. Photosensitizer classes and their action mechanism 

The increasing interest in sunlight energy conversion and in particular in 

photochemical reactions and photosynthesis boosted the research towards the 

discovery of novel photosensitizers. Such compounds must be at the same time: 

(i) efficient in harvesting visible-light and (ii) able to initiate chemical reactions. 

Several inorganic and few organic molecules have been investigated in the 

development of new photosensitizers.  

Photosensitizers can be classified as organic or inorganic (organometallic) 

photosensitizers. 

Inorganic (organometallic) photosensitizers are characterized by harvesting wide 

range of the visible light due to their metal to ligand charge transfer, populating 

the long-lived triplet excited-state and forming unstable species upon excitation. 

Consequently, providing sufficient time for producing energy or electrons transfer 

useful for chemical reactions 24–28. 

Inorganic dyes are widely used in photo-redox and photochemical catalysis 24–28. 

However, the high price, toxicity profile, and problematic recyclability might limit 

their more general use especially on larger scales 29.  

On the other hand, the organic (metal-free) photosensitizers show higher 

absorption intensity of light (~105) and fluorescence quantum efficiency. 

However, organic molecules generally have lower chemical stability and lower 

excited-state lifetime, thus limiting their applications in photosensitizing solar 

cells (DSSC) and in bio-imaging applications 30–32. 

In Figure (1.1), a few examples of such molecular systems are summarized: 

(i) Organic-class of photosensitizers: flavin (1), 9,10-dicyanoanthracene (2), 

alizarin red S (3), fluorescein (4), eosin Y (5) and rose bengal (6) 
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(ii) Inorganic (or Organometallic)-class of photosensitizers: Ru(bpy)3 (7), 

Ru(tpy)2 (8), Ir(bpy)ppy)2 (9), Rh{4,4’(tBu)2bpy}3 (10) and Re(bpy)(CO)3SCN 

(11). 

 
Figure (1.1). Chemical structures for some organic and inorganic (or organometallic) 

photosensitizers. 
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1.1.1.1. Photo-induced charge transfer processes 

After the absorption of a photon, the promotion of an electron to a higher energy 

level (electronic excited state) occurs. Consequently, highly energetic unstable 

species are formed. The excess energy undergoes some types of allowed 

deactivation pathways, either by radiative or non-radiative processes 33. 

The Jablonski diagram, Figure (1.2), is a diagram that illustrates the electronic 

states of a molecule and the transitions between them. The states are arranged 

vertically by energy and grouped horizontally. The photo-electron dynamics is 

ruled by spin factors, spatial symmetry, and the character of the electronic states 

involved in the electronic transitions 24,34.  

 
Figure (1.2). The schematic image represents the Jablonski diagram and the photo-

electron dynamic pathways. [Reproduced from ‘Ref. 34’ with permission of the publisher] 

Based on the Jablonski diagram, the photophysical processes occurring in 

photoactive molecules are the following: 
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(i) The absorption of the photon allows the electron to populate the vibrational 

levels of the higher singlet electronic states (S1, S2 …). This absorption 

process occurs within ~10-15 sec and can be probed by steady-state absorption 

spectroscopy, Figure (1.2; blue arrows). 

(ii) The dissipation of the energy occurs through a non-radiative vibrational 

relaxation to the first lower vibronic excited state (S1) in a process so-called 

internal crossing (IC), the energy being released to the surrounding (i.e. the 

solvent). This process occurs within 10-14 – 10-10 sec, and required 

sophisticated probing techniques, such as transient fluorescence and 

absorption spectroscopies, Figure (1.2; dashed black horizontal arrows). 

(iii) The IC can be followed by radiative deactivation, the so-called fluorescence, 

in which the excess of the excited state energy (S1) can be released as radiated 

emission with higher wavelength (lower in energy). This process occurs 

within    10-9 – 10-6 sec, and can be probed by steady-state fluorescence 

spectroscopy, Figure (1.2; green arrows). 

(iv) The deactivation of the excited state (S1) occurs through intersystem crossing 

(ISC) followed by another form of radiative decay, the so-called 

phosphorescence. The ISC occurs within 10-10 – 10--8 sec, by populating the 

excited triplet vibronic states through spin inversion. The energy minimum 

is then reached by vibrational relaxation to T1. This mechanism ends up by 

another type of radiative deactivation to the ground state (S0), the 

phosphorescence. The phosphorescence is generally characterized by 

prolonged lifetime of the excited triplet state, which decays within >10-3 sec, 

and can be probed by using steady-state fluorescence spectroscopy, Figure 

(1.2; red arrows). 
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(v) Deactivation from S1 or T1 to the ground state (S0) may occur in a non-

radiative process, called quenching, within 10-7 – 10-5 sec. In this deactivation 

process, the energy is transferred to other molecules and/or photoactive 

species and/or the surrounding (i.e. the solvent). The dynamic of the 

quenching mechanism of the excited state is ruled by diffusional and collision 

processes, Figure (1.2; dashed black vertical arrows).  

(vi) By performing a photochemical reaction, in which the excited state is 

deactivated through molecular reorganization, dissociation, through energy 

or electron transfer processes leading to chemical reactions. 

1.1.1.2 Photo-induced excitation of metal complexes 

The charge transfer (CT) is a fundamental process in photophysics and 

photochemistry. In the CT, an electron transfer is induced by radiative or non-

radiative processes, between weakly coupled Donor (D) and Acceptor (A) 

electronic states 35. 

In metal complexes, the electronic CT (i.e. an electronic transition) occurs 

between the central metal atom and the surrounding ligands. A CT complex may 

be defined as the inner-sphere ligands and the metal nuclei. Two major classes of 

CT may be identified, based on the nuclear coordinates of transition:  

(i) ligand-to-metal charge transfer (LMCT). 

(ii) metal-to-ligand charge transfer (MLCT).  

These CT transitions can be probed by UV-Vis or Raman spectroscopies 36–40. 

The LMCT results from the electronic transition between the highest occupied 

molecular orbital (HOMO), which is predominantly localized on the ligand, to the 

lowest unoccupied molecular orbital (LUMO), which is predominantly localized 

on the metal. This type of CT is commonly observed when complexes have 
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ligands with relatively high-energy polarizable lone pairs, as in the case of Br, S 

or Se, or when the metal in high oxidation states has low-lying empty orbitals 

with, as in the case of Mn(VII), Ir(IV), Cr(VI), Cd(II) 37,39,41. In contrast, the 

MLCT results when the electron transfers from a metal-centered HOMO to a 

ligand-centered LUMO. This kind of CT is commonly observed in complexes 

owing ligands with low-lying π* orbitals, as in the case of aromatic ligands (e.g. 

bipyridine), or CO, CN− and SCN− ligands. The MLCT transition occurs at low 

energy (in the visible spectrum) if the metal ion has a low oxidation number, and 

therefore the d-orbitals will be relatively high in energy, e.g., Fe(II), Re(I), Ru(II), 

Ir(III) and Os(II), as shown in the schematic image 36,38,42,43, Figure (1.3). 

 
Figure (1.3). Diagram represents the MOs of the Oh-symmetrical complexes. The LMCT 

with π-donor ligand (Top) and MLCT with π-acceptor ligands (Bottom). [Reproduced from 

‘Ref. 43’ with permission of the publisher]  

MLCT
with p-acceptor ligand

LMCT
with p-donor ligand
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The absorption band corresponding to the intramolecular electronic CT (DE) can 

be defined based on the ionization potential “EI” (the required energy to remove 

the electron from HOMO orbital) of the D species and the electron affinity “EA” 

(the energy release in filling the LUMO) of the A species, additional to the 

electrostatic attraction “J” between D and A, as shown in the equation (1.1) 44,45. 

                                                  E = EI + EA + J (1.1) 

The d6 transition-metal complexes of Fe(II), Ru(II), Os(II) have grant much 

attention due to their electrochemical and photophysical properties. According to 

the ligand field theory, the complexes of these metals possess an Oh-symmetrical 

structure, which may be distorted depending on the ligands around the central 

metal.  

The ligand field affects the d-d splitting of the metal center, and can be modulated 

by the ligand type or by its substituents 46. Typically, the photophysical, 

photochemical, and electrochemical properties of the complex rely both on the 

ligand field around the central metal and on the metal itself and its oxidation state.  

When we compare the transition metals of the 8th group in their M2+ oxidation 

state, we find that iron(II) complexes are kinetically labile, and that the low-lying 

metal-centered MOs shift MLCT transitions to very high energy 47, Figure (1.4-

a). Contrarily to iron, ruthenium complexes are characterized by higher energy 

metal-centered orbitals, being therefore able to perform MLCT transitions at 

lower energy 47, Figure (1.4-b). Moreover, the singlet and triplet MLCT electronic 

states are close in energy, which grant Ru the ability to populate the relative long-

lifetime excited state. However, 3MLCT and 3MC may be highly superimposed in 

such Ru-complexes, making the 3MC populated from the 3MLCT, and 

consequently, competition between radiative and non-radiative pathways occurs.  
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On the other hand, osmium complexes are kinetically inert but possess highly 

energetic d orbitals, the low-lying ligand-centered (p-p*) MOs may be thus 

involved in MLCT 47, Figure (1.4-c).  

 
Figure (1.4). Schematic orbital diagram for a d6 complex in an Oh-symmetrical 

environment, underlying most probable (solid arrows) and less probable (dashed arrows) 

transitions according to the relative energy of the eg(M) and π*(L). (a) Low-energy laying 

π*(L) and high-energy laying eg(M) “large destabilized eg(M) and large dd-splitting”; 

therefore more probability for MLCT and less accessible for populating the MC (b) Low-

energy laying π*(L) and high-energy laying eg(M) “small destabilized eg(M) and small dd-

splitting”; therefore accessible for populating both MLCT and MC. (c) High-energy laying 

π*(L) and low-energy laying eg(M) “large stabilized eg(M) and small dd-splitting”; 

therefore, less accessible for MLCT and high probability to populate the MC. [Reproduced 

from ‘Ref. 47’ with permission of the publisher] 

1.1.1.3. Excited state theoretical concepts 

Three main concepts rule these competing deactivation pathways, which are also 

vital for the understanding of the photophysical and photochemical properties for 

the photoactive molecules: the molar extinction coefficient, the excited-state 

lifetime and the quantum yield. 
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The molar extinction coefficient (e ) is an intrinsic property of the photoactive 

species and it is related to the light absorption by the Lambert-Beer law, equation 

(1.2): 

																						𝑨 = 	 𝒍𝒐𝒈𝟏𝟎 '
𝑰𝟎
𝑰) * = 	𝜺𝒍𝑪; Therefore  𝜺 = 	𝑨 𝒍𝑪)  (1.2) 

Where 𝑨 represents the absorbance intensity, which is defined as the logarithmic 

ratio between incident (𝑰𝒐) over transmitted (𝑰) light radiation, thus being 

adimensional; 𝜺 represents the molar absorptivity in M-1 cm-1 unit; 𝒍 represents the 

light path length or the thickness of the sample in the unit of cm; 𝑪 represents 

molar concentration mol L-1 48.  

The e is related to the light-harvesting efficiency at a certain wavelength. The 

higher the molar extinction coefficient is, the more the molecule is able to absorb 

light, and therefore, the higher is the probability of populating its electronic 

excited states.  

The excited-state lifetime (t ) is the time that a molecule stays in the excited state 

before returning in the ground state, and can be measured by observing the decay 

of fluorescence intensity after a short pulse-laser excitation or through monitoring 

the transient absorption spectroscopy 49,50.  

The lifetime is the reciprocal of the rate constant of the radiative and nonradiative 

decays equation (1.3). The radiative decay lifetime of the photoactive species (the 

fluorophore) can range from picoseconds to hundreds of nanoseconds.  

                          t (S1) = 1/(kF + kIC + kISC + kQ[Q] + kR).   (1.3) 
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In which, the efficiencies of the individual steps are: 

(Fluorescence):              ηF = kF ∙ t (S1) 

(Internal crossing):                          ηIC = kIC ∙ t (S1) 

(Intersystem crossing):                      ηISC = kISC ∙ t (S1) 

(Quenching):               ηQ = kQ[Q] ∙ t (S1) 

(Other Radiative processes):             ηR = kR ∙ t (S1) 

As long as the molecule stays in the excited state, the fluorophore (D) is able to 

undergo diverse events (e.g., conformational changes, interacting with other 

molecular species, and rotate and diffuse through the local environment) 48.  

For instance, if a molecule has fluorescence as the sole pathway for decay, such 

decay is given by the following equation:  

 

Then, this 1st-order process can be expressed as:    𝒅[𝑫∗] 𝒅𝒕⁄ = 	𝒌𝒇[𝑫∗] 

Therefore, the lifetime is given by the following mathematical expression: 

𝝉𝒇 =	𝟏 𝒌𝒇)  

Where, tF represents the fluorescence excited state lifetime.  

The integrated equation of the excited state can be expressed as: 

[𝑫∗] = [𝑫∗]𝟎	𝒆
(&𝒕 𝝉𝒇) )			 
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The quantum yield (F) is a feature related to the lifetimes and describes how 

efficiently a fluorophore converts the excitation light into fluorescence 50,51. F is 

defined as the ratio of the number of photons emitted to the number of photons 

absorbed, and therefore the maximum value of F is unity 52–54. However, virtually 

any luminescent materials may reach unity, mainly due to competition with non-

radiative processes that lead to partial depletion of the number of emitted photons.  

Φ =	
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑒𝑚𝑖𝑡𝑡𝑒𝑑
𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑝ℎ𝑜𝑡𝑜𝑛𝑠	𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 	= 	

𝐼+,
𝐼-./

 

On the other hand, the quantum yield can be expressed by the ratio of the rate 

constants of the radiative (𝒌𝒓) over the non-radiative (𝒌𝒏𝒓) processes, as shown in 

the following mathematical expression, equation (1.4): 

𝜱 =	∑ 𝒌𝒓𝒊
(∑ 𝒌𝒓𝒊 +	∑ 𝒌𝒏𝒓)𝒊
N  (1.4) 

Where, 𝒌𝒓 represents the rate-constant of the radiative deactivation processes (the 

fluorescence and phosphorescence). 𝒌𝒏𝒓 represents the rate constant of all non-

radiative events that have been previously illustrated by Jablonski diagram.  

Finally, the quantum yield can be also expressed in terms of the luminescence 

lifetime as the following mathematical expression, equation (1.5): 

𝜱 =	∑ 𝒌𝒓𝒊
(∑ 𝒌𝒓𝒊 +	∑ 𝒌𝒏𝒓)𝒊
N =	𝝉 𝝉𝑭)  (1.5) 
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1.1.1.4. Photo-induced electron and energy transfer processes 

In binuclear (or multi-component) photosensitized assemblies, the excess energy 

of the absorbed light is dissipated either through charge (electron) transfer (CT) 

or energy transfer (ET) processes, Figure (1.5). These processes may be exploited 

in photo-inducing or photo-catalyzing chemical reactions 55–57.  

 
Figure (1.5). Schematic image representing the energy transfer (ET) and electron (charge) 

transfer (CT); photoabsorption by D forming a highly energetic (excited) state (D*) (i). ET 

occurs, and producing excitation of A (A*) (ii-A). CT occurs, and A accepts an electron, 

forming D+ and A-, the oxidized and reduced states, respectively (ii-B).  

The understanding of the thermodynamic and kinetic aspects of the photo-induced 

energy and electron transfer processes between molecules and within 

supermolecular systems is vital to developing and design of robust photoactive 

systems. From the thermodynamics perspective, the photosensitizer must be able 

to induce the transfer of an electron or a hole, thus stabilizing charge separation 

between the two components, the donor/acceptor dyad 58. This charge separation 

relies on the redox potential (energy difference) of both species, as shown in the 

diagram, Figure (1.6).  



 

 17 

 
Figure (1.6). Left and right diagrams represent how the difference of the energy levels (or 

redox-potentials) between D and A governs the CT or the ET.  

On the other hand, based on the kinetic point of view, the rate of CT or the ET 

relies on the excited state lifetime. If the lifetime of the excited state is sufficiently 

long (longer than ~10-9 sec), the excited state (D*) has higher chances to encounter 

the acceptor (A). Some specific weak interactions occur, which lead to the 

deactivation of the excited state by second-order kinetic processes 57,59, Figure 

(1.7).  

 
Figure (1.7). Representative kinetic mechanisms of the ET and CT processes. kd is the 

diffusion rate constant of the D and A to form the adduct {D*A}in complex state, and then 
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through CT the successor complex {D+A-} is transformed (ke is the constant of activation 

reaction), and finally the dyad gets separated by diffusion constant k’-d. The diffusion of 

the D and A is the slowest step in this mechanism; therefore, the total reaction is diffusion 

controlled. 

The rate of electron transfer processes involving excited state molecules can be 

described based on Marcus theory 55,60. This electron transfer is thermally induced 

through geometrical reorganization of the surrounding molecules (e.g., the 

solvent), known as outer-sphere, and the ligands (inner-sphere), which create 

favorable geometric structures prior to the electron jump, Figure (1.8). 

 
Figure (1.8). The schematic image represents the solvent reorganization dynamics that 

favors the electron-transfer of a dyad based on the Marcus model system. [Reproduced from 

‘Ref. 55’ with permission of the publisher] 

In the Marcus model 55, the solvent polarization plays a significant role to 

determine the free-energy of activation of the CT and therefore its rate. The initial 

and final states of the electron transfer in the excited molecules are formalized as 

potential energy curves, and the calculated free-energy change (DG) involves the 

redox potential of the formed excited state couple ({D*A}), Figure (1.9). 
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Figure (1.9). Diagram represents the potential energy curves that are formalized by the 

Marcus model and summarizes some thermodynamic parameters (Left) and electron 

transfer dynamics (Right), which shows the relationship between optical (1), photo-

induced (2 and 3), and thermal back (4) electron transfer processes in supramolecular 

species. [Reproduced from ‘Ref. 55’ with permission of the publisher] 

Another important class of the excited state energy dissipation is through energy 

transfer. Both states involved are locally excited, but the excitation is localized in 

different parts of the molecule or on different molecules. In ET, there are three 

suggested mechanisms; one radiative and two non-radiative mechanisms: 

(i) The radiative ET, known as trivial ET. 

(ii) The non-radiative Förster ET (FRET) mechanism, in which the ET is ruled 

by the electrostatic coupling of the transition dipole moments of the dyad 

that stimulates the deactivation of the excited state of D and the excitation 

of A 61. This type is effective at distances in several nm, and its rate is 

orientation and distance-dependent (inversely related to the sixth power of 

the distance).  
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(iii) The non-radiative Dexter (also known as exchange) mechanism, which is a 

short-range mechanism and requires the overlapping between both the 

excited and the ground electronic states 61. In this mechanism, a 

simultaneous opposite electron-transfer occurs between the excited and 

ground states of both dyads  

The Dexter ET mechanism is predominant as long as both dyads are effectively 

touched, and it is competitive with the Förster mechanism for the singlet excitation 

energy transfer but vastly faster than the Förster mechanism for triplet excitation 

energy transfer, Figure (1.10). 

 
Figure (1.10). Diagram represents the energy-transfer dynamics based on (dipole-dipole) 

Forster mechanism (Top), and (exchange) Dexter mechanism (Bottom). [Reproduced from 

‘Ref. 61’ with permission of the publisher] 

1.1.2. Triplet-state [RuII-polypyridine] photosensitizers 

The triplet-state photosensitizers (triplet-PSs) are gaining increasing interest in 

several fields, such as in electroluminescence 62, phosphorescent bioimaging 46, 

molecular sensing 63, photodynamic therapy (PDT, via sensitization of singlet 

oxygen, 1O2) 12,64, photoinitiated polymerization 65, and more recently, 

photocatalysis 66. An ideal triplet-PS should show strong absorption features in 

the visible light, high triplet state quantum yields (effective ISC), and a long-lived 

triplet excited state. However, it is still hard to design a triplet PS with 

Dipole-Dipole
(Forster) ET mechanism

Exchange 
(Dexter) ET mechanism
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predetermined ISC property, due to the lack of recognized relationship between 

the ISC and molecular structures. 

The ruthenium-based polypyridine complexes are characterized by absorbing the 

light at the visible region of the spectrum, populating the singlet state of the MLCT 

(1MLCT), and the strong phosphorescence generated from the relaxation of the 

triplet-MLCT state (3MLCT) after ISC. Such electronic transition is due to the low 

energy difference between the singlet and triplet states of the MLCT states in 

ruthenium complexes 67. Nevertheless, the probability of non-radiative 

deactivation due to the population of the metal-centered triplet state (3MC) 

represents a possible drawback, which may cause the ligand loss, Figure (1.11).  

 
Figure (1.11). Simplified Jablonski diagram for RuII-based polypyridine complexes. 

[Reproduced from ‘Ref. 47’ with permission of the publisher] 

Ruthenium(II) tris(bipyridine) ([RuII(bpy)3]) and ruthenium(II) bis(terpyridine) 

([RuII(tpy)2]) and their derivatives are considered as the prototypical triplet-PS 

compounds. These triplet chromophores are able to perform either reductive, 4 in 

Figure (1.12) or oxidative, 4’ in Figure (1.12) single electron transfer (SET) 68. 
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Figure (1.12). The schematic image represents the oxidative and reductive pathways of 

RuII-based polypyridine complexes photochemistry. [Reproduced from ‘Ref. 68’ with 

permission of the publisher]  

The RuII-complex, 1 in Figure (1.12), after absorbing the visible-light radiation, 

promotes one electron from the metal-centered t2g orbital to the ligand-centered 

p* orbital, generating the 1MLCT electronic state, 2 in Figure (1.12). The 

ruthenium metal is formally photo-oxidized to [RuIII], while the ligand undergoes 

a single-electron reduction. The initially photo-generated singlet state is short-

lived (~10-15 s), and rapidly undergoes intersystem crossing (ISC) to yield a long-

lived 3MLCT, 3 in Figure (1.12). In this state, the electron-spin inversion occurs, 

and the electronic configuration of this state can be described as 3[(d(p)5 (pligand)1]. 

This triplet state has a long lifetime because the conversion to the singlet state is 

spin-forbidden. The highly energetic 3[RuII(bpy)3]2+* has stronger oxidation and 

reduction potentials (-0.86 and +0.84 V), if compared to the ground state (+1.26 

and –1.23 V, respectively) 69,70. Therefore, this dual nature of the excited state 

enables it to engage either reductive SET in the presence of a donor (D) to produce 

[RuI], 4 in Figure (1.12) or oxidative SET in the presence of an acceptor (A) to 

produce [RuIII], 4’ in Figure (1.12).  
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1.1.3. Structural and functional aspects of [RuII tris-

bidentate] and [RuII bis-tridentate] complexes  

[RuII(bpy)3] is the first reported analogue of RuII-based tris-bidentate complexes, 

in 1959 by Paris and Brandt 71. It is characterized by a relatively strong absorption 

band located in the visible (λmax = 460 nm) with high extinction coefficient 

(~14,400 M-1.cm-1), notable fluorescence emission (λmax = 610 nm), and long 

excited-state lifetime (~1,100 ns) 67,72. However, octahedral tris-bidentate metal 

complexes (e.g., [RuII(bpy)3]), owing to a stereogenic metal-center, exist in two 

isomeric forms (Δ and Λ), Figure (1.13, A) 73. This leads to some implications 

when preparing multinuclear assemblies, where the isolated samples usually 

reflect statistical mixtures of the two possible isomers. Additional 

stereoisomerism has to be considered when two (or three) of the bipyridyl ligands 

are unsymmetrically substituted. For instance, complexes of the type 

[RuII(bpyR)3], bpyR is an unsymmetrical ligand, show fac and mer geometrical 

isomers, Figure (1.13, B) 73. 

 
Figure (1.13). Geometrical isomers of, [RuII(bpy)3] the L (Left) and D (Right) isomers 

(A). The substituted [RuII(bpyR)3] with unsymmetrical ligands (B). [Reproduced from ‘Ref. 

73’]  
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 If different substituents are considered, four geometric isomers will exist, Figure 

(1.14), which become eight when the third bpy is also substituted with a different 

ligand. Each of them may show distinct photophysical properties and synthetic 

complexity 74,75. 

 
Figure (1.14). Geometrical isomers of a general [RuII(bpyL1)(bpyL2)(bpy)] with two 

unsymmetrical ligands. [Reproduced from ‘Ref. 73’]  

In contrast, the [RuII(tpy)2] has only a trans configuration, Figure (1.15). The 

structural linearity and isomeric purity obtained in multiunit assemblies with 

substitution along the C2 axis of the tpy-ligand, makes it attractive 76. 

Unfortunately, it owns a weak absorption band in the visible region (λmax ~475 

nm) with extinction coefficient <10,000 M-1.cm-1, and weak fluorescence 

emission, and short excited-state lifetime in the order of picoseconds (~250 ps) 
67,77,78. The two bulky and strained tridentate terpyridine ligands, in order to 

surround the metal, cause a bit distortion of the Oh-symmetry, meanwhile 

disturbing the tpy-ligands aromaticity. This distortion produces a weak ligand 

field, low d-d splitting. The 3MLCT becomes closer to the 3MC state, harvesting 

the 3MLCT population by thermally non-radiative deactivation. 

 
Figure (1.15). Chemical structure of [RuII(tpy)2] with trans-configuration. 
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Many efforts have been reported in manipulating the energy difference between 

the 3MLCT and 3MC states, either by stabilizing the 3MLCT or destabilizing the 
3MC 79. In order to achieve such stabilization of the 3MLCT or destabilization of 
3MC states, substituted ligands have been synthesized with electron-withdrawal 

or donation tendencies, respectively. For instance, the use of acetylene 

substituents in the 4’-position promoted long excited-state lifetimes 27,80–83, Figure 

(1.16).  

 
Figure (1.16). Some acetylene-substituted [RuII(tpy)2] and related photophysical data. 

[Reproduced from ‘Ref. 27’ with permission of the publisher]  

Other efforts were focused on enhancing the photophysical properties of the 

ruthenium(II) bis-tridentate ligands (e.g. [RuII(tpy)2]) by using aromatic 

substituents (i.e., phenyl-groups) on the 4’-position, Figure (1.17). The complex 

[RuII(tpy-Ph)2] and its analogues have luminescence lifetimes of approximately 4 

ns. Although other strategies have been reported in the literature 27,84, most of its 

congeners lose some or all of the essential properties of a sensitizer such as proper 

redox potential or excited-state energy. 
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Figure (1.17). The schematic image represents the twisting on the phenyl-substituent on 

the coordinated tpy-ligand for co-planarity phenomenon; Non-planar (Left), and co-planar 

(Right). [Reproduced from ‘Ref. 27’ with permission of the publisher]  

Further studies were focused on studying different tris-heteroleptic polypyridine 

complexes in the form of [Ru(tpy)(bpy)L] where L represents a mono-dentate 

ligand, with the aim to minimize the strain of the tridentate-ligand 27. Such 

complexes have grant attention as photosensitizers in different fields, such as dye-

sensitized solar cells (DSSCs) 85, unimolecular water oxidation 86, hydrogen 

photosynthesis 87, and labeling of biological systems 88, Tris-heteroleptic RuII- 

complexes have reported enhanced photophysical and chemical features, without 

the drawbacks of a stereogenic metal center 88, Figures (1.18).  
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Figure (1.18). Heteroleptic ruthenium(II) polypyridine complexes as photosensitizers 

with imidazole-based monodentate ligands. [Reproduced from ‘Ref. 88’ with permission of the 

publisher] 

1.1.4. Photosensitization of native proteins 

Electron transfer is a fundamental process in biological systems, such as 

photosynthesis, respiration and redox-mediated enzyme catalysis. Therefore, the 

understanding of the peptide and the protein roles in mediating long-range 

electron transfer has been and it is still the aim of several studies, in which 

ruthenium(II) complexes have been frequently used as photosensitizers 33,39,88–92. 

The unique photochemical properties of the [RuII(bpy)3] prototype and its 

derivatives have rendered these complexes valuable in triggering electron transfer 

processes 93,94. Then, RuII-polypyridine modified proteins have found wide 
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application in the field of light-driven biocatalysis, which has been studied in 

several catalytically-competent metalloproteins, such as hydrogenases, carbon 

monoxide dehydrogenase, nitrogenase, laccase and cytochrome P450 BM3 95. 

Early successes in the photo-activation of small molecules helped in moving the 

field towards harnessing the catalytic potential of enzymes. Indeed, 

metalloenzymes present unique structural features and catalytic efficiency rarely 

matched by small molecule models 96–101. 

Early attempts at electron transfer studies or light-driven biocatalysis have used 

[RuII(bpy)3] complex in solution with the metalloprotein of interest. This 

bimolecular process often resulted in marginal CT/catalysis. Hence, strong efforts 

have been devoted to covalently attach the photosensitizer to metalloproteins in 

order to promote unimolecular electron transfer reactions, which promoted the 

development of various strategies for the selective attachment of the ruthenium(II) 

complexes by taking advantage of the tunable reactivity of the amino acid side 

chains. 

Cytochrome c (Cc), a small heme protein, has been widely adopted in many 

seminal studies as the prototypical one-electron carrier of the electron transport 

chain in mitochondria 68. It undergoes oxidation and reduction processes upon 

conversion of the iron cofactor between [FeII] and [FeIII] states. Cc is a well-

studied system for photo-induced electron transfer through conjugated and 

diffused forms of ruthenium-based photosensitizers, with a moderately slow 

process that can be followed by steady-state spectroscopy experiments 102. 

Initial reports, published by Gray and coworkers, involved the direct attachment 

to histidine residues of either horse heart cytochrome c or azurin, of aquo 

complexes, such as [RuII(NH3)5(H2O)] 103,104, [RuII(bpy)2(Im)(H2O)] or 

[RuII(tpy)(bpy)(H2O)]. Few years later, peptide coupling strategies have resulted 
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in the attachment of ruthenium(II) complexes bearing amino or carboxylic acid 

moieties to site-specific Cys and Lys residues 105.  

Other efforts were also reported by C. Janiak and coworkers, where compounds 

of the form [RuII(bpy)(tpy)L] (L = H2O, imidazole (imi), 4-methylimidazole, 2-

methylimidazole, benzimidazole, 4,5-diphenylimidazole, indazole, pyrazole, 3-

methylpyrazole) have been synthesized, and the coupling between the 

[RuII(bpy)(tpy)] fragment from the Ru-aqua complex to His44 of the cytochrome 

c (Yeast iso-1) was performed. This study aimed to use the [RuII(bipy)(terpy)L] 

instead of [RuII(bipy)2(H2O)L] (L = H2O or imidazole) in order to simplify the 

synthetic difficulties by using the former complex, which was providing only one 

open coordination site for protein conjugation 88, Figure (1.19).  

 
Figure (1.19). Reaction scheme shows (A) the two free sites in the [RuII(bpy)2(H2O)2] can 

be bonded by imidazole. (B) the tpy-analogues, the [RuII(bpy)(tpy)(H2O)], as precursors 

for protein coupling, which provides only one coordination site remaining to be occupied 

by the protein, hence the protein coupling can be simplified to a one-step reaction. 

[Reproduced from ‘Ref. 88’ with permission of the publisher] 
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Peters and coworkers attached ruthenium(II) complexes to [NiFe]-hydrogenases, 

by conjugating the amino group of a [RuII(bpy)2PhenA] complex (PhenA = 5-

amino-1,10-phenthroline) to the carboxylic acid side chains of aspartic or 

glutamic acids in the presence of crosslinking carboxydiimide reagents. 

Enhancement of the photocatalytic hydrogen production occurred by the 

conjugated adduct if compared with the freely diffusing system. Furthermore, 

sustained hydrogen production occurs even in the presence of oxygen, by 

presumably creating a local anoxic environment through the reduction of oxygen 

(effected by ruthenium), similarly to what has been proposed for oxygen tolerant 

hydrogenases 106. 

On the other hand, Lakowicz has reported the conjugation of an asymmetrical 

ruthenium(II) complex, the [RuII(bpy)2(dcbpy)] (where dcbpy = 4,4′-dicarboxy-

2,2′-bipyridine) to the amino side chain of lysine residues. The latter complex may 

be used as luminescent probe for measuring the rotational motions of proteins, 

such as human serum albumin, concanavalin A (ConA), human immunoglobulin 

G (IgG), and ferritin. Reported data demonstrate that the probe can be used to 

measure rotational motions on the 10ns to 1.5ps time scale, previously 

inaccessible using common luminescence methods. The author suggested that the 

[RuII(bpy)2(dcbpy)] probe could be regarded as the first of a class of metal-ligand 

complexes, each with different chemical reactivity and spectral properties, for 

studies of macromolecular dynamics 107. Indeed, the isocyanate moiety on a 

phenanthroline ligand has been introduced to facilitate the lysine conjugation, in 

luminescence applications 107,108. 

Ultimately, the cysteine residue, with its high nucleophilicity and lower natural 

abundance, is very attractive as a selective target for covalent attachment to 

various  photosensitizers 109. Sulfhydryl-specific labeling has been achieved via 

the introduction of reactive maleimide 110,111, bromoalkyl 112, and iodoacetamide 
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substituents onto various luminescent complexes 113. Only recently, Dwaraknath 

reported the selective sulfhydryl ring opening of an epoxide moiety from a 5,6-

epoxy-5,6-dihydro-1,10-phenanthroline ligand. Moreover, a totally alternative 

coupling strategy involved direct functionalization of protein metal cofactors, 

such as the prosthetic heme group in reconstituted heme proteins 114,115, or the 

pterin cofactor of the inducible nitric oxide synthase, with ruthenium(II) 

complexes 116, Figure (1.20). This strategy in principle allows for better and faster 

electron-tunneling effect, thus increasing the efficiency of the CT process. 

 
Figure (1.20). Synthetic approach for Ruthenium(II) pterin probes. [Reproduced from ‘Ref. 

116’ with permission of the publisher]  
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1.2. Aims (chapter 1) 

Herein, we present the design and synthesis of a tris-heteroleptic ruthenium(II) 

complex of the form [Ru(tpy)(bpy)L], where L is the monodentate isonicotinic 

acid (pyCOOH). This Ru-complex is not stereogenic and holds one electrom-

withdrawing carboxyl group at the monodentate ligand. We will show that this 

substituent shows several advantages in photosensitization as well as in 

bioconjugation.  

Indeed, the carboxyl moiety, thanks to its electron-withdrawing properties, may 

eventually stabilize the 3MLCT state, and increase the gap between the 3MLCT 

and 3MC states, as reported in several analogous systems in literature 76,79,117. 

Consequently, we will show the enhancement of the photophysical and 

photochemical properties, by (i) a steady-state spectroscopic analysis, (ii) a 

theoretical treatment of the electronic features, and (iii) a kinetic study of a 

prototypical photon-induced electron transfer.  

Furthermore, the carboxyl functional group can be easily conjugated to other 

biomolecular systems. For these tasks, biomolecular active residues (N-terminal 

backbone, Lys and His side chains) must be targeted through several bio-

orthogonal or crosslinking conjugation techniques, as illustrated in the Scheme of 

Figure (1.21). This versatility, simplicity, and the lack of isomeric forms make 

this complex particularly convenient for developing easy and tunable routes to 

efficient photosensitized assemblies. 
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Figure (1.21). Schematic representation of the bio-conjugate and crosslinking approaches 

with [Ru(tpy)(bpy)L], where L is a monodentate ligand holding carboxyl moiety at the 

position 4-of the bpy ligand. (i) Activating the carboxyl group with a bio-activating agent 

(e.g., NHS, HCTU, DIC …), or (ii) through constructing a crosslinking rout to bio-

molecular systems (e.g., Azide, DBCO, Melamine, or thiol moieties). 

ù
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1.3. Result and Discussion 

1.3.1. Synthesis and characterization of a new ruthenium(II) 

polypyridine complex 

The primary goal of the present study is the development of a ruthenium complex 

convenient in photosensitization of biomolecules. Such complexes should have 

the following features: (i) stable and active in photo-inducing catalysis; (ii) fast 

and simple coupling protocol with bio-molecular systems; (iii) lack of 

stereoisomers to prevent additional purification steps.  

To match such requirements, tris-heteroleptic complexes represented the trivial 

choice. In fact, the monodentate ligand could be opportunely chosen/decorated 

with the desired functional group. Our attention fell on the isonicotinic acid 

(pyridine-4-carboxylic acid), because carboxyl group may be easily 

functionalized, the pyridine ligand cannot be easily displaced by proteinogenic 

ligands (imidazole from histidine, thiol from cysteine, etc.) and it is a low-cost 

commercially available reagent. Therefore, we synthesized a RuII-complex in 

which terpyridine (2,2’;6’2”-terpyridine) (tpy), bipyridine (2,2’-bipyridine) 

(bpy), and isonicotinic acid (pyCOOH) where used as ligands, Figure (1.22).  

 
Figure (1.22). Schematic structure of the synthesized tris-heteroleptic RuII-polypyridine 

complex [RuII(bpy)(tpy)(pyCOOH)].  
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A modified and optimized synthetic protocol has been followed to synthesize the 

new ruthenium complex, [RuII(bpy)(ypy)(pyCOOH)]∙X2 (where X = Cl‾, TFA‾ or 

PF6‾), maximizing purity, yield and reagent consumption. Starting from the 

commercially available RuCl3, the stepwise process for each ligand is reported in 

Scheme (1.1).  

 
Scheme (1.1) 

The first, step I in Scheme (1.1), consists in reacting 1eq. of RuCl3
.xH2O with 

1.1eq of the tpy-ligand in ethanol (EtOH) as the solvent under 80°C for 5h. A dark 

greenish precipitate was produced, corresponding to [RuIII(tpy)(Cl)3] (1), which 

was collected by centrifugation for the next step.  

In the second step, step II in Scheme (1.1), complex 1 was reacted with the bpy-

ligand. The reaction was carried out by mixing 1eq of 1 with 2eq of the bpy-ligand 

in 80:20 (v/v) EtOH: H2O as the solvent under 85°C for 4h. A soluble dark-red 

colored complex was obtained in the reaction mixture. The [RuII(bpy)(tpy)(Cl)] 
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(2) complex was purified from the crude by reversed-phase flash chromatography 

(RP-LC), and collected for the last synthetic step. 

In the third step, step III in Scheme (1.1), pyCOOH was anchored on complex 2 

to get the desired [RuII(bpy)(tpy)(pyCOOH)] (3). The reaction was carried out by 

mixing 1eq of 2 with 5eq of the pyCOOH in water under 80°C for 3h. A dark-

orange reaction mixture was obtained, which indicates the formation of the desired 

RuII-complex (3). 

1.3.1.1. Reaction monitoring and product formation 

UV-Vis absorption spectroscopy and RP-HPLC were used to monitor the reaction 

progress. UV-Vis spectra were collected at different time at 0, 1 and 4 h, during 

the reaction progress of step (II), Figure (1.23). A broad band centered at λmax = 

500 nm corresponding to the 1MLCT transition appeared, with the concurrent 

decrease of the bands in the near UV-region, corresponding to the free-bpy 

precursor. These changes in the UV-Vis spectra are indicating the coordination of 

the bpy ligand to 1, and the concomitant formation of complex 2.   

 
Figure (1.23). UV-Vis spectra showing the reaction progress during the step II (0, 1, and 

4 h). The arrows indicate the peak shift along with the time course. 
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HPLC chromatograms have been collected during the step II reaction progress, 

Figure (1.24, A). They show an increasing peak at 17.7 min, corresponding to the 

formation of 2, together with the concomitant decreasing of a peak at 3.0 min, 

corresponding to the depletion of the bpy ligand.  

 
Figure (1.24). RP-HPLC reaction monitoring for the formation of 2 (500 nm). HPLC 

analysis was conducted by injecting 15 µL of water-diluted reaction aliquots at different 

time (5, 30, 60, 150, 240 min) (A). UV-vis spectra of the eluted peaks (B). Area of the 

peak at 17.7 min was plotted against time to follow reaction progress (C). 
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UV-Vis spectra of the eluted species were collected during the chromatography, 

Figure (1.24, B), confirming the previous assignment for both the reactant and 

the product. The reaction progress could be followed by plotting the integration 

of the peak corresponding to 2 against time Figure (1.24, C). A plateau is reached 

after approximately 2.5h, suggesting that the reaction reached equilibrium. Longer 

reaction time induced the conversion of 2 to the aqua-coordinating analogue 2-

H2O, where water displaces the chloride in the axial position. 

The same UV-Vis analysis was conducted for monitoring the formation of 

complex 3, during step III, Figure (1.25). The following could be noted: (i) prior 

to pyCOOH addition a MLCT band at 480 nm could be observed, corresponding 

to 2-H2O, which is formed under aqueous reaction conditions; (ii) after 10 min, 

absorbance intensity of the MLCT increases, along with a hypsochromic shift and 

broadening (lmax = 425 nm) clearly visible after 1h of reaction; (iii) the band at 

300 nm (corresponding to free pyCOOH precursor) almost completely disappears, 

and a new band at λmax ca. 280 nm emerges. 

 
Figure (1.25). UV-Vis spectra showing the reaction progress during the step III (after 0, 

10, 60, and 120 min). The arrows indicate the peak shift along with the time course. 

HPLC chromatograms have been collected during the step III reaction progress, 

Figure (1.26, A). They show an increasing peak at 14.6 min, corresponding to the 
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formation of 3, together with the concomitant disappearance of a peak at 13.9 min, 

corresponding to the consumption of 2-H2O. It should be noted that the absence 

of the peak at 17.7 min has been attributed to the fast exchange of the Cl¯ ligand 

with water under the adopted reaction conditions.  

 
Figure (1.26). RP-HPLC reaction monitoring for the formation of 3 (425 nm). HPLC 

analysis was conducted by injecting 15 µL of water-diluted reaction aliquots at different 

time (0, 10, 35, 170 min) (A). UV-vis spectra of the eluted peaks (B). Area of the peak at 

14.6 min was plotted against time to follow reaction progress (C). 
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UV-Vis spectra of the eluted peaks have been collected, Figure (1.26, B) and 

confirmed the interpretation of the previous spectroscopic analysis of the reaction 

mixture. As in the previous step, reaction progress could be followed by plotting 

the normalized are of the peak at 17.7 min versus time, Figure (1.26, C). Almost 

complete conversion could be observed after 3h.  

From both spectroscopic and chromatographic techniques, it was found that the 

complex 2 (lmax ≈ 500 nm, Rt ≈ 17 min) was exchanging to the aqua-complex 

(lmax ≈ 480 nm, Rt ≈ 13 min. To confirm that 2-H2O was the actual precursor of 

3, a solution consisting of the pure eluted fractions from both complexes was 

diluted in methanol and investigated by HPLC. The HPLC profile, Figure (1.27) 

showed two well-separated peaks, one at earlier retention-time (Rt 12 min; MLCT 

band at lmax ≈ 480 nm) and the second at later retention time (Rt 16.5 min; MLCT 

band at lmax ≈ 500 nm), matching those previously observed for complex 2-H2O 

and complex 2, respectively. The small shift of peaks to earlier Rt was attributed 

to the use of MeOH as a solvent in place of water (the solvent used for previous 

reaction monitoring). 

 
Figure (1.27). RP-HPLC of solution mixture from 2 and the aqua-coordinating RuII-

complex (2-H2O) pre-prepared in methanol solvent (A) (PDA wavelengths; 220 nm 

“Red,” and 500 nm “Blue”). On-line UV-vis spectra of the observed chromatographic 

peaks (B).  
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1.3.1.2. Product purification and characterization 

After testing different purification procedures (size-exclusion chromatography, 

SEC, see supporting information (S1), RP-LC was found to be the most reliable, 

time-effective and cost-effective technique for the purification of the products 

from the reaction crude. When complex 2 was used for spectroscopic analyses, 

the SEC was adopted to prevent water exchange of the labile chloride ligand 

during purification, see supporting information (S2). 

The analytical HPLC profile of the purified 2, Figure (1.28, A), reveals an intense 

peak at 17.0 min and few peaks at earlier retention times. The latter have been 

attributed to the solvent exchange of the Cl¯ ligand (water and TFA exchanging 

ligands). In contrast, the SEC purified complex lacked of such impurities. For 

complex 2, we reached 87% purity by RP-LC purification, whereas it exceeded 

99% by SEC.  

The high-resolution mass spectrum of 2 presents the expected isotopic distribution 

for ruthenium at m/z values centered around most abundant isotope at 526.038, 

Figure (1.28, B), which corresponds to the expected theoretical mass of the [M+] 

ion (experimental 526.038 Da, theoretical 526.037 Da).  
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Figure (1.28). RP-HPLC of the RP-LC purified sample 2 (A). IT/TOF-MS spectrum of 

complex 2. Insert shows the characteristic ruthenium isotopic pattern (B).  

The HPLC profile of the RP-LC purified complex 3, Figure (1.29, A), shows a 

well-resolved peak at 12.1 min. High purity was obtained, exceeding the 99.9%, 

as calculated from area integration of the eluted peaks.  

The high-resolution mass spectrum of 3, Figure (1.29, B), presents the expected 

isotopic distribution for ruthenium at m/z values centered around most abundant 

isotope at 307.053 (M2+), (exp. 614.105 Da, theor. 614.100 Da). Ions at 245.535 

and 266.050 have been assigned to in-source fragmentation products resulting 

from either loss of pyCOOH ([RuII(bpy)(tpy)]2+) or acetonitrile replacement 

([RuII(bpy)(tpy)(ACN)]2+), respectively.   
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Figure (1.29). RP-HPLC of the RP-LC purified sample 3 (A). IT/TOF-MS spectrum of 

complex 3. Insert shows the characteristic ruthenium isotopic pattern (B). 
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1.3.2. NMR-based structral characterization 

1.3.2.1. NMR characterization of the complex 2  

The analysis was carried out in CD3CN. The 1H-NMR of the complex (2) is 

reported in Figure (1.30).  

 
Figure (1.30). The assigned 1H-NMR spectrum of 2 (10mM) in CD3CN.  

The spectrum shows, as expected, a set of signals located in the low field region 

(δ = 6.8 - 11 ppm) where resonate the aromatic protons. In this region two peaks 

are largely downfield shifted (δ = 9.6 and 10.2 ppm), which, as reported in 

literature 118, can be attributed to the H6 resonance of the tpy-rings in the equatorial 

position. This proton is strongly influenced by shielding effect of axial hetero-

ligands, H2O and Cl¯ ligands, respectively.  

A careful inspection of the 1H-NMR spectrum reveals the presence of two 

different complexes, in the ca. 77/23 ratio: the complex (2) and the 2-H2O, 

respectively. 
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1.3.2.2. NMR characterization of the Complex 3 

The complex (3) was also analyzed and completely assigned by NMR. The proton 

resonances were assigned following the standard procedure 119, by using 

homonuclear TOCSY 120, DQCOSY 121, and ROESY experiments 122, see 

supporting information (S4 & S5). The chemical shifts are exported in the Table 

1.1. 

Table 1.1. Complex 3 assignment 

 

The 1H-NMR spectrum of the complex (3) is characterized by sharp and well-

resolved resonances, Figure (1.31). 

 
Figure (1.31). The assigned 1H-NMR spectrum of the 3 (10mM) in CD3CN (right). The 

assignment protons in the RuII-complex structure (Left). 

Complex (3) 1H-NMR chemical shift values

bpy b2 b1 b3 b2' b3' b4 b4' b1'
7.06(t) 7.27(d) 7.79(t) 7.82(t) 8.28(t) 8.38(d) 8.64(d) 8.69(d)

tpy
t2, t2' t1, t1' t3, t3' t2" t4, t4' t4”, t3"
7.39(t) 7.77(d) 8.01(t) 8.17(t) 8.41(d) 8.51(d)

py p2, p6 p3, p5
7.54(d) 7.61(d)
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The spectrum of  3 in CD3CN, Figure (1.31), is consistent with the symmetry of 

the complex and shows 16 resonances in the spectral region between 7.0 to 9.0 

ppm:  six resonances were assigned to the ring-protons of bpy-ligand, eight 

resonances were assigned to the ring-protons of tpy-ligand, and two resonances 

were assigned to  the ring-protons of the pyCOOH ligand. 

The bpy-ligand shows eight resonances (ring 1 and ring 2) that are due to the two 

non-equivalent pyridine “halves”, as a consequence of different positioning of the 

two rings: axial and equatorial. 

It is worth noting that each peak of the axial bpy-ring is remarkably upfield shifted 

compared to that of the corresponding proton on the other ring in equatorial 

position (e.g. δHb1 = 7.27 vs. δH b1’ = 8.69) due to the shielding effect of tpy-

equatorial ligand, Figure (1.32).  

The analysis of the tpy-rings resonances revealed that the protons, Ht1,t1’ and Ht2,t2’, 

are upfield shifted (7.77, 7.39 ppm) compared to that of the other tpy-protons. It 

is reasonable assume that this shift is due to the shielding cone of the neighbor 

bpy-ligand, Figure (1.32). 

The two resonances at δ= 7.61 (d) and 7.54 (d) are attributed to the four protons, 

Hp3,p5 and Hp2,p4, of the pyCOOH ligand; the H33,p5 proton resonance is downfield 

shifted compared to the resonance of H2,6 due to the deshielding effect of the 

carboxyl group. 
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Figure (1.32). Schematic repetitive image for the axial-equatorial cone-effect of the 

aromatic rings (e.g., pyridine-rings) on the chemical shift of the 1H-NMR spectrum of 3.  

Based on the NMR analysis we can conclude that, as expected the ruthenium(II) 

centers display a pseudo-octahedral coordination in these complexes, with three 

nitrogen donors from each of the tpy-rings occupying the equatorial plane, two 

nitrogen donors from each of the bpy-ligand are located in axial and equatorial 

positions, and the pyCOOH ligand, completing the first coordination sphere in 

axial position, Figure (1.33). 

 
Figure (1.33). NMR-based structure for the ruthenium(II) complex (3). 
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1.3.3. Photophysical characterization of the complex 3 

The photophysical properties of the complex 3 were investigated by conducting 

steady-state spectroscopic (UV-Vis absorption and fluorescence) experiments. 

The [RuII(bpy)3] complex, see supporting information for synthetic details (S7 

& S8), was used as a standard 123,124. Complex 2, previously characterized by other 

authors 125. was also investigated for further comparison. 

The absorption spectra of the ruthenium complexes 2, 3, and [RuII(bpy)3], Figure 

(1.34) present three leading bands, corresponding to the following electron-

transitions: (i) the allowed (π → π*) transition of the pyridine-ligand center (LC), 

which appears as intense and sharp bands in the far-UV region (λ = 200-350 nm); 

(ii) the forbidden (d → d) transition of the metal center (MC), which appears as a 

shoulder located in the near-UV region (λ = 350-400 nm); (iii) the MLCT band, 

indicating the transition to the 1MLCT state, which appears as a broad band in the 

visible region (λ = 400-700 nm). 
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Figure (1.34). UV-Vis spectra of the complexes 2 (A), 3 (B), and [RuII(bpy)3] (C), using 

ACN as the solvent. 

In the context of photosensitization, the extent of visible light harvesting is one of 

the more crucial features for such complexes. This can be estimated by evaluating 

the molar absorptivity at the maximum wavelength 126. Molar absorptivity of 
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1MLCT electronic transition for the ruthenium complexes 2, 3, and [RuII(bpy)3] 

were determined by following the absorption at different concentrations, and 

evaluating the slope of the linear regression, according to the Beer-Lambert’s law, 

see supporting information (S9), and it was found that the ε values for 2 is ca. 

10,000 M-1cm-1 (at λmax = 502 nm), for 3 is 12,000 M-1cm-1 (at λmax = 460 nm) and 

ca. 13,000 M-1cm-1 (at λmax = 427nm), and for the [RuII(bpy)3] is 14,600 M-1cm-1 

(at λmax = 451nm). 

Superimposition of the absorption spectra in the MLCT region, Figure (1.35) 

shows that 3 closely matches [RuII(bpy)3] features, whilst 2 shows a bathochromic 

shift towards 450 nm. The obtained molar absorptivity demonstrate that 3 has 

enhanced light-harvesting efficiency than its previously reported analogues 85,127, 

and only slightly lower than standard [RuII(bpy)3]. Moreover, 3 absorbs light in a 

broader range of the visible spectrum compared to the [RuII(bpy)3] complex, 

suggesting that 3 could be more easily excited to the singlet state by white-light 
128.  

 
Figure (1.35). Superimposed Absorption spectra of complexes 2 (red), 3 (blue) and 

[RuII(bpy)3] (black) in the MLCT region. 
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Emission spectra were collected by irradiating nitrogen-purged acetonitrile 

solutions of 2, 3, and [RuII(bpy)3] at their own MLCT maximum wavelengths, 

Figure (1.36). As expected for this class of compounds 85, an emission band was 

observed at λmax = 720 nm (λex = 502 nm), 607 nm (λex = 460 nm) and 604 nm (λex 

= 451 nm), for complexes 2, 3, and [RuII(bpy)3] respectively.  

 
Figure (1.36). Absorption (blue) emission (red) spectra of the 2 (A), 3 (B) and 

[RuII(bpy)3] (C) in the MLCT region.  
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Superimposition of the emission spectra, Figure (1.37), corresponding to the 
3MLCT radiative decay, show that complexes 3 and [RuII(bpy)3] phosphoresce 

approximately in the same energy range, whereas 2 is significantly red-shifted.  

 
Figure (1.37). Superimposed emission spectra of complexes 2 (red), 3 (blue) and 

[RuII(bpy)3] (black). Excitation wavelengths are reported on top of each spectrum. 

The fluorescence quantum yield of 3 was measured by a previously reported 

comparative method 53, using the [RuII(bpy)3] (quantum yield (F) = 0.095) as 

standard 123. Integration of the fluorescence spectrum was plotted against the 

absorption intensity at increasing complex concentrations, see supporting 

information (S10). The slopes obtained by the linear regression of the graph give 

the desired parameter, according to equation (1.6).  

																																																				𝚽𝑺 =	𝚽𝑹 '
𝑮𝑺
𝑮𝑹
* '𝒏𝑺

𝟐

𝒏𝑹
𝟐*																														        (1.6) 

Where 𝜱𝑺 and 𝚽𝑹 represent the quantum yield of the sample and the reference, 

respectively; 𝑮𝑺 and 𝑮𝑹 represent the gradient of the sample and the reference, 

respectively; and 𝒏 is the refractive index of the solvent, which its quotient goes 

to unity if same solvent is used for the sample and the reference.   
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As expected for this class of terpyridine-based Ru(II) complexes, 3 has only 

limited fluorescence quantum yield, approximately tenfold less than [RuII(bpy)3] 

(F(3)=0.009; F([RuII(bpy)3])=0.095) 123. Despite the obtained fluorescence 

quantum yield, any strong correlation can be devised between the extent of 

radiative decay and photo-induced charge-transfer capability (or as 

photosensitizer efficiency). 

As previously reported by many authors, the reduction potential of the excited 

state ([Ru]3+/[Ru]2+*) may be estimated from the spectroscopic data 69,129,130. To 

accomplish this task, energy difference of the Ru2+ singlet to triplet transition 

energy must be subtracted from the [Ru]3+/[Ru]2+ reduction potential in the ground 

state, Figure (1.38).  

 
Figure (1.38). Thermodynamic cycle for calculating the excited state reduction potential 

of [RuII(bpy)3] 131. 

Energy difference between triplet and ground state in their thermal equilibrium 

levels essentially corresponds to the E0-0 value, which can be estimated by 

averaging the intersection point of the lowest energy absorbance and emission 

features and the emission maximum wavenumbers. These values for complex 3 

correspond to 18,200 cm-1 and 16,500 cm-1, respectively, the average being 17,350 

cm-1 (2.15 eV). The latter value is in good agreement with the 0-0 energy reported 

for a close analogue of 3, lacking the carboxyl moiety (17,100 cm-1) 127. According 

to our spectral data, the same value could be obtained in the case of [RuII(bpy)3] 

within the experimental error, which corresponds to the E0-0 value reported in the 
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literature 129,131. ([Ru]3+/[Ru]2+) couple reduction potentials in the ground state can 

be taken from published results for [RuII(bpy)3] and for a very close analogue of 

3 (1.26 V and 1.46 V, respectively) 85,129,131.  

According to these values, we may estimate the E0([Ru]3+/[Ru]2+*) for both 

complexes, being -0.66 V for complex 3 and -0.86 V for [RuII(bpy)3]. The latter 

value is in perfect agreement with the literature, thus supporting the here presented 

estimation also for complex 3.  

1.3.4. Theoretical calculations 

Understanding the electronic properties of the ruthenium(II)-complexes is 

significant for the elucidation of the related photophysical and photochemical 

properties, and the structure-to-function relationships 132. Therefore, the 

theoretical calculations based on the density functional theory (DFT) and time-

dependent DFT (TD-DFT) methods were performed. In order to aid in the 

understanding of the electronic properties of the synthesized complex (3), a 

comparative study was also performed for both 2 and [RuII(bpy)3]. The details 

about the computational methods and the level of theory are provided in the 

experimental section, section (1.5.2; p. 69). 

First, the structural optimization of the complexes was performed in ACN solvent 

via DFT calculations, while the TD-DFT calculations were used for studying the 

electronic transition and compared to the experimental results. 

1.3.4.1. Structural optimization  

The DFT-based optimized structural calculations, Figure (1.39) were accepted 

after the calculated frequencies values went to positive values, and the guessed 

stationary points matched the energetic minimum points.  
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The optimized structure of the synthesized complex 3, Figure (1.39) was found 

in good agreement with structural NMR analysis, in section (1.3.2.2; p. 46). 

Moreover, structural parameters for 2 and [RuII(bpy)3] were compared with 

literature values and satisfying agreement was achieved with the adopted level of 

theory 69,125. 

 
Figure (1.39). Optimized structures of the RuII-complexes (2, 3, and [RuII(bpy)3]). Atoms 

are colored as Ru (Purple), C (Brown), H (White), N (Blue), O (Red), and Cl (Green). 

1.3.4.2. Binding energy calculation 

The stability of the complexes could be inferred by evaluating the binding energy 

values, which are given by the following equation, equation (1.7):  

                             ∆𝑬 = 𝑬𝑪𝒐𝒎𝒑𝒍𝒆𝒙 − (𝑬𝑴𝒆𝒕𝒂𝒍 +	𝑬𝒍𝒊𝒈𝒂𝒏𝒅)                      (1.7) 

The calculated binding energy was defined from the optimized calculations of the 

complex structure, free-ligands structures, and metal ion in ACN as the solvent, 

at the same level of theory.  

SCF (energy deduced from DFT structure optimization) and ZPE (zero-point 

energy derived from harmonic oscillator approximation) calculations were 

summed to account for the energies of both the complex and the associated free-
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ligands. Whereas, the energy of the metal center was defined based on the ZPE-

derived energy value. The following equation summarizes the adopted approach: 

∆𝑬 = (𝑺𝑪𝑭 + 𝒁𝑷𝑬)𝑪𝒐𝒎𝒑𝒍𝒆𝒙 − W𝒁𝑷𝑬𝑴𝒆𝒕𝒂𝒍 +	X Y(𝑺𝑪𝑭 + 𝒁𝑷𝑬)𝒍𝒊𝒈𝒂𝒏𝒅Z𝒊𝒊
[ 

The calculated binding energies (DECalc) are reported in the Table 1.2. As 

expected, [RuII(bpy)3] was found to be the most stable complex owing to the most 

negative binding energy, energy differences with respect to 3 and 2 being within 

8 and 15 kcal.mol-1, respectively.  

Table 1.2. Calculated binding energy value of the RuII-complexes (2, 3, and [RuII(bpy)3]). 

 

The higher stability of the [RuII(bpy)3] complex can be attributed to the chelating 

effect of the bpy-ligands. The lower stability of complex 2 can be accounted for 

by the presence of the labile Cl¯ ligand, which shows less affinity for coordination 

with the RuII. This less-stability of the 2 is in agreement with what been observed 

in the synthetic part of the section (1.3.1.1; p. 37). The here synthesized complex 

3 has shown considerably high stability, but less than the [RuII(bpy)3] complex, 

which can be mostly charged to the anchoring of a monodentate ligand 

(pyCOOH). Nevertheless, the significantly higher stability of 3 compared to 2 is 

in agreement with its stability under HPLC acidic conditions, where no water 

exchange was observed, as compared with fast ligand exchange observed for 

complex 2.  

 

METAL COMPLEX ∆" (#$%&/()&)
2 -237.13

3 -243.85

[RuII(bpy)3] -252.13
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1.3.4.3. Electronic transition calculation   

The electronic transitions of the ruthenium(II)-complexes were determined by 

performing TD-DFT calculations. The electronic transition intensity is related to 

oscillator strength (fOSC), as defined in the following equation, equation (1.8): 

                                  𝒇𝑶𝑺𝑪 =	∫ 𝜺	(𝒗_)𝒅𝒗_ = 	
𝟒𝝅𝟐𝑵𝑨𝒗G

𝟑×𝟏𝟎𝟒𝒄𝒏𝟐ћ𝒍
`𝑴bbb⃗ `

𝟐
                         (1.8) 

Where 𝒇𝑶𝑺𝑪 represents the oscillator strength; 𝜺	(𝒗/), the molar absorptivity; 𝑵𝑨, 

the Avogadro’s number; 𝒏, the refractive index of the solvent, ћ, the Planks 

constant, 𝒍, the path-length; and 𝑴333⃗ , the transition moment vector.  

Therefore, the electronic transitions could be determined upon calculating the 

energies of the active vertical transitions and their transition moment. 

Subsequently, the energy of the first excited state was defined.  

The energies of the first ten excited states of each RuII-complex were calculated, 

and the active electronic transitions for each metal complex were determined 

according to the electronic transitions with non-zero 𝒇𝑶𝑺𝑪 (active electronic 

transition; 𝒇𝑶𝑺𝑪 ≠ 0). Therefore, the energy of the electronic transition between 

excited and ground states, and the linked wavelength were derived.  

Table 1.3 reports the results of the TD-DFT of the ruthenium(II)-complexes in 

the MLCT region. It shows that the estimated wavelength of the electronic 

transitions was 584.20, 477.27 and 447.30 nm, respectively. These calculated 

wavelengths are in very good agreement with the obtained experimental values 

were shown in section (1.3.3). Such correspondence between the theoretical and 

experimental wavelengths assures the reliability of the conducted calculations. 
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Table 1.3. Electronic transitions and molecular orbital analysis of the complexes; 2, 3, and 

[RuII(bpy)3]. 

 

The AVERA program was used to visualize and analyze the molecular-orbitals 

(MO) corresponding to the calculated ground (HOMO) and excited (LUMO) 

states. Figure (1.40) shows the isodensity plots (s = 0.04) HOMO and LUMO of 

the three Ru(II)-complexes. The following features could be observed: 

(i) The three-studied complexes possess the expected MLCT “dp(M) → 

p*(L)” electronic transition. In which, the observed transitions are 

occurring between the HOMO with high contribution of the metal 

electronic, together with the LUMO having more ligand (p orbitals of C and 

N) electronic contribution. 

(ii) In [RuII(bpy)3] complex, the LUMO has homogeneous electronic density 

distribution on the bpy ligands. While, 2 and 3 show non-homogeneous 

electronic density distribution, with more contribution from the tpy-ligand. 

(iii) In complex 2, (ground state) significant electronic density was localized on 

the Cl¯ ligand, with anti-bonding character to the dp-orbital of the metal. 

The high contribution from the Cl¯ ligand helps in explaining the 

bathochromic shift observed in this complex absorption of spectrum. In 

contrast, the HOMO of 3 and [RuII(bpy)3] complexes show similar 

electronic density distribution, owing to the predominant contribution form 

the dp of the metal-center. Also, the similarity of the HOMO characteristics 

METAL COMPLEX λ (nm) Electronic Transition fOSC

2 584.20 HOMO → LUMO 0.0164

3 477.27 HOMO → LUMO 0.0113

[RuII(bpy)3] 447.30 HOMO-1 → LUMO 0.0172
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shown for complex 3 and [RuII(bpy)3] is actively explaining the close 

absorption features that were previously reported in section (1.3.3; p. 49). 

(iv) In complex 3, the electronic density of LUMO (the excited state) shows a 

high contribution from carboxyl moiety. This may represent extremely 

positive on its electron-transfer features. This result is even more crucial if 

we consider that the conjugation between 3 and other molecular assemblies 

will be performed through this moiety.   

 
Figure (1.40). Isodensity plots of HOMO and LUMO orbitals for the RuII-complexes; 2 

(Top), 3 (Middle), and [RuII(bpy)3] (Bottom). [Color code: surfaces of the bonding MO 

orbitals (light blue), surfaces of the anti-bonding MO orbitals (yellow)]; All orbitals have 

been computed at an isovalue of 0.04. 
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1.3.5. Photochemical characterization of the complex 3  

Photo-induced electron transfer (PET) to Cytochrome c (Cc) has been performed 

to test the photochemical performance of 3, and the obtained results have been 

compared to complex [RuII(bpy)3]. Cc is particularly convenient for such 

experiments, owing characteristic Soret and Q bands, which are sensitive to the 

iron oxidation state. The Soret band of the oxidized form (Ccox) is located at 409 

nm, redshifting to 414 nm upon reduction. Moreover, Q band located at 550 nm, 

is much more intense for Ccred than Ccox (e(550;Ccred) - e(550;Ccox) = 18.3 mM-

1cm-1) 133.  

A kinetic investigation on a multi-component system has been performed, using 

aniline (5.4 mM), 3 (27.9 µM) and Cc (5.5 µM) as sacrificial electron donor, 

photo-induced reductant and terminal electron acceptor, respectively, Scheme 

(1.2). The reaction was carried out under inert atmosphere to avoid any undesired 

O2-dependent side reaction: (i) 3MLCT quenching, step 4 in Scheme (1.2), and 

consequential formation of singlet dioxygen (1O2) and reactive oxygen species 

(ROS) 64,134; (ii) off-pathway Ccox reduction by superoxo radical anion, step 5 in 

scheme (1.2) 133,135.  
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Scheme (1.2) 

Upon blue LED light irradiation, Figure (1.41, A), slow but appreciable changes 

in the UV-Vis spectrum were observed, Figure (1.41, B).  

 

Figure (1.41). Photographic shot of the adopted irradiation setup; A blue LED ribbon 

coiled around the reaction-cell. The reaction progress was monitored by UV-Vis 

spectroscopy from 200-800nm with a scan-rate of 800 nm/min. Under constant stirring 

and 25°C temperature by a Peltier control unit. 
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Difference absorption spectra (DA) show the distinctive footprint of Cc-red 

formation over time, Figure (1.42). Together with Soret and Q bands increase, 

ruthenium complexes depletion could be appreciated by the quenching of the 

MLCT band at 447 nm. These changes confirm the PET process for both 

complexes (3 and [RuII(bpy)3]).  

 
Figure (1.42). Absorption spectra (Top) and difference absorption spectra (Bottom) over 

time for the photoinduced reduction of Cc (5.5µM), in the presence of 5eq of 3 (Left), or 

[RuII(bpy)3] (Right) and aniline (5.5 mM) in phosphate buffer (0.1 M; pH 6.89), 25°C. 

Red-line indicates the starting (dark) spectrum, arrows indicate the band directions over 

time. 

Further kinetic studies were performed to investigate the mechanism of the PET-

activity for 3 and [RuII(bpy)3]. Firstly, photo-reduction of Cc was performed at 

different photosensitizer concentrations, see supporting Information (S11) to 

probe its effect on the electron-transfer rate. The initial rate vs. RuII-concentrations 
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was plotted, Figure (1.43), which has been found linear against concentrations of 

both complexes, meaning the reaction is first-order on the photosensitizer.  

Apparent rate constants (k’) have been evaluated from the linear fits as 2.9.10-5 s-1 

and 3.8.10-5 s-1 for 3 and [RuII(bpy)3], respectively, complex 3 being 76% as 

efficient as [RuII(bpy)3].  

 
Figure (1.43). PET initial rate vs. concentration plot for both ruthenium(II)-complexes (3 

and [RuII(bpy)3]). Initial rates were extrapolated from a single exponential fit of the kinetic 

traces at l = 550 nm. The slope of the linear fit corresponds to the apparent rate-constant 

(k’ reported as µs-1), for a v0=k'[Ru]0 rate law. 

The activation energy (Ea) for each photosensitizer (3 and [RuII(bpy)3]) was 

obtained by evaluating the apparent rate constant at different temperatures, see 

supporting information (S12). Arrhenius-plot (lnk’ vs. 1/T), Figure (1.44) 

shows the activation energies of 3 and [RuII(bpy)3] are 29.1 and 25.4 kJ.mol-1, 

respectively. Activation energy is slightly higher for 3 when compared with 

[RuII(bpy)3], Ea difference being ca. 3.7 kJ.mol-1, most probably due to the higher 

reorganization energy during PET for terpyridine ligands, as already described by 

the literature 78. 
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Figure (1.44). Arrhenius (lnk vs. 1/T) plot for both RuII-complexes (3 and [RuII(bpy)3]). 

The slope of the linear fits gives the activation energy Ea upon applying the equation: 

𝐥𝐧𝒌' = 𝒍𝒏𝑨 −	(𝑬𝒂 𝑹⁄ ) (𝟏 𝑻⁄ ). Cc (5.5 µM), in the presence of 35.5 µM of either 3 (red), 

or [RuII(bpy)3] (blue) and aniline (5.5 mM) in phosphate buffer (0.1 M; pH 6.89) 

Our results are not immediately comparable to previously reported kinetic 

constants for electron-transfer (kPET), which are generally evaluated by transient 

absorption techniques, mostly because radiative decay and/or energy transfer 

processes could not be discarded under our steady-state conditions. Nonetheless, 

the evaluated first-order k’ value falls in the range of reported kPET (105 – 106 s-1), 

evaluated with both diffusing [RuII(bpy)3] + MP8 systems and with RuII-complex 

-Cc covalent analogues 103,129. Slightly lower kinetic constant for complex 3 

correlate with the previously extrapolated lower redox potential of the excited 

state, suggesting that the thermodynamic driving force is also participating in the 

observed lower kinetics.  
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1.4. Concluding Remarks 

The synthesis and characterization of a new tris-heteroleptic polypyridine 

ruthenium(II)-complex of the form [RuII(bpy)(tpy)(L)], where L is pyridine-4-

carboxylic acid ligand, were performed. Photophysical and photochemical 

analyses, supported by DFT calculation, were performed to assess the proficiency 

of 3 in performing PET processes with bio-molecular systems (cytochrome c). 

Absorption/fluorescence steady-state experiments showed that 3 has enhanced 

molar absorptivity than its previously reported analogues, and only slightly lower 

than [RuII(bpy)3]. As expected for this class of terpyridine-based RuII-complexes, 

3 has only limited fluorescence quantum yield, approximately tenfold less than 

[RuII(bpy)3]. From the obtained data, and by comparison with the literature, a 

reasonable value of the excited state redox potential could be estimated, being 

E0([3]3+/[3]2+*) = -0.66 V. 

The TD-DFT calculations pointed out that the Py-COOH ligand is involved in the 

LUMO orbital of the MLCT transition, which can be beneficial in transferring 

electrons to molecules eventually conjugated to the acyl moiety.  

Further, our results have shown that complex 3 is capable of PET to Cc. The PET 

process is first-order against Ru complex concentration, 3 being 76% as active as 

RuII(bpy)3. Such lower activity may be accounted for by the higher activation 

energy barrier (ca. 3.7 kJ.mol-1), which is connected either to the lower energetic 

driving force (1.12 eV for [RuII(bpy)3]; 0.92 eV for 3; E0[Fe3+Cc/Fe2+Cc] = 0.26 

V). 
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1.5. Materials and Methods 

1.5.1. Materials, reagents, and solvents 

Ruthenium chloride (RuCl3.xH2O), 2,2’-bipyridine (bpy), 2,2’:6’,2’’-terpyridine 

(tpy) and Isonecotinic acid “4-pyridine carboxylic acid” (pyCOOH) were 

purchased from Sigma Aldrich and used as received. The solvents (absolute-

ethanol, DMF) were HPLC-grade and purchased from Romil, the water used in 

synthesis was milli-Q water.  

The solvents used for purification and chromatographic analysis were HPLC-

grade (Romil), while the solvents that were used for spectroscopic (UV-Vis and 

Fluorescence) analysis were in a high degree of purity (UPS-grade) from Romil. 

The HCl solvent used for atomic absorption spectroscopy (AAS) was ultra-pure 

and traced of metal.  

1.5.2. Instrumentations and techniques 

HPLC analysis was performed with Shimadzu LC-10ADvp equipped with a 

diode-array detector, type SPD M10 Avp, and auto-injector. Reverse-phase C18 

column was used, Model of Vydac 218TP (5µ) (length 150mm x ID 4.6mm). 0.1% 

TFA acidified solvents of (acetonitrile and water) were used. Running method 

including isocratic part of (10% acetonitrile) for 5min, a linear gradient of (10% - 

50% acetonitrile) over 30min, and washing part of (95% acetonitrile) for further 

5min with flow-rate of 1 mL/min.  

The Purification of products was performed using flash chromatography from 

Biotage Isolera flash purification system, equipped with a diode-array detector. 

Biotage SNAP Ultra-C18 cartage (10 g; CV 15mL) was used in purification, the 

cartage were equilibrated using a recommended procedure by Biotage, LLC, and 

the running coarse with linear gradient of (10% - 95% 0.1% TFA acidified 
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acetonitrile/H2O) for 20 CV in flow-rate 12 mL/min after dissolvent the crude in 

concentered solution in H2O. 

The mass-spectra were performed using LCMS-IT-TOF from SHIMADZU, with 

a direct injection of 0.2µL of the solution prepared in acetonitrile (100µM).  

The atomic absorption spectroscopic (AAS) measurements were performed 

using a Shimadzu AA-7000 equipped with the flame atomizer. The solutions were 

prepared using 80%HCl traces of metals solvent.  

The UV-Vis spectra were recorded using an Agilent technologies Cary 60 UV 

spectrophotometer, equipped with a thermostated cell and magnetic stirrer, in 

acetonitrile solvent, from 200-800nm with a scan rate of 600 nm/min, 1cm quartz-

cuvette were used for the measurements. 

The steady-state emission spectra were conducted using a Fluoromax-4 

spectrophotometer from HORIBA Scientific Co., in acetonitrile solvent, S1/R1c 

corrected spectra were recorded, excitation as mentioned in the texts and emission 

of 500-800nm, 5mm slits with 1nm increment, at 25°C thermoset under stirring. 

The absorption/emission data were treated using the AE-software and 

Spectrograph-software after subtracting the solvents-spectrum, and data plots 

were treated using originLab program.  

NMR-spectra was conducted using a 600 MHz Bruker instrument. The samples 

were prepared in deuterated acetonitrile (10 mM). 1H-NMR, as well as to the 2D-

experiments (TOCSY, COSY and ROESY), were recorded based on the 

experiments previously obtained by literature 120-122. 

Theoretical calculations were carried out using the DFT and TD-DFT 

calculation methods via the Gaussian-09 Package. Theory level of; Hybrid 

functional B3LYP for GS and excited states calculations, Basis set of 6-
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31++G(d,p) for C, N and H atoms,  pseudopotential SDD for Ru atom, The PCM 

model for acetonitrile solvent, and D3 Empirical Dispersion.  

1.5.3. General procedure for preparation of the complex 3 

The preparation of complex 3 was performed by typical successive ligation 

methods of such complexes mentioned by literature 136, with a modified 

procedure.  

1st step: the 1 (Dark greenish) was prepared by reacting 1eq RuCl3.xH2O (ca. 280 

mg; 10 mM) with 1.1eq tpy (257.20 mg; 11mM) in ethanol (80mL) and refluxed 

at 80°C with continuous stirring under nitrogen. The dark greenish powders of 1 

product were collected by centrifuge the reaction mixture and washed three times 

with ethanol and three times with diethyl ether. The dry product weight was 

401.68 mg (Yield ca. 91%). 

2nd step: The 2∙TFA (Dark red) was prepared by preparing solution of  1 (200.61 

mg; 10.1mM) in 80% (EtOH: H2O) solvent system (45mL) with 2eq bpy-ligand 

(171.80 mg; 220.0 mM) from the same solvent system (5mL), the reaction was 

started by adding the bpy-solution infractions to the one solution mixture at 50°C, 

then reflux at 85°C for 4h, under inert atmosphere. The resulting deep red solution 

was cooled to room temperature, and rotary evaporated, then the final solids were 

purified by re-dissolving in water and purified using (C18) reverse-phase flash 

chromatography, then lyophilized. The purified product weight was 236.91 mg 

(Yield ca. 93%, Purity = 77%) rest was [RuII(bpy)(tpy)(OH2)]. For spectroscopic 

measurements, further purification was needed using size-exclusive 

chromatography using Sephadex LH20 resin and methanol eluted solvent, which 

lowers the yield but gets complex 2 with purity exceeds 99%.   

3rd step: The 3∙TFA complex (Dark orange) was prepared by reacting 1eq of 2 

(236.91 mg; 11.25mM) with 10eq isonicotinic acid (503.53 mg; 102.5mM) in 



 

 69 

water (40 mL) and reflux at 85°C for 3h, The resulting dark orange solution was 

cooled to room temperature, and rotary evaporated, then the final solids were 

purified by re-dissolving in water and purified using reverse-phase flash 

chromatography, then lyophilized. The purified product weight was 462.60 mg 

(Yield ca. 85%, Purity = 99.9%). 
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2.1. Introduction 

In the last century, modern society has reached a peak of energy consumption, 

which is required to sustain its technological progress and population growth. 

Fossil fuel is the primary source of energy, despite its impact on environmental 

pollution, global warming, and limited supply. According to a report from the 

International Energy Agency, “By 2040, it is expected that the global energy 

demand will expand about 30%, and the CO2 emissions will reach as large as 35.7 

Gt.year−1” 1–4. Hence, developing alternative sources of energy, replacing or 

minimizing the utility of fossil fuel, is one of the most urgent societal challenges.  

Different sustainable and renewable alternatives to fossil fuel were developed to 

address environmental and energy crises, such as Solar, wind, and hydropower 

energies 3–6. Among all renewable energy sources, solar energy represents one of 

the most efficient sources of energy. However, the spatial and temporal 

intermittency is an essential limitation to the wide spreading of its applications 7,8. 

One of the promising solutions is to transform solar energy by converting it into a 

chemical fuel that can be easily stored and transport 4,7. There are diverse processes 

(so-called artificial photosynthesis) for harnessing sunlight and transforming its 

energy into chemical bonds, such as the formation of molecular hydrogen from 

water or hydrocarbons from CO2 7.  

In Nature, photosynthesis is the way for harnessing sunlight in plants, and for 

converting its energy to the chemical bonds of glucose molecules. Photosystem II 

(PSII) is a large membrane-bound enzyme that is proficient in harvesting sunlight 

through the photo-induced charge separation process. In such process, the 

absorbed photon by chlorophyll is used to transfer the electron gained from water, 

by fascinating pathway, to a primary acceptor, and then further through an electron 

cascade towards the final acceptor in the reaction center, where the carbon dioxide 



 

 88 

is converted to glucose, Figure (2.1) 9,10. Many researchers have devoted their 

efforts to developing PSII-inspired photocatalysts, suitable in the formation of 

small molecules such as hydrogen, carbon dioxide, and oxygen, robust, clean, and 

sustainable energy vectors. 

 
Figure (2.1). Schematic representation of the energy/charge transfer pathways in the PSII 

from the thylakoid membrane of a cyanobacterium. The numbers indicate the sequence of 

the energy and charge transfer pathways. The orange arrows represent energy transfer 

pathways resulting from light (hυ) absorption. The blue arrows represent CT pathways in 

oxygenic photosynthesis. [Reproduced from ‘Ref. 10’ with permission of the publisher] 

Hydrogen (H2) is one of the most efficient and eco-friendly fuels. Among all 

chemical fuels, it has the highest gravimetric energy density (142 MJ.kg-1), and it 

is considered as the ultimate eco-friendly energy carrier, as the consumption of 

hydrogen, produces zero-emission of carbonaceous species 4,11. However, over 

95% of hydrogen is currently produced upon the reforming of fossil-fuels, a CO2-

releasing process 12. On the other hand, water electrolysis is a clean process for 

hydrogen and oxygen production by so-called hydrogen evolution reaction (HER) 

and oxygen evolution reaction (OER), which still represent no more than 4% of 

the currently used processes, Scheme (2.1). The low-scale production and the lack 

of cheap and effective processes for water splitting are the main drawbacks to its 

widespread implementation 13–15. 
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Chemical reactions involved in water splitting 

 
Scheme (2.1)  

The fundamental target of electrochemical hydrogen evolution is the minimization 

of the overpotential requirement in the cathodic reduction under acidic medium. 

The mechanistic understanding of the hydrogen evolution under mainly acidic 

conditions is essential for further development of novel materials with enhanced 

activity and stability for HERs 13,14. 

Under acidic media, the cathodic reduction of dissolved protons in water (the 

hydronium ions H3O+) generates gaseous hydrogen molecules. 

Thermodynamically, this process occurs at the reduction potential of the normal 

hydrogen electrode (NHE), and it is a multi-step electrode reaction: 

Chemical reactions involved in electrochemical hydrogen evolution. 

 
Scheme (2.2) 

The Volmer reaction, (i) in Scheme (2.2), the reduction of the adsorbed proton 

in the active sites of the catalyst surface (i.e., electrode surface), followed by 

molecular hydrogen (H2) evolution either through Heyrovsky mechanism, (ii) in 

Scheme (2.2), in which the second electron/proton transfer occurs, or through 
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Tafel mechanism, (iii) in Scheme (2.2), the couple of adsorbed and reduced 

hydrogen atoms recombined together 15–17. Usually, one step is kinetically limiting 

the reaction rate (called the rate-determining step), which strongly depends on the 

catalyst nature (i.e., the electrode type) 15. Therefore, it is clear that the kinetics 

depends on several parameters depending on the catalyst itself, such as its 

composition, surface orientation, and the topology of the active-site (at that 

specific surface of the electrode). Other important parameters are critical, such as 

durability, stability, and oxygen-sensitivity of the catalyst in carrying hydrogen 

reduction reaction, which also should be considered. In this respect, many recent 

efforts are focusing on the design and the development of novel materials and 

catalysts for the electrochemical hydrogen evolution, or even on alternative 

processes, such as light-driven catalysis of the HERs. In particular, even more 

attention is conveyed to the bio-inspired model systems, for instance, 

hydrogenase-like catalysts 18. 

2.1.1. Hydrogenases: natural enzymes for hydrogen 

reduction  

Nature possesses active catalysts, called hydrogenases (HGs), for both the 

hydrogen oxidation (conversion of molecular dihydrogen into protons and 

electrons) and its reduction (the formation of molecular dihydrogen):19 

 

HGs are widespread in Nature, e.g., Archaea, Bacteria, and in a few Eukarya, 

whose primary function is to provide the energy needed by the organisms, through 

oxidation of molecular hydrogen and to balance the redox potential of the cell 19,20. 

HGs can be classified, based on their metal-center active sites (where the reaction 

takes place, and the heterolytic splitting of molecular hydrogen occurs), in three 

classes: [FeFe], [NiFe], and [Fe] hydrogenases, Figure (2.2) 21.  
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Figure (2.2).  Schematic representations of [FeFe] (Left), [NiFe] (Mid), and [Fe] (Right) 

HGs the active sites. The magenta H’s represent the hydrogen binding the vacant 

coordination site of the metal-cofactor. [Reproduced from Ref. 21, with permission of the 

publisher] 

The [FeFe] and [NiFe] HGs are undoubtedly the most studied. They are 

characterized by iron atoms that are coordinated by CN¯ and CO¯ ligands and by 

sulfur-bridged bimetallic clusters, with an open coordination site on one metal 

site, where the reaction takes place, Figure (2.2) 19. Hydrogen can reach the active 

sites by a hydrophobic gas channel, and the electrons, produced from H2 oxidation 

or required for H+ reduction, generally transfer through an iron-sulfur cluster 

adjacent to the metal center, Figure (2.3). The third class of HGs is the [Fe] HG, 

which has a peculiar and unique coordination sphere. These enzymes, so-called 

“[Fe] hydrogenases or iron-only hydrogenases” can activate H2 only in the 

presence of a second substrate, the methenyltetrahydromethanopterin (Methenyl-

H4MPT+) 21. 



 

 92 

 
Figure (2.3).  Representative model structures of [FeFe] HG (A) and [NiFe] HG (B). The 

corresponding active sites depicted inside balloons (The site of catalytic H2/proton 

turnover is marked with X). [Insert: Schematic arrows in the model, indicating the CT 

chain (via iron−sulfur centers), and the pathways for the dihydrogen and the proton 

transfer]. [Reproduced from ‘Ref. 19, Ref. 22’ with permission of the publisher]  

2.1.1.1. [FeFe] Hydrogenases 

[FeFe] HGs are considered the highest catalytically active enzymes for the 

hydrogen production (ca. 8,000 µmol H2 min-1mg-1 of protein and TOF ca. 10,000 

s-1) 23–25. [FeFe] HGs can be found in bacteria and some eukaryotes, in particular, 

anaerobic prokaryotes, and play important roles in the energy and carbon 

metabolism in anoxic ecosystems 26–28.  

[FeFe] HGs are complex metalloproteins that catalyze the reversible reduction of 

protons to molecular hydrogen in the active site, so-called “H-cluster.” The H-
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cluster in [FeFe] HGs is the assembly of two distinct iron-sulfur sub-clusters, the 

diiron-bridged sub-cluster ([2Fe]H) linked to a proximal [4Fe4S] cubane sub-

cluster ([4Fe]H) via a Cysteine (Cys) residue, the latter attaching to the protein 

scaffold via three more Cys residues, Figure (2.4) 29.  

Four proximal residues in H-cluster, Cys299, Glu279, Ser319, and Glu282, 

Figure (2.4) 29, are involved in the process of the proton transport towards and 

away from the active site. The “required or produced” electrons in hydrogen 

“reduction or oxidation” reaction are transferred through a channel of [4Fe4S] 

iron-sulfur clusters 29. The crystallographic structure obtained from Clostridium 

pasteurianum 30–32, Desulfovibrio desulfuricans 33, and the eukaryotic algae 

Chlamydomonas reinhardtii  34,35 have shown similar architecture of the active 

site, which consisted of a [4Fe4S] cluster domain linked with the H-cluster 28. 

 
Figure (2.4). The model structure represents the (H-cluster) active site of the [FeFe] HGs 

and the auxiliary residues in the second sphere. It shows the proximal (Fep) and distal (Fed) 

iron-centers, and the auxiliary residues for proton transport (Ser232, Cys299, Ser323, 

Lys258, and Glu361). [Reproduced from ‘Ref. 29’ with permission of the publisher]  



 

 94 

Both the [4Fe]H cubane, and the [2Fe]H di-iron active site are active redox species, 

which can go through six different oxidation states. Two different oxidation states 

(+2 and +1) are available for the cubane sub-cluster and three states for the diiron 

center [Fep
IIFed

II], [Fep
IFed

II], and [Fep
IFed

I]). However, under physiologic 

conditions, only a few of these states are accessible, the “active oxidized” state 

Hox([4Fe]H
2+-[Fep

IFed
II]) and the “active reduced state” state Hred([4Fe]H

2+-

[Fep
IFed

I]) 36. 

The catalytic cycle of the [FeFe] HG is not well-recognized, as the participation 

in the catalytic cycle of certain redox species is still not clear 22. The first reported 

catalytic cycle is named the slow cycle, Scheme (2.3). It starts from the Hox that 

is converted to Hred’ by a proton-coupled electron transfer (PCET) on the [4Fe]H 

sub-cluster. The PCET renders the formation of Hred’ charge neutral and facilitate 

a second reduction step at a similar redox potential. The Hox-Hred’ transition 

appears more likely than a direct conversion into Hred, which would result in 

drastic ligand reorientation and loss of the ‘‘rotated structure’’ 22. The formation 

of Hred evolves at high concentration of protons in acidic solutions, which lead to 

the protonation of the [2Fe]H site and withdrawal of electron density from the 

[4Fe]H sub-cluster, resulting in a bridging hydride (µH‾), subsequently leading to 

the reduced form (Hsred).  

The alternative proposed pathway, named the fast cycle, Scheme (2.3), is about 

the protonation and reduction of Hred’ to form the Hhyd, then the Hhyd intermediate, 

accessible to further protonation, yields to H2 release and recovery of the 

protonated resting state (HoxH), which still carries an additional proton at the 

[4Fe]H sub-cluster and after losing this ‘‘regulatory’’ proton, the Hox is formed, 

and the catalytic cycle can start over again 22. 

The µH‾ ligand is thermodynamically more stable than a terminal hydride, and 

therefore, reacts slowly with additional protons in the H2 release reaction. 
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Moreover, the formation of Hhyd from Hsred requires another geometry re-

organization. Given that, the participation of Hred and Hsred as catalytic 

intermediates in hydrogen turnover is therefore under question 22. 

Proposed catalytic cycle of [FeFe] HGs 

 
Scheme (2.3) 

[Reproduced from ‘Ref. 22’ with permission of the publisher]  

2.1.1.2. [NiFe] Hydrogenases 

[NiFe] HGs are widespread in bacteria and archaea, are usually involved in 

H2 oxidation, making the high reducing power of this substrate available to 

the cell 37. In contrast to [FeFe] HGs, which are oxygen-sensitive enzymes, 

[NiFe] HGs are oxygen tolerant, and therefore, there is a growing interest 

toward the understanding of their biogenesis and catalytic mechanism 38.  

[NiFe] HGs are composed of two subunits, one being larger than the other about 

34 kDa. The large subunit bears the [NiFe] bimetallic active site, and the small 

subunit contains the iron-sulfur clusters. In contrast to the [FeFe] HGs, the iron-
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sulfur clusters in [NiFe] HGs are composed of three different sites: the proximal 

and distal [4Fe4S] clusters, and the medial [3Fe4S] cluster. These facilitate long-

range transfer of electrons and protons from the surface toward the active site and 

vice versa during H2 oxidation or H+ reduction 20,39.  

The bimetallic [NiFe] active site is coordinated to the protein backbone through 

four cysteine residues: two-terminal cysteine are ligated to the Ni metal, and the 

others are bridging both the Ni and Fe. Besides, The iron is coordinated by strong 

π-acid CO¯ and two CN¯ ligands, which keep the iron site at low spin 39,40, Figure 

(2.5). 

 
Figure (2.5). The chemical structure of the [NiFe] active site; represents the amino-acids 

that forming the 1st-coordination sphere around the metal-cluster. Structures have taken 

from crystallographic data for E. coli Hyd-1 (PDB ID 3USE). [Reproduced from ‘Ref. 39’ 

with permission of the publisher]  

Beyond the four cysteine residues and the π-acid ligands, which represented the 

first coordination sphere of the active site, the second coordination sphere involves 

conserved amino acids (Glu28, Asp118, Arg509, and Asp574) that surround, but 

not directly coordinate the active site, Figure (2.6). These play a crucial role in 

proton-transfer mechanism 39.  
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Figure (2.6). Chemical structure of the active site of [NiFe] HGs presenting the position 

of additional highly conserved amino acid residues. [Reproduced from ‘Ref. 39’ with 

permission of the publisher]  

The catalytic cycle of [NiFe] HGs starts from the resting state, called Ni-Sia, 

Figure (2.7). The nickel ion is four-coordinated with one open bridge; both metals 

are in the (+2)-oxidation state. The hydrogen reaches the active site through the 

gas-channel, then a Ni-mediated heterolytic splitting occurs, releasing protons and 

hydride ions. A proton jumps to the Cys546 residues, while the hydride ion 

bridges the two metal ions. This second state in the catalytic cycle is named Ni-R. 

The latter releases the proton from cysteine-546 and one electron from nickel ion, 

evolving in a paramagnetic state, identified as Ni-C. The loss of a further electron 

and a proton leads back to Ni-Sia closing the cycle. Under aerobic conditions, 

dioxygen constantly inactivates hydrogen catalytic cycle, nonetheless two 

alternative catalytic cycles may proceed, which end up with the release of water 

molecules, as shown in, Figure (2.7). However, inactivation of the hydrogenases 
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catalytic activity may occur due to the accumulation of water molecules in the 

highly hydrophobic active site 19,41. 

 
Figure (2.7).  Schematic representation of the catalytic cycle for [NiFe] HGs (Black). 

Deactivation and reactivation cycles for [NiFe] HGs (Red and Green). [Reproduced from 

‘Ref. 19’ with permission of the publisher]  

2.1.1.3. [Fe] Hydrogenases 

[Fe] HGs are found only in methanogenic archaea bacteria, and it was thought that 

the [Fe] HGs were metal free. Until 2004, when it was discovered that the active 

site includes one iron metal and no iron-sulfur clusters in these enzymes. This HG 

class is less studied and not well-known in comparison to the other two classes 

([FeFe] and [NiFe] HGs) 42,43.  

[Fe]-only HGs have a fundamentally different mechanism in terms of redox 

partners and how electrons transfer to the active site. Unlike the other two HGs 

classes, which promote long-distance electron transfer assisted by a series of iron-
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sulfur cubane clusters, in [Fe]-only HGs, the electrons are directly transferred to 

the active site by the very close Methenyl-H4MPT+ cofactor. The latter cofactor 

directly accepts the hydride from H2 in the process. Moreover, the enzyme 

changes its conformation from close to open when two equivalents of methenyl-

H4MPT+ bind the enzyme. [Fe]-only hydrogenase is also known as “H2-forming 

methylene-H4MPT dehydrogenase”, because its function is the reversible 

reduction of methenyl-H4MPT+ to methylene-H4MPT 42,44, Figure (2.8).  

 
Figure (2.8).  Schematic image for the proposed catalytic cycle of the [Fe]-only HGs. 

The catalytic cycle of [Fe]-only HGs starts with the binding of methenyl H4MPT+ 

to the open form of the enzyme, step 4 in Figure (2.8) 36. The hydrogen enters 

toward the active site through a hydrophobic gas-channel. Then, the Fe-cofactor 

is activated, and a hydrogen molecule binds to the open coordination site, step 6 

in Figure (2.8). The hydrogen molecule is heterolytically cleaved, the proton 

transferred to the thiol-group of Cys176, step 2 in Figure (2.8), and the adjacent 

C14a carbocation of the methenyl-H4MPT+ accepts the hydride ion, step 5 in 

Figure (2.8) 45.  
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2.1.2. Artificial peptides and model systems for HERs 

Living organisms produce fascinating enzymes with high catalytic activity, which 

are exploited by biotechnology in biosynthetic systems, or they can inspire new 

artificial enzymes mimicking their active sites 46,47. These bio-inspired catalysts 

have versatile applications to diverse fields, e.g., in redox processes, organic 

synthesis, bio-sensors, and fuel-cell technologies 48,49.  

HGs represent an example of natural enzymes, whose exploitation would be very 

much auspicated for catalyzing hydrogen evolution from water near 

thermodynamic potentials. However, oxygen sensitivity, lack of stability, and low 

density of active sites due to its mass are limiting their potential application 19. 

Therefore, the design of bio-inspired model systems or miniaturized artificial 

enzymes mimicking their active site is a growing field in the literature 50–52.  

In particular for the H-cluster from [FeFe]-hydrogenases, many attempts have 

been made in understanding the structure to function relationships behind their 

catalytic activity. Residues and inorganic ligands of the first and second 

coordination-spheres have been substituted, and their effect to activity, stability, 

and turnover numbers has been studied, Figure (2.9) 53–56. The learned lessons are 

considered as the basis in the development of new bioinorganic catalysts for HER 

either by electrochemical or photochemical water splitting. Herein, we are going 

to give an insight about some of the artificial or model systems that were inspired 

by the HGs.  
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Figure (2.9). Possible alterations of the H-cluster, the active site of [FeFe] HGs.  

[Reproduced from ‘Ref. 22’ with permission of the publisher]  

In 2005, Picket et al. reported an active site model similar to the architecture of 

the HGs active site, Figure (2.10), in which a [Fe2(μ-SR)3(CO)5] unit attaches the 

[4Fe4S] cubane cluster via a thiolate bridge 57, which have been used in providing 

a route to advanced electrode materials.  

 
Figure (2.10). Synthetic pathways for the assembling of the H-cluster model. Insert: The 

Composite structure of the native H-cluster. [Reproduced from ‘Ref. 57’ with permission of the 

publisher]  
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In 2007, Dutton and coworkers reported another active site model of [FeFe] HGs (so-

called SynHyd1). De-novo design and solid-phase peptide synthesis were coupled to 

develop a cysteine-containing peptide that reacts with Fe3(CO)12 to assemble a maquette, 

which binds a diiron cluster close to the [FeFe] hydrogenase diiron site. A simple peptide 

sequence was prepared that placed two cysteine side chains in the I and i+3 position 

(CXXC), necessary for the formation of the diiron complex on the same face of an a-helix 
58, Figure (2.11).  

 
Figure (2.11). Representative structure of the HGs Dutton maquette, SynHyd1 (Top). A 

single peptide sequence incorporated and modulated the [FeFe] HGs model cluster 

utilizing the cysteine ligands (Bottom). [Reproduced from ‘Ref. 58’ with permission of the 

publisher] 

In 2010, Darensbourg and co-workers reported another small bio-inspired model 

of [FeFe] hydrogenases. In this model, a new diiron cluster mimicking the H-

cluster active site, complex-1 in Figure (2.12), has been hosted and included by 

two b-cyclodextrins (b-CyD), which provided a hydrophobic cavity suitable to 

host organometallic motifs, and the hydrophilic hydroxyl rims provide hydrogen 

bonding sites 59.  
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Figure (2.12). Synthesis of the [FeFe] HGs active site model (complex-1) and the 

(cyclodextrin-complex 1) model system. [Reproduced from ‘Ref. 59’ with permission of the 

publisher] 

All of the previously reported work illustrated few examples in preparing 

differently designed models, as attempts to reproduce the enzymatic activity of 

the [FeFe] HGs active site.  

Further effort was focused in developing bio-inspired systems for the hydrogen 

evolution either by electric-potential or light-driven catalytic systems. Hayashi 

and coworkers in 2011 and 2012 reported the light-driven photocatalytic H2 

evolution by a diiron [Fe2(CO)6] cluster datively linked to an artificial protein and 

peptide moieties, respectively. In the first report, the diiron cluster was linked to 

the two cysteine residues of the native CXXC sequence (Cys14 and Cys17) from 

the apocytochrome c matrix. It was activated via light-photosensitization by an 

intermolecular electron transfer, which was promoted by a photoexcited 

[RuII(bpy)3] complex in the presence of ascorbate as electron sacrificial agent 60, 

Figure (2.13, A). In the second report, an intramolecular photochemical system 
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was designed, consisting of both the diiron cluster and a ruthenium(II)-complex 

([RuII(bpy)(tpy)(Cl¯)] photosensitizer) attached to the Cys and His residues, 

respectively, from the CXXCH sequence of the hydrolytically cleaved C-terminal 

segment of cytochrome c556 (Octadecapeptide, YIGKACGNCHENFRDKEG) 61, 

Figure (2.13, B).  

 
Figure (2.13). Proposed catalytic cycle for the photochemical reduction of protons 

catalyzed by H-apocyt c in aqueous media (A). [Reproduced from Ref. 60] Proposed 

catalytic cycle for the photochemical reduction of protons by [FeFe][Ru]Pep-18 in 

aqueous media (B). [Reproduced from ‘Ref. 60, 61’ with permission of the publisher]  

Further bioinspired model systems for electrochemical water splitting including 

alternative metal cofactors (Fe, Ni, Co …etc) incorporated inside tetra, and Penta 

chelated nitrogen and phosphine ligands (e.g., porphyrin, bis-(iminopyridine), 

104euteron104e, cyclic diphosphine) have been proposed in Figure (2.14) 62–74. 

These alternative model systems were developed and studied both in the 

reengineering of biomolecular systems, and to address the previously described 

limitations of HGs enzymes. 
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Figure (2.14). Chemical structures of some proposed bio-inspired model systems from 

HGs active sites reported in the literature. [Reproduced from ‘Ref. 62-71’]   

In 2014, the Bren group reported the first example of bioinorganic catalyst for 

HERs, involving the cobalt(III)-microperoxidase-11 (CoIII-MP11), Figure (2.15), 

a porphyrin base covalently-linked with the Cyt-c-derived undecapeptide 

sequence incorporating cobalt metal into the porphyrin tetra-dentate cavity. This 

bio-inspired system contains a heme c group that is covalently linked through two 

thioethers bonds to Cys residues of the peptide chain (CXXCH motif), and the 

role of the proximal His residue is to provide the fifth coordination ligand to the 

cobalt metal 75.  
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This small artificial and single-chain peptide has shown high activity in 

electrochemical hydrogen evolution from water splitting at physiological pH. It 

demonstrated to be oxygen tolerant, with TOF near 6.7 s-1 and overpotential of 

852 mV. However, the CoIII-MP11 is limited in its durability as it bleached rapidly 

in a few hours (cycling 2.5.104 times) 75. 

 
Figure (2.15).  Schematic structure representation of CoIII-MP11. [Reproduced from ‘Ref. 

75’ with permission of the publisher]  

In 2016, the same group also reported another model system of the hydrogenase 

inspired catalysts, which exhibited enhanced catalytic activity for hydrogen 

evolution from water splitting. This bio-assembly catalyst was obtained by 

engineering the active site of the Hydrogenobacter thermophilus cytochrome c552 

(Ht c-552) to obtain the mutant Ht-CoM61A, Figure (2.16). This modified system 

of Ht-CoM61A showed an overpotential value of 800 mV and a Faradaic 

efficiency of 92 ± 8%, closer to that of MP11, but with higher turnover numbers 

2.7.105 76.  
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Figure (2.16). Structure of Cytochrome c552 (Ht c-552). [Reproduced from ‘Ref. 76’ with 

permission of the publisher] 

In 2018, in a cooperative effort between the Lombardi and Bren groups, a cobalt 

variant of an artificial heme-peptide conjugate, was studied for HER. In particular, 

the so-called cobalt(III) mimochrome VI*a (CoIIIMC6*a), Figure (2.17), 

composed of two peptide sequences incorporating a cobalt(III) deuteroporphyrin 

in a sandwich-like structure, was investigated. This small artificial system has 

proven catalytic activity and stability at physiological pH, it was capable of 

reducing protons at lower overpotential (by 100 mV lower) than CoIII-MP11 and 

higher TON (exceeding 2.3.105) in the presence of dioxygen 77. 

 
Figure (2.17).  Chemical structure of CoIIIMC6*a. [Reproduced from ‘Ref. 78’ with 

permission of the publisher]  
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2.1.3. Insight on mimochromes as artificial enzymes 

Mimochromes (MCs) are a class of heme-protein models, designed through a 

miniaturization strategy, as model of cytochromes and peroxidases 78,96. 

Analyzing natural heme-protein structures, it emerges that the prosthetic group is 

almost completely embedded between two relatively small α-helical peptide 

fragments.  

MCs are artificial heme-peptide conjugates, in which two small a-helix peptides 

are covalently linked to the 108euteron-porphyrin, giving rise to a sandwiched 

structure. The first analogue was patterned after the human-hemoglobin, Figure 

(2.18) 97.  

 
Figure (2.18). Miniaturization design steps from hemoglobin (PDB ID: 2hhb) to 

mimochrome I. Active site identification and extraction (a and b). Isolation of the 

nonapeptide covering the heme I. The mutual approach of heme propionate towards Lys92 

by proper rotamer selection (d). Selection of solvent-exposed residues and protoporphyrin 

IX to deuteroporphyrin mutation I. Symmetrygenerated hexacoordinated deuteron-heme 

(f). [Reproduced from ‘Ref. 97’ with permission of the publisher]  
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Mimochrome I (MC1) peptide sequence contains: a central His residue to 

coordinate the heme iron; Leu residues at positions i-4 and i+4 relative to the His 

to hydrophobically interact with the heme macrocycle; a Lys residue to anchor the 

heme group; two Ala residues (that substitute Ser89 and Cys93 from natural 

hemoglobin), chosen for their high α-helical propensity; glutamine and asparagine 

residues (that substitute Glu90 and Asp94) to remove charge residues that could 

destabilize the target conformation 98,99, Figure (2.19). 

 
Figure (2.19). Chemical structure of the deuteroporphyrine prosthetic group of MC1, and 

its peptide sequence. [Reproduced from ‘Ref. 99’ with permission of the publisher] 

Deuteroporphyrin IX was preferred to the more common protoporphyrin IX to 

avoid the possibility of degradation of the sensitive vinyl substituents during the 

synthesis. Two identical copies of the peptide were covalently linked to the 

porphyrin propionic groups through the ε-amino function of Lys, obtaining a 

pseudo-C2-symmetric dimer.  

The insertion of cobalt ion into the porphyrin ring of MC1 gave two diastereomers. 

In fact, linker flexibility between the peptide and the deuteroporphyrin ring allows 

each peptide chain to be positioned either above or below the porphyrin plane, 

producing enantiomeric configurations around the metal center. The presence of 

the substituents on the porphyrin ring and the chirality of the peptide chain 
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contribute to establish a diasteromeric correlation between the Δ and Λ isomers of 

CoIIIMC1. This finding was confirmed by structural NMR characterization of the 

two previously separated cobalt(III) complexes, Figure (2.20) 82,100. 

 
Figure (2.20). Front view (Left), side view (Mid), and top view (Right) of the average 

molecular structures obtained from NMR data and RMD calculations for Δ isomer (Top) 

and Λ isomer (Bottom) of CoIIIMC1. [Reproduced from ‘Ref. 82’ with permission of the 

publisher] 

The information derived from MC1 was applied for improving the design. Over 

the years, quite a few other models were developed, with same or different peptide 

chains linked to the deuteroporphyrin ring 101–104 , Table 2.1. 
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Table 2.1. Peptide sequences of various Mimochrome congeners. 

 

Among the Mimochrome family, MC6 was the first model showing catalytic 

potential. MC6 was composed of two asymmetrical a-helices peptide sequences 

that differ in the chain-length. One of these peptide sequences was a 

tetradecapeptide (TD) with His6 in the center available to coordinating the metal 

cofactor as axial ligand (proximal site), and the other is a decapeptide (D) lacking 

any coordinative residues, thus providing a vacant site acting as active cavity for 

catalysis (distal site).  

The tertiary-structure of metal-inserted MC6 was intended to be close to MC1, 

Figure (2.21) 105,106.  

The main structural features of MC6 are: 

(i) The tetradecapeptide adopts a small helical conformation (residues 1-9), a 

loop γβD (residues 10 and 11), and a short β-strand (residues 12-14) that 

folded back to interact with the helical part. 

(ii) The decapeptide chain adopts a helical conformation (residues 1-8). 
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(iii) The stabilization of the secondary structure occurs through dipole 

interaction (the positively charged Arg10 and negatively charged Glu2) of 

the terminal sides (C- and N-terminal ends) of both helices. 

(iv) The stability of the tertiary-structure is enhanced through inter-chain ion 

pairs between the carboxylate side chains of a glutamate residue (Glu2) on 

one helix and the guanidine group of an arginine residue (Arg10) on the 

other helix; further, coordination between the His6 and the metal keeps the 

sandwich-like structure. 

(v) Several glutamines (Gln3, Gln4, and Gln8) and a serine (Ser7) are present 

in the solvent-exposed positions to promote water solubility. 

 
Figure (2.21).  Model structure of FeIIIMC6 and its amino acid sequence. [Reproduced from 

‘Ref. 105’ with permission of the publisher] 

Further efforts were devoted in developing a set of MC6 mutant by screening few 

key positions, which resulted in the so-called mimochrome VI*a (MC6*a), 

previously reported in Figure (2.17). 

The structural features of the newly design MC6*a, Figure (2.17); Table 2.1, are: 

(i) E2L(TD) mutation, in which a leucine replaced the glutamic acid in the 

position 2 of the tetradecapeptide; this mutation supported the enhancement 

in the peroxidase-like catalytic activity. This suggested that E2L mutation 
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allowed the free arginine residue on the D chain (R10(D)) to be involved 

into catalysis, by stabilizing the active intermediate. 

(ii) Q3U(D) and S7U(D) mutations, in which both glutamine and serine in 

positions 3 and 7, respectively, were replaced by isobutyric acid (Aib, U), 

which is well-known for its helical propensity. Moreover, according to 

NMR data, Aib-residues positioned toward the heme-motif, hence 

providing the hydrophobicity environment for substrate binding.   

The enhanced peroxidase-like catalytic activity of FeIIIMC6*a consisted in a 

turnover frequency (kcat) value 2.5-times higher than previous miniaturized 

proteins, together with higher turnover number 106.  

On the other hand, the cobalt complex of MC6*a showed a catalytic activity for 

electrochemical hydrogen evolution from water splitting, as previously 

mentioned, in section (2.1.2, p. 102) 77.  
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2.2. Aims (chapter 2) 

In this context, CoIIIMC6*a has shown a robust hydrogenase-like enzymatic 

activity for electrochemical hydrogen production from water splitting, as 

previously reported in section (2.1.2; p. 102). However, its overpotential is still a 

significant limitation to overcome in order to implement such catalyst for 

hydrogen economy. The development of a photosensitized system for 

CoIIIMC6*a, either by multicomponent or binuclear-conjugated assembly, will 

eventually support in exploiting the free-source of energy from sun.  

On the other hand, the previously described RuII-complex, 3, Chapter (1), showed 

encouraging features such as the simple synthetic route, versatile 

conjugation/functionalization, and the lack of a stereogenic center. Moreover, 

complex 3 showed promising photophysical and photochemical properties; as in 

the case of the previously reported photo-induced charge transfer process towards 

Cc heme c cofactor.  

Herein, we report and discuss the generation of a conjugated assembly between 3 

and CoIIIMC6*a, as the photosensitizer and the HER catalyst, respectively. 

Moreover, we will show the results obtained in the photosynthesis of hydrogen 

from both the freely-diffusing and the covalent assembly.  
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2.3. Result and Discussion  

2.3.1. Synthesis the prototype bi-metallic assemblies of 3 and 

CoIIIMC6*a 

In bioinorganic chemistry, different methods have been adopted to functionalize 

metalloproteins with ruthenium photosensitizers, see chapter (1), generally 

involving mutation or modification of protein surface residues at specific 

positions. However, in the context of designing a bimetallic-nuclear assembly of 

a miniaturized enzyme, like mimochromes (e.g. CoIIIMC6*a), some challenges 

must be considered. The presence of a partially exposed metal cofactor with a 

catalytically proficient coordination position (like cobalt-porphyrin) and the 

presence of unprotected (chemically or by the surrounding protein matrix) active 

residues on the peptide scaffold (e.g., Asp (D), Glu (I), and Lys (K)) poses serious 

issues in the functionalization protocol.  Besides, few parameters should be 

considered regarding the photosensitization and the photo-induced charge 

transfer, such as: (i) the PET pathway (e.g., ionization cascade or tunneling), (ii) 

mutual position, distance, and orientation of the active metal sites. Therefore, not 

only the conjugation method, but also the choice of the linker length and its 

chemical features result to be critical for the catalytic activity.   

As a starting point, the most logical choice is to tackle this coupling targeting the 

only free amine moiety of Lys11 (K11(TD)) side chain from the TD-peptide 

sequence of the MC’s scaffold. The previously reported structural characterization 

of MC6*a has shown that K11(TD) residue is located at the exterior of the MC’s 

scaffold, which makes it easy to be attached to the carboxyl moiety of the RuII-

complex (3).  
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In this respect, we proceeded in such conjugation by synthesizing two prototypical 

assemblies between 3 and CoIIIMC6*a: (i) by using a crosslinker (spacer) between 

3 and K11(TD) (ii) with direct attachment of 3 to K11(TD), Figure (2.22).  

 
Figure (2.22). Schematic representation of the two proposed prototypical assemblies 

between 3 and CoIIIMC6*a: spaced conjugation assembly (Left), direct conjugation 

assembly (Right). 

2.3.1.1. Synthesis and characterization the 1st prototype 

conjugate (3-[DBCO-PEG4]CoIIIMC6*a)  

The synthesis of the distal-assembly between 3 and MC6*a was adopted by an 

azide-derivative of the ruthenium complex 3 and using the DBCO-PEG4-NHS 

(DBCO-PEG4) crosslinker, Figure (2.23), as a spacer between the ruthenium-

complex and the mimochrome.  

 
Figure (2.23). The structural formula of DBCO-PEG4-NHS ester. 

The azide-moiety and DBCO-PEG4 were chosen because fast and quantitative 

conjugation could be afforded through copper-free strain-promoted azide–alkyne 

cycloaddition (SPAAC) reaction 107, a widely adopted bio-orthogonal method for 
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the functionalization of biological molecules. Moreover, spacer length may be 

tuned to control the distance between the two cofactors. DBCO-PEG4 provides 

two orthogonal active moieties, which can be opportunely and selectively linked 

(the NHS moiety on the one side and the acetylene moiety on the other). The 

synthesis of the distal assembly was carried out by four steps of 

preparation/purification, Scheme (2.4).  

 
Scheme (2.4) 
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The stability of 3 was firstly tested under the harsh conditions of cobalt insertion. 

50 equivalents of the cobalt(II)acetate were added to a solution of 3 in acetic 

acid/TFE (60:40) solvent. RP-HPLC is used to monitor any changes occurring 

during reaction progress.   

The HPLC profile, Figure (2.24), taken after 3h, shows no significant difference 

from the starting chromatogram; only one peak is observed at 15 min 

corresponding to the ruthenium-complex 3. UV-Vis spectra of the eluted peaks 

are superimposable confirming that no degradation or change in its coordination 

sphere occurred. The stability of 3, under the experimental conditions of cobalt-

insertion, guarantees that metal insertion can be the last step in MC 

photosensitization without modification of the conjugated complex.  

 
Figure (2.24). RP-HPLC profiles of 3 in the presence of cobalt acetate (50eq) in 40% TFE 

glacial acetic acid at 37°C, before (A) and after 3h (B). [Insert: on-line UV-Vis spectra of 

the eluted peak]. 
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Step (i) consisted in the synthesis of the azide-derivative of the ruthenium 

complex (3-N3). The ruthenium complex was reacted with 3-azido-1-propanamine 

(NH2C3H6N3) (APA), Scheme (2.5). The APA was synthesized by a modified 

procedure that was reported in the literature 108. The azide derivatized-ruthenium 

complex (3-N3) was obtained through acylation reaction between the carboxyl 

group of 3 with the amine moiety of the APA (1eq), in the presence of HCTU 

(1.1eq) and DIPEA (2.2eq). 

 
Scheme (2.5) 

The 3-N3 derivatized complex formation reaction was monitored by HPLC, 

Figure (2.25), which showed the decreasing in the peak corresponding to 3 (Rt = 

12.2 min) and the increasing of the derivatized complex at later retention time (Rt 

= 17.1 min). The peak at 13.9 min corresponds to [RuII(bpy)3], used as internal 

standard. Reaction progress could be followed by plotting the normalized area of 

the peak at 17.1 min versus time. Almost complete conversion (>97%) could be 

observed within 3h.  
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Figure (2.25). RP-HPLC reaction monitoring for the formation of 3-N3 (PDA wavelength 

425 nm). (A) The HPLC profiles were conducted by serial injection of 15 µL of the 

reaction aliquots (1 mM) diluted with water and abstained at a different time (0, 5, 30, 120 

min). (B) The UV-Vis spectra related to the chromatographic peaks. (C) The reaction 

proceeding plots (peaks intensity vs. time). 

The RP-LC was also used to purify 3-N3. The HPLC profile of the purified 

product, Figure (2.26, A) showed a peak at 17.0 min (corresponding to the 3-N3) 

with purity exceeding 99%. Product identity has been further confirmed by high 
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resolution MS analysis. Mass spectrum of the synthesized 3-N3, Figure (2.26, B) 

shows m/z values at 348.082 ([M]2+) 809.156 ([M2+∙TFA-]+), and 945.131 

([M2+∙2TFA-∙Na+]+) that are consistent with the theoretical mass 696.163 Da. 

Other peaks are also observed at m/z value of 245.5333 and 604.056, which 

derived from in-source fragmentation of the complex losing the azido-

functionalized monodentate ligand. 

 
Figure (2.26). RP-HPLC of the flash-chromatographic purified sample (3-N3) (A). IT 

TOF(MS) spectrum of the 3-N3 dissolved into Acetonitrile (I) solvent (B).  
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The NMR analysis, Figure (2.27); Table 2.2, confirms the covalent linkage 

between pyCOOH ligand and N3-propyl moiety. 

Table 2.2. complex 3-N3  assignment 

 

In general, the 1H-NMR spectrum is characterized by the presence of two set of 

resonances: one set is in the down field region (7.0-8.8 ppm) and the other one is 

in the spectral region 1.7-3.4 ppm.  

The first set of resonances (7.0-8.8 ppm) was attributed to the aromatic protons of 

the py-ligands and the three resonances in the high field region of the spectrum 

(1.73, 3.32, and 3.34 ppm) were assigned to the propyl-protons of the azide-

moiety, aliphatic protons, assigned as: a2, a3, and a1, respectively. 

Interestingly, the aromatic region of the NMR spectrum has similar features to 

those of the complex 2. This region is characterized by no change in the position 

of the bpy and tpy aromatic proton peaks compared to their positions in the 

complex 2, while the Hp3,p5 of the pyCOOH functionalized ligand are downfield 

shifted (from 7.61 ppm in 2 to 7.79 ppm in 3). It is reasonable to assume that this 

downfield shift could be due to the amide-bond between pyCOOH ligand and 

azide-moiety.  

Furthermore, a careful analysis of this region highlights the presence of a broad-

signal at 7.89 ppm, that was unequivocally assigned to the amide proton. This 

Complex 
(3-N3)

1H-NMR chemical shift values

bpy b2 b1 b3 b2' b3' b4 b4' b1'
7.06(t) 7.24(d) 7.81(t) 7.82(t) 8.28(t) 8.38(d) 8.64(d) 8.66(d)

tpy
t2, t2' t1, t1' t3, t3' t2" t4, t4' t1”, t3"
7.39(t) 7.77(d) 8.01(t) 8.19(t) 8.41(d) 8.51(d)

py p2, p6 p3, p5 NH a2 a3 a1
7.52(d) 7.79(d) 7.89 1.73(q) 3.32(t) 3.34(t)
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corroborates that pyCOOH functionalization occurs through amide (CO–NH) 

linkage. 

 
Figure (2.27). 1H-NMR spectrum of the 3-N3 (10mM) in CD3CN.  

Step (ii) consisted in the functionalization of 3-N3 through SPAAC reaction, 

forming the triazole moiety on the DBCO-spacer in DMF. The HPLC profile, 

Figure (2.28), shows that the reaction proceeded almost quantitatively (93%) after 

20 min. The formation of the 3-[DBCO-PEG4-NHS] was followed by the peak 

eluting at 24.0 min. UV-Vis-spectra confirmed that the observed chromatographic 

peaks corresponded to 3-N3 and the 3-crosslinker.  

No purification was required, and in order to save the active NHS ester from 

hydrolysis, it was directly used for the next coupling step.  
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Figure (2.28). RP-HPLC and UV-Vis analyses of step ii. Crude was injected at 0, 5 and 

20min. 

MC6*a free base could be also functionalized prior to SPAAC reaction with 3-

N3, however unpredictable hydrolysis of the amide bond in the DBCO-PEG4-

linker occurred and verified via HPLC, see supporting information (S13). 

Hydrolysis increased after the purification under acidic conditions.  
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Step (iii) consisted in the coupling reaction between the previously linked species 

and MC6*a to form 3-[DBCO-PEG4]MC6*a. The reaction was carried out by 

adding a solution of 1eq of MC6*a and 12eq of DIPEA in DMF to the previously 

obtained solution. The HPLC analysis, Figure (2.29) showed the successful 

coupling with 99% yield within 20 min (Rt = 29.2 min). The UV-Vis spectrum of 

the 3-[DBCO-PEG4]MC6*a conjugate showed all the bands corresponding to 

MC6*a (the Soret and Q-bands) and to the RuII-complex (MLCT and LC). 

 
Figure (2.29). RP-HPLC profiles for monitoring the step iii of the synthetic approach 

(Coupling between DBCO-functionalized 3N3 and MC6*a) after 5 and 20 min of reaction 

progress. [Insert: on-line UV-Vis spectrum of the peak at Rt = 29.2 min, corresponding to 

coupled-conjugate].  

Finally, cobalt was inserted to obtain the desired binuclear assembly (Step iv). 

Similarly, the previously synthesized direct assembly, the HPLC peak of the final 

product shifted to earlier retention time within 25 min, Figure (2.30). Again, the 

broadening of chromatographic peaks due to the cobalt was also observed. A UV-

Vis spectrum was registered, which was very similar to the previously synthesized 

direct assembly. 
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Figure (2.30). RP-HPLC profiles (Left) and on-line UV-Vis spectra (Right) for 

monitoring the step iv of the synthetic approach (Cobalt-insertion into 3-[DBCO-

PEG4]MC6*a assembly) after 0, 5 and 25 min.  

The HPLC profile of the purified 3-[DBCO-PEG4]MC6*a and 3-[DBCO-

PEG4]CoIIIMC6*a assemblies, Figure (2.31) show >97% pure, and the calculated 

yield was approximately 98%. The IT-TOF(MS) spectrum of 3-[DBCO-

PEG4]MC6*a confirms the product identity, Figure (2.31, A). Peak clusters 

centered around m/z values of 1167.320 ([M2++2H]4+) and 934.261 ([M2++3H]5+) 

are consistent with the theoretical 3-[DBCO-PEG4]MC6*a mass of 4666.254 Da 

(calc. mass 4666.321). Moreover, the IT-TOF(MS) spectrum of 3-[DBCO-

PEG4]MC6*a confirms the product identity, Figure (2.31, B). Peak clusters 

centered around m/z values of 1575.40 ([M+3H]3+) and 1181.55 ([M+3H]4+), 

945.64 ([M+5H]5+), and 787.87 ([M+4H]6+) are consistent with the theoretical 3-

[DBCO-PEG4]CoIIIMC6*a mass of 4723.22 Da (calc. mass 4723.12 Da). 
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Figure (2.31). Schematic image of the 3-[DBCO-PEG4]MC6*a and 3-[DBCO-

PEG4]CoIIIMC6*a assemblies and the corresponding RP-HPLC profiles for the pure 

products, injected samples prepared in (0.1%TFA: H2O) (Top) and related mass-spectra 

obtained from the high-resolution IT-TOF(MS) of the marked chromatographic peaks. 

(Bottom). 

2.3.1.2. Photo-induced hydrogen evolution by CoIIIMC6*a using 

3 and [RuII(bpy)3] as photocatalysts 

CoIIIMC6*a was tested towards photocatalytic H2 generation in a well-established 

assay, consisting of ascorbic acid as the sacrificial donor, and either 3 or 

[RuII(bpy)3] as photosensitizers 109. The covalent conjugate, 3-[DBCO-

PEG4]MC6*a, was also evaluated under the same conditions. The ascorbic 

acid/RuII(bpy)3 experimental setup has been widely adopted for photocatalytic 

hydrogen (H2) generation in the literature 110,111. In particular, Bren and coworkers 

adopted the same approach to test the photocatalytic activity of cobalt-

microperoxidase 11 (CoMP11-Ac)3, and, more recently, of a small peptide-based 
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complex, in which cobalt(III) is surrounded by a Gly-Gly-His ligand (CoGGH) 
109.  

Initially, in order to assess the viability of complex 3 as a photosensitizer to CoIII-

cofactor in CoIIIMC6*a in comparison with [RuII(bpy)3], an excess of both 

photosensitizers was utilized. Photochemical experiments were performed with 

Bis-Tris Propane (pKa 6.9), a bulky buffer that is mostly protonated at pH 6.5, 

Figure (2.32). While piperazine buffer promoted high performance 77, it was early 

avoided in case of unexpected coordination to 3. The system in which [RuII(bpy)3] 

performs the photo-induced reduction of CoIIIMC6*a showed appreciable 

photocatalytic activity in H2 production, six times less than the background, in 

which only [RuII(bpy)3] was present in solution. However, no H2 was produced in 

the presence of excess of 3. This result indicates that complex 3 is not functioning 

as a viable photosensitizer for this system under these conditions. 

 
 Figure (2.32). Photochemical experiments with excess (50 μM) 3 or [RuII(bpy)3]. The 

experiments were performed with 100 mM ascorbic acid, 1.0 M Bis-Tris Propane (pH 

6.5), and blue LEDs (0.15 W, 448 nm). The samples were run in triplicate and collected 

after 48 hours with standard deviation bars shown in the plot (n = 3). The controls run not 

containing catalyst are depicted as diamonds (n = 2). 

In order to move to the more efficient piperazine buffer, a stability test was then 

conducted by using both spectroscopic and chromatographic techniques. Two 

different solutions of complex 3 at 50 µM were prepared either in water or in a 
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piperazine buffer (1M, pH 7.0), and kept under the same conditions of light 

irradiation for 5h. The same HPLC profiles were observed for both samples with 

one intense peak around 13 min, without any further peaks observed (data not 

shown). Only slight quenching of the MLCT-band, due to the dissolved molecular 

oxygen, was observed in the piperazine buffer as preciously described. Any 

unexpected change in the ligand composition could be observed. For this reason, 

later experiments have been performed in piperazine buffer, to rule out the effect 

of the buffer. 

Given the previous results for the freely diffusing systems, we speculated that the 

covalent 3-[DBCO-PEG4]MC6*a conjugate may afford the desired catalysis. In 

this case, a multicomponent system consisting of a 1:1 mixture of freely-diffusing 

[RuIIbpy3] and CoIIIMC6*a, Figure (2.33, Left) was compared to the covalent-

assembly system, Figure (2.33, Right). Varying concentrations of the 

photosensitizer/catalyst were assayed (1, 10, 50 µM). The obtained results show 

that H2 production almost linearly increased with concentration for the freely 

diffusing 1:1 system. In contrast, only negligible hydrogen production could be 

observed when 3-[DBCO-PEG4]MC6*a was used as photocatalyst. 

 
Figure (2.33). Photochemical experiments with 1:1 photosensitizer and catalyst at varying 

concentrations. 10 mM Ascorbic acid, 1.0 M piperazine (pH 6.5), and blue LEDs (0.15 

W, 448 nm) were used. The samples were run in triplicate and collected after 48 hours 

with standard deviation bars shown in the plot (n = 3). Control runs containing the listed 

concentration of photosensitizer, 10 mM ascorbic acid, and no catalyst were also 

performed. The controls are depicted as diamonds (n = 1). 
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Further photochemical and electrochemical experiments were performed to 

evaluate the catalytic proficiency of 3-[DBCO-PEG4]CoIIIMC6*a in hydrogen 

evolution in the presence of [RuIIbpy3] as the photosensitizer, to rule out any 

inhibition of the covalently modified catalyst. In principle, the presence of the 

linker or the proximity of the tethered 3 photosensitizers to CoIIIMC6*a could 

inhibit catalysis. 

3-[DBCO-PEG4]CoIIIMC6*a and the CoIIIMC6*a produced the same amounts of 

H2 in the presence of excess [RuII(bpy)3], indicating that the catalytic activity of 

CoIIIMC6*a was not hindered, Figure (2.34). 

 
Figure (2.34). H2 produced with 1.0 µM 3-[DBCO-PEG4]CoIIIMC6*a (Blue) and 1.0 µM 

CoIIIMC6*a (Red) in the presence of excess 350 µM [RuII(bpy)3]. 10 mM ascorbic acid 

and 1.0 M piperazine buffer (pH 7.0) were used. Data were collected after 48 h of 

irradiation by blue LEDs (448 nm) at a power of 0.25 W and a temperature of 15ºC. The 

samples that contained 3-[DBCO-PEG4]CoIIIMC6*a or CoIIIMC6*a were run in triplicate 

with standard deviation bars shown in the plot (n = 3). A control run (n = 1) without a 

catalyst is shown in black. The control was run under green LEDs (530 nm) due to the 

number of available blue LEDs at the time of the experiment. It is expected that some H2 

will also be made by [RuII(bpy)3] under blue LEDs. 

Cyclic voltammetry experiments were run to gauge potential differences between 

3-[DBCO-PEG4]CoIIIMC6*a and CoIIIMC6*a. As demonstrated by the similar 

magnitude of the peak currents and shape of the cyclic voltammograms, the CV 
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indicated that the presence of the linker and the tethered the complex (3) did not 

alter either the activity or the overpotential of CoIIIMC6*a, Figure (2.35). 

 
Figure (2.35). Cyclic voltammograms of CoIIIMC6*a vs. 3-[DBCO-PEG4]CoIIIMC6*a. 

CVs were performed in the presence of 100 mM KCl, 25 mM piperazine (pH 6.5) at 100 

mV/s scan rate. A hanging mercury drop working electrode, Ag/AgCl (1 M KCl) reference 

electrode, and a glassy carbon counter electrode were used. The plot displays third scan 

data. 

Overall, our results indicate that the presence of the linker and of the RuII- complex 

does not hamper CoIIIMC6*a catalyzed hydrogen production, finally 

demonstrating that 3 is unable to induce cobalt reduction under the tested 

experimental conditions. 

Finally, the Stern-Volmer luminescence quenching studies were performed in 

order to evaluate whether the ascorbic acid (AscH) was indeed a good electron 

sacrificial reagent for both 3 and [RuII(bpy)3]. Luminescence quenching was 

evaluated using the Stern-Volmer equation, equation (2.1): 

																																	𝑰𝟎
𝑰
=	𝑲𝑺𝑽	[𝑨𝒔𝒄𝑯] + 𝟏;  𝑲𝑺𝑽 =	𝒌𝒒𝝉𝟎                       (2.1) 

The measurements were first performed for [RuII(bpy)3] for comparison, Figure 

(2.36, Left), and 𝒌𝒒 and KSV values were determined to be 1.0.107 M-1s-1 and 6.3 

M-1, respectively. The determined 𝒌𝒒 (using the known 𝝉𝟎 of 620 ns) is 
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comparable to that from literature for quenching of [RuII(bpy)3] by ascorbic acid 

is 3.0.107 M-1.s-1 at pH 7.0 112. 

For complex 3, a KSV value of 30 M-1 was determined from the Stern-Volmer plot, 

Figure (2.36, Right). Excited state lifetime experiments are anyway needed in 

order to determine the 𝒌𝒒 value for quenching of 3 by ascorbic acid. Overall, these 

data indicate that ascorbic acid quenches complex 3, suggesting that the used 

sacrificial electron-donor should be suitable for catalysis. 

 
Figure (2.36). Stern-Volmer plots are showing I0/I (initial luminescence 

intensity/quenched luminescence intensity) versus increasing concentration of quencher 

ascorbic acid, [Q]. The quenching of [RuII(bpy)3] (Left) vs. 3 (Right) by ascorbic acid is 

demonstrated. 

2.3.1.3. Synthesis and characterization the 2nd prototype 

conjugate (3-CoIIIMC6*a)  

In order to achieve the direct conjugation between 3 and CoIIIMC6*a, the carboxyl 

group of 3 should be activated by common activating agents (e.g., HCTU, 

DIC/NHS, EDC/NHS, etc.), which facilitate the condensation reaction to the 

amine-moiety of the K11-residue. However, a one-step synthesis should be 

avoided, considering that acidic residues from the MC-scaffold could be also 

readily activated. Therefore, the generation and isolation of an active ester, such 

as the N-hydroxysuccinimide (NHS) ester, is highly recommended to prevent any 

undesired side reactions, Figure (2.37). Ideally, the NHS-ester intermediate is 
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generally active yet sufficiently stable (under specific handled conditions) to be 

purified and then reused for the conjugation reaction with K11-residue of the 

MC6*a.  

 
Figure (2.37). Conjugation reaction scheme between a generic primary amine of a 

protein/peptide and an activated NHS-ester. 

The first attempts in the preparation of 3-Osu derivatized complex were 

successfully carried out. Nevertheless, the lack of an effective purification 

procedure, preventing the hydrolysis of the previously formed 3-Osu ester, 

hampered the successive coupling step.  

In this respect, a modified protocol was adopted in order to achieve this 

conjugation by in situ addition of MC6*a free base to the readily formed 3-Osu 

solution. The functionalization of MC6*a would then easily allow the insertion of 

any desired metal, thus generating a general photosensitizing framework for any 

MC metal complex. Moreover, as previously reported in the case of elder 

CoIIIMC1 105, CoIIIMC6*a is in slow-equilibrium among different stereoisomers, 

which causes technical complications during HPLC monitoring and purification 

steps.  

The adopted conjugation strategy is illustrated in Scheme (2.6). A one-pot 

stepwise reaction was carried out, first by forming the 3-Osu activated 

intermediate, Step (i); Scheme (2.6), by reacting 3 (10eq) with NHS (15eq), in the 

presence of 5eq of HCTU and DIPEA in “anhydrous-DMF” solvent. 

Successively, 3-Osu has been reacted with Lys11 sidechain of MC6*a (free-base), 

Step (ii); Scheme (2.6), in a 1:1 molar ratio based on the HPLC yield, by 
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transferring a pre-prepared solution mixture of MC6*a in the presence of DIPEA 

in the 3-Osu reaction mixture. After conjugated product purification, cobalt was 

inserted in the porphyrin of 3-MC6*a by well-established protocols, Step (iii); 

Scheme (2.6) 77.  

 
Scheme (2.6). 

RP-HPLC profiles and on line UV-Vis spectra can be used to follow the reaction 

progress. After step (i), a peak at later retention time (Rt = 16.2 min) than 3 (Rt = 

14.1 min) appeared, Figure (2.38), corresponding to the 3-Osu complex, which 

had UV-Vis spectrum similar to 3. The estimated yield of 3-Osu through peak 

integration was approximately 35%.  



 

 135 

 
Figure (2.38). RP-HPLC profiles monitoring step (i). The formation of the 3-Osu complex 

(Rt = 16.3 min) from 3 (Rt 14.1 min) can be appreciated from the registered 

chromatograms at 220 and 425 nm. 

After step (ii), a new peak at Rt = 28.4 min appeared within 15 minutes, Figure 

(2.39), corresponding to the desired conjugation product (3-MC6*a), whose UV-

Vis spectrum showed both the bands of 3 (MLCT and LC) and MC6*a (Soret and 

Q-bands). The coupling was very fast (only 15 min) and without appreciable 

formation of any side products, thus confirming the reliability of our synthetic 

approach.   

 
Figure (2.39). RP-HPLC profiles (Top) and on-line UV-Vis spectra (Bottom) monitoring 

step (ii). The formation of the 3-MC6*a was confirmed by the UV-Vis spectra of the eluted 

peaks.  
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Finally, cobalt insertion in step (iii) was confirmed by the shift of 3-MC6*a at 

earlier retention time (Rt = 25.7 min), corresponding to 3-CoIIIMC6*a, as 

previously reported upon metal insertion into the Mimochrome scaffold, Figure 

(2.40) 82. The chromatographic peak broadening was also observed, due to the 

previously described formation of MC stereoisomers. The UV-Vis spectrum 

showed the expected bathochromic shift of the Soret-band (from 400 nm to 412 

nm) and the multiplicity change of the Q-band (from four very broad peaks around 

550 nm to two well-resolved peaks at 525 and 555 nm), in agreement with the 

formation of a six-coordinate cobalt porphyrin complex. Moreover, retention of 

the characteristic bands of the ruthenium complex excludes any undesired 

modification at the metal center under the adopted conditions.  

 
Figure (2.40). RP-HPLC profiles and on-line UV-Vis spectra (Insert) monitoring step 

(iii). The formation of the 3-CoIIIMC6*a was confirmed by the UV-Vis spectra of the 

eluted peaks. 

The purification of 3-MC6*a and 3-CoIIIMC6*a, after step (ii), firstly consisted in 

a precipitation step in diethyl ether to remove the excess of activating agents and 

organic reagents. A further purification step was performed by RP-LC, in order to 

isolate the final conjugate product from the RuII-complex excess. The percentage 

of recovery of 3 was 75%, and the product yield was close to 97%.  

HPLC was then used to test the purity (>98%) of the fractions obtained from RP-

LC purification, Figure (2.41).  
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Figure (2.41). Schematic image of the 3-MC6*a and 3-CoIIIMC6*a assemblies and the 

corresponding RP-HPLC profiles for the pure products, injected samples prepared in 

(0.1%TFA: H2O) (Top) and on-line UV-Vis spectra of the marked peaks. (Bottom). 

Product identity has been further confirmed by high resolution MS analysis. Mass 

spectrum of the synthesized 3-CoIIIMC6*a, Figure (2.42), shows m/z values at 

1363.631 ([M+1H]3+) 1022.975 ([M+2H]4+), and 818.581 ([M+3H]5+) that are 

consistent with the theoretical mass 4089.89 Da (calculated mass = 4089.82 Da). 

 
Figure (2.42). IT-TOF(MS) spectrum of 3-CoIIIMC6*a. 
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2.4. Concluding Remarks 

In this chapter, we described our main results in the synthesis and characterization 

of two new photoactive adducts, obtained by crosslinking the newly synthesized 

complex 3 and CoIIIMC6*a either through a long spacer (DBCO-PEG4) or by 

direct conjugation. To this end, we developed a framework for MC6*a 

photosensitizaton that, in principle, can be used for any given photosensitizing 

moiety. A combination of chromatography, UV-Vis spectroscopy and mass 

spectrometry have confirmed the validity of the here-described synthetic 

approaches. 

In particular, the first one (3-[DBCO-PEG4]CoIIIMC6*a) was obtained by 

SPAAC reaction between the azide-derivative, 3-N3, and dibenzocycloctyine-

labeled mimochrome. Photo-induced hydrogen evolution was then tested for both 

the freely diffusing system and the PEG4-spaced binuclear assembly, and the 

result compared to the well-known [RuII(bpy)3]. The results indicate that 3 does 

not work as a photosensitizer under the conditions tested, but they do not indicate 

that the presence of the linker is inhibiting catalytic H2 production by CoIIIMC6*a. 

Thus, the linker may still be suitable for a different ruthenium photosensitizer 

complex. In order to functionalize a RuII-complex with an azide for the “click 

reaction” with the DBCO linker, there are other RuII-based photosensitizers that 

are possible candidates containing the carboxylic acid moiety 113,114.  It is possible 

that either the excited state lifetime or the energetics of 3 are not suitable to 

facilitate catalysis. Nonetheless, according to the photophysical and 

photochemical analysis presented in Chapter 1, we may speculate that the total 

thermodynamic driving force is too low for catalysis. As a matter of fact, 

CoIIIMC6*a activity started at ~0.86V (vs SHE) as observed by CV experiments. 

Such value, perfectly match the redox potential of the [RuII(bpy)3] excited state, 

whereas the redox potential of 3 was estimated around 0.66 V. 
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For the second direct assembly, we developed a tailored NHS-based conjugation 

protocol, consisting of a one-pot reaction that minimizes activating reagent 

consumption, resulting in minimal side-reaction products. Such binuclear adduct 

is now being tested in Bren’s lab, but at higher trifluoroethanol (TFE) 

concentrations as it has been shown that proton reduction overpotential was 

reduced when CoIIIMC6*a was in presence of TFE.  
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2.5. Materials and Methods 

2.5.1. Materials, reagents, and solvents 

1,3-dipromopropane (BrC3H6Br), Sodium azide (NaN3) and N,N-

Diisopropylethylamine (DIPEA) were purchased from Sigma Aldrich and used as 

received. The coupling reagents, 2-(6-Chloro-1-H-benzotriazole-1-yl)-1,1,3,3-

tetramethylaminium hexafluorophosphate (HCTU) and N-Hydroxysuccinimide 

(NHS), were purchased from Novabiochem. The solvents (absolute-ethanol, 

DMF) were HPLC-grade and purchased from Romil, the water used in synthesis 

was milli-Q water. 

The solvents that used for purification and chromatographic analysis were HPLC-

grade (Romil), while the solvents that were used for spectroscopic (UV-Vis and 

Fluorescence) analysis were in a high degree of purity (UPS-grade) from Romil. 

The HCl solvent used for atomic absorption spectroscopy (AAS) was ultra-pure 

and traced of metal.  

2.5.2. Instrumentations and techniques 

RP-HPLC chromatograms were acquired by a Shimadzu LC-10Advp equipped 

with an SPDM10Avp diode-array detector system, using Vydac C18 column (150 

mm x 4.6 mm; 5mm), eluted with linear gradient 10%A to 95%B (A: 0.1%TFA 

H2O; B: 0.1%TFA CH3CN) over 40 min, at 1mL.min-1 flow rate. 

The Purification of products was performed using flash chromatography from 

Biotage Isolera flash purification system, equipped with a diode-array detector. 

Biotage SNAP Ultra-C18 cartage (10 g; CV 15mL) was used in purification, the 

cartage were equilibrated using a recommended procedure by Biotage, LLC, and 

the running coarse with linear gradient of (10% - 95% 0.1% TFA acidified 
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acetonitrile/H2O) for 20 CV in flow-rate 12 mL/min after dissolvent the crude in 

concentered solution of water. 

The mass-spectra were performed using LCMS-IT-TOF from SHIMADZU, with 

a direct injection of 0.2µL of the solution prepared in acetonitrile (100µM).  

The UV-vis absorption spectra were acquired by a Shimadzu UV-2401PC 

spectrophotometer, the spectra were recorded at wavelength range of 200–800 nm, 

scan rate of 200 nm.min-1. 

Electrochemical experiments were carried out with a 620D potentiostat (CH 

Instruments). Ag/AgCl (1 M KCl) and platinum wires were used as reference and 

counter electrodes, respectively.  

The general procedure for cyclic voltammetry is as follows: 5 mL of 1 μM 

CoIIIMC6a in 0.5 M KCl and 25 mM potassium phosphate buffer was used. Each 

measurement was repeated twice and a fresh mercury drop (surface area 0.038 

cm2) was used for each experiment. Before start, the solution was purged 15 min 

with nitrogen. The measurements were performed under gentle nitrogen flow.  

The photocatalytic activity of CoIIIMC6a in hydrogen evolution reaction 

(HER) was characterized by using GC technique, in which aliquots of the reaction 

mixture was transferred to the GC cell before and after irradiating the samples, at 

the reaction condition mentioned before, for 48 h by blue LEDs (448 nm) at a 

power of 0.25 W and temperature of 15 °C. Before purging the aliquots, the GC 

cell was purged for 15 min with an N2/CH4 mixture (8/2), methane was used as 

the internal standard. Hydrogen (H2) quantification was performed by GC analysis 

of cell headspace. The ratio between hydrogen and methane peak areas was 

compared with a standard calibration curve. 
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2.5.3. General Procedure 

2.5.3.1. Synthesis the 1st prototype conjugate ((3-[DBCO-

PEG4]CoIIIMC6*a)  

Synthesis of the distal conjugate assembly was performed by reacting to the 

ruthenium complex 3 with free-base MC6*a through [DBCO-PEG4]-crosslinker 

after derivatizing the complex 3 with pre-prepared 3-azido-1-propanamine, then 

followed by the cobalt insertion. 

The preparation of 3-Azido-1-propanamine (N3C3H6NH2) was adopted by a 

modified synthetic approach that was reported in literature 108,  1.3-

diazidopropane (N3C3H6N3) was firstly prepared by di-substitution reaction of 

1,3-dibromopropane (BrC3H6Br) precursor using the sodium azide (NaN3) 

reagent, followed by the mono-reduction an azide moieties to amine by using half-

equivalent of triphenylphosphine (PPh3) reducing agent to generate the desired 

product (the N3C3H6NH2). 

The preparation of N3C3H6N3 was carried out by reacting to BrC3H6Br (10M) 

with 2eq NaN3 in the DMF solvent at 75°C for 12h. The reaction was monitored 

by Silica-TLC using 5%(Ethylacetae: N-hexane) eluent solvent-system. The spot-

test for the precursor was visualized by the iodine-test, while the azide-product 

visualization-test was performed by Stanger (Ninhydrin/PPh3) reaction. The final 

product (the N3C3H6N3) was purified via extraction in pentane solvent, rotary 

evocate the pentane to obtain Yield ca. 99% of N3C3H6N3, the purity ca. 99% (by 

NMR chemical shifts d/ppm = 3.41(t; integral 4H) and 1.82(q; integral 2H). 

The preparation of N3C3H6NH2 was carried out by reacting to N3C3H6N3 

(0.45M) with 0.5eq PPh3 in 50%(Et2O: AcO) and 5%HCl solvent system inside 

ice-jacket (near 0-4°C) for 5h; the ice-jacket is used to minimize loosing of the 
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volatile product. Then the product was purified by extraction in dichloromethane 

(DCC), careful rotary evaporation. The yield of the obtained oily product 

(N3C3H6NH2) was 87%, and purity ca. 97% (by NMR chemical shifts d/ppm = 

1.68(q; integral 2H), 2.75(t; integral 2H) and 3.36(t; integral 2H)), as shown in 

the supporting information (S6). 

Step I “The preparation of 3-N3 derivatized complex” was carried out by 

reacting 3 (0.050M) with 1.1eq N3C3H6NH2 in the presence of 1.1eq HCTU and 

2.2eq DIEA. The reaction occurred in the DMF solvent at room temperature for 

5h. The reaction was monitored using RP-HPLC of aliquots prepared by 

withdrawing 0.5µL of the reaction solution and diluted with 50µL TFA-acidified 

H2O. The product (3-N3) was purified by RP-flash chromatography and 

lyophilized. The yield was 97% and purity exceeds 99%. 

Step ii “The preparation of DBCO-functionalized 3-N3 complex” was carried 

out by reacting 3-N3 (0.045M) with 2eq DBCO-PEG4-NHS in “anhydrous” DMF 

solvent at room temperature for 30 min. The reaction was monitored using RP-

HPLC of aliquots prepared by withdrawing 0.5µL of the reaction solution and 

diluted with 50µL TFA-acidified H2O. Then in one-put reaction, step iii was 

performed.  

Step iii “The coupling between the functionalized 3-N3 and MC6*a” was 

performed by transferring a freshly prepared solution of the MC6*a to the reaction 

solution of step ii. The peptide solution was prepared before the functionalized 3-

N3 was formed, from (1eq) MC6*a (0.45M) and (15eq) of DIPEA in “anhydrous 

DMF” solvent. After transferring the peptide solution to the reaction vessel, 

(1.1eq) of HCTU was added to the reaction solution. The reaction was monitored 

using RP-HPLC of aliquots prepared by withdrawing 0.5µL of the reaction 

solution and diluted with 50µL TFA-acidified H2O. The reaction occurred at room 

temperature within 20 min. The product was purified by precipitation in DEE then 
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via using the flash-chromatographic technique, and lyophilized. The obtained 

product (3-[DBCO-PEG4]MC6*a) with yield ca. 98% and purity ca. 97%. 

Step iv “The cobalt insertion into 3-[DBCO-PEG4]MC6*a” was carried out by 

reacting 3-[DBCO-PEG4]MC6*a (0.45M) with 30eq CoIIacetate in 

40%(TFE:Acetic acid) solvent system at 40°C for 30 min. The reaction was 

monitored using RP-HPLC of aliquots prepared by withdrawing 0.5µL of the 

reaction solution and diluted with 50µL TFA-acidified H2O. The product was 

rotary evaporated, re-dissolved in water, then purified using RP-flash 

chromatography, and finally lyophilized. The obtained product (3-[DBCO-

PEG4]CoIIIMC6*a) with yield exceeds 99% and purity ca. 97%. 

2.5.3.2. Synthesis the 2nd prototype conjugate ((3-CoIIIMC6*a)  

The synthesis of the direct conjugate assembly was performed by reacting the 

ruthenium(II) complex (3) with MC6*a through a modified NHS synthesis 

protocol, followed by cobalt insertion. 

Synthesis of 3-MC6*a. The preparation of 1-Osu intermediate complex (step i) 

was carried out by mixing 1 (0.45M) with 1.5eq of N-hydroxysuccinimide (NHS) 

in the presence of 1.5eq DIPEA. Anhydrous DMF was used as solvent, 

temperature was comprised between 0-4 °C. 1.1eq HCTU were then added to the 

solution to start the ester formation. After 1h, a freshly prepared solution of 1eq 

MC6*a (according to the HPLC-derived 1-Osu yield from the previous step) and 

12eq DIPEA in anhydrous DMF was transferred to the reaction vessel at room 

temperature. After 15 min, the coupling was accomplished, yield being ca. 99%. 

The product was then purified by preparative RP-HPLC and cobalt insertion has 

been carried out by reacting 3-MC6*a (0.45M) with 30eq Cobalt(II)acetate in 6:4 

Acetic acid:TFE at 40°C for 30 min. The final product was rotary evaporated, re-

dissolved in water, then purified using RP-LC chromatography, and finally 
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lyophilized. The final 3-CoIIIMC6*a product was obtained with 98% yield and 

99% purity. All the reaction steps were monitored using RP-HPLC by 

withdrawing 0.5µL of the reaction mixture and diluting with 50µL 0.1% TFA 

water. 
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Supporting information 

Size-exclusion chromatography:  

The size exclusion chromatographic purification was conducted using Sephadex- 

LH20 resin and methanol eluent solvent.  

 
S1. Photo image fro the size-exclusion chromatographic system, the packed column with 

the Sephadex-LH20 resin (Right) and the fraction collector (Left). The system was 

provided with a manual control-valve and a pump. 
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S2. Size-exclusion chromatogram of complex 2 (Top) and related UV-Vis spectra 

(Bottom). 1st eluted peak corresponding to RuII-complex coordinating the aqua-ligand 

instead of the Cl ([2-H2O]) (I). The 2nd eluted peak corresponding to the complex 2 (II), 

and the 3rd eluted peak corresponding to the bpy (the excess precursor) (III).   
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S3. Size-exclusion chromatogram of the complex 3 (Left) and the related UV-Vis spectra 

(Right). The 1st eluted peak corresponding to the complex 3 (I), and the 2nd eluted peak 

corresponding to the pyCOOH-ligand (the excess precursor) (II).   
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NMR spectra: 

The 2D-NMR experiments (DQF-COSY and TOCSY) conducted for the complex 

2 are shown in S4 and S5, respectively. 

 
S4. 2D-DQF-COSY NMR of complex 3 in CD3CN solvent showing the related assigned 

full-1H-NMR spectrum and the assignment-proton-key structure. 
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S5. 2D-TOCSY NMR of complex 3 in CD3CN solvent showing the related assigned full-
1H-NMR spectrum and the assignment-key structure. 

 

 
S6. 1H-NMR of the prepared 3-azido-1-propanamine in CD2Cl2 solvent. 
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Characterization of [RuII(bpy)3]: 

 
S7. RP-HPLC of the purified [RuII(bpy)3] complex (Top), and on-line UV-Vis spectra 

obtained from the HPLC-PDA detector (Bottom).  

 
S8. IT-TOF MS spectra of [RuII(bpy)3]  complex, which shows a peak centered at  m/z 

value for [M]2+ = 285.0566Da,  indicating to the expected complex mass (calculated mass 

= 570.1132Da ;  average mass = 569.59amu). [Insert: shows the isotopic pattern of the 

observed peak at m/z = 285.0566, with half-unity apart between the observed isotopic 

peaks. The most intense peak is corresponding to the most abundant Ru-102 isotope]. 
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Steady-state-based photophysical and photochemical properties:  

 
S9. Beer’s-Lamperts plot (Left) and the 1MLCT absorption band changes at different 

concentrations (Right) vs. concentration of complex 3 (Top spectra) and [RuII(bpy)3] 

(Bottom spectra). The linear fit of the plots obtained (lmax = 460 nm) for [RuII(bpy)3] 

(Redline) and 3 (both maxima at lmax = 429 nm (Blue; squares) and 451 nm (Blue; 

circles) showing gradient corresponding to e in µM-1.cm-1. 
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S10. UV-Vis absorption and fluorescence spectra at different concentrations (A) of the 

RuII-complexes; [RuII(bpy)3] (A; Top) and 3 (A; Bottom), and the fluorescence quantum 

yield (F) measurement via “fluorescence vs. absorption” plots (B) of the MLCT transition. 

The gradient of the obtained plots correlated to F, which used to estimate the F of 3 

compared to [RuII(bpy)3] (the reference).   
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S11. Absorption spectra for photochemical reduction of the Cc, by [RuII(bpy)3] (Left) and 

3 (Right) at different complex concentrations, reported in each box. Overall conditions 

are the same as in Figure (1.42).  
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S12. Absorption spectra for photochemical eduction the Cc by RuII-complexes (30µM) by 

[RuII(bpy)3] (Left) and 3 (Right),which performed at different temperatures (15 - 45°C).  
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RP-HPLC and IT-TOF(MS) haracterization of the hydrolysis of 

the [DBCO-PEG4]MC6*a: 

 
S13. RP-HPLC (Left) and related UV-Vis spectra (Right), and online spectra taken within 

monitoring the functionalization of MC6*a with the DBCO-crosslinker.   
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S14. ESI-MS spectra of the Hydrolyzed [DBCO-PEG4]MC6*a , which shows a peaks 

centered at m/z value for [M+3H]3+ = 1281.20, [M+4H]4+ = 961.25 indicating to the 

expected complex mass (calculated mass = 3840.6Da ;  average mass = 3840.7amu). This 

observed mass is in agreement with the CoIIIMC6*a (mass = 3492.72Da) plus the PEG4-

chain loses the DBCO moiety (plus C15H26NO8). 



 

 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 


