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Abstract 

The water-to-oxygen redox couple, H2O/O2, powers our aerobic life through the 

fundamental processes of natural photosynthesis and cellular respiration. Despite its vital 

role, any failure of this four-electron mechanism turns out to release O2-derived toxic 

radicals, inducing a severe oxidative damages of any synthetic and biological materials 

exposed to the aerobic risk. The aerobic formation of ROS is due to oxygen reduction in-

vivo, generating the superoxide anion (O2
•–

), hydrogen peroxide (H2O2), and the hydroxyl 

radical (HO•). ROS give rise to fast, barrier-less, short-range and non-selective oxidation 

steps, being responsible for the “oxidative stress”, a key factor for cellular death, organ 

failure and aging diseases. In addition photo-oxidative stress is one key factor limiting 

plant productivity, i.e. bio-mass and food yield. Noteworthy, ROS-forming mechanisms 

are also lethal for the stability of bio-inspired materials designed for artificial 

photosynthesis in vitro. The biological defense against ROS-induced cellular damage 

stems from the combined action of “anti-oxidant” metallo-enzymes, as superoxide 

dismutase (SOD), and catalase (CAT). A detoxification cascade occurs via SOD-induced 

dismutation of O2
•–

 into O2 and H2O2 which is then converted by CAT into H2O and O2 

again. In this thesis will be presented the design of a set of novel anti-oxidant catalysts, 

based on different metal centers, that can emerge by the engineering of a synzyme with 

integrated SOD/CAT activity able to mimic both the enzymes activities and efficiently 

perform a complete ROS scavenging also in biological-like solution. The activity of the 

synzymes will be also tested in water splitting processes to perform both the water 

oxidation than the proton reduction reactions in water at neutral pH, a key feature to obtain 

sustainable energy sources from water. 

The obtained results will be divided in four main chapters: 

- Chapter 2: coupling of a polycationic Mn(III)-porphyrin, with a dinuclear Mn2(II,II)L2 

core (HL = 2-{[[di(2-pyridyl)methyl] (methyl)amino]methyl}phenol) results in a dual 

Superoxide Dismutase (SOD) and Catalase (CAT) functional analog, Mn2L2P
n+

, 

enabling a detoxification cascade of the superoxide anion and hydrogen peroxide into 

benign H2O and O2. The SOD/CAT artificial manifolds, joined in one asset, exhibit a 

peak catalytic performance under physiological conditions, with log kcat(O2
•–
) ≥ 7 and 

kcat(H2O2)/KM = 1890. The dual-enzyme (di-zyme) concept allows for a unique, built-

in-self-protection, against the irreversible bleaching of the porphyrin unit, (> 75% 

protection), readily induced by H2O2 (200 µM, 20 equivalents, in buffer solution, pH= 
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7.8). We show herein that incubation of the photosynthetic green algae, 

Chlamydomonas reinhardtii, with the synthetic di-zyme (as low as 0.1 M), prevents 

H2O2 accumulation under high-light illumination conditions, thus providing an 

efficient anti-oxidant surveillance and photo-protection. 

- Chapter 3: dinuclear Cu(II)2L2  catalysts were synthesized and studied for their 

SOD/CAT activity. The goal of this study was to demonstrate that with a proper ligand 

set, is it possible tune the reactivity of an harmful metal like copper, turns it to a 

benign anti-oxidant system. The dinuclear copper complexes show SOD activity with 

logkcat up to 7.55 and CAT activity with rate of O2 production up to 4.4 M/s. Kinetic 

studies of the process of hydrogen peroxide dismutation show also an evolution of the 

catalyst during the catalytic turnover. No evidence of oxidation of external substrates 

was also confirmed as consequence of the sacrificial internal scavenger.     

- Chapter 4: novel Fe(III)L, Fe(III)2L2 and Co2(II)L2 complexes have also been isolated. 

Preliminary results indicate that a multi-redox manifold is available for both species, 

however with scarce activity as ROS scavenger. These complexes show instead an 

interesting activity in the water oxidation process. In addition the anodic waves 

observed in reduction are promising for catalytic proton reduction processes 

performed by using directly water as proton source.  

- Chapter 5: application of oxygen evolving catalysts within functional materials has 

been explored in the field of porous membranes. This novel stimuli-responsive 

strategy against the irreversible fouling of porous materials and surfaces is based on 

the molecular design of catalytic pore walls that foster a chemo-mechanical, self-

cleaning behaviour under neutral pH and mild conditions of pressure and temperature. 

To this aim, the catalase-like behaviour of the tetra-ruthenium substituted 

polyoxometalate, has been exploited for in-pore oxygen evolution so to induce an 

active fluid mixing and the displacement of foulant particles. The present study 

includes the fabrication of hybrid polymeric films with porous architecture embedding 

the tetra-ruthenium catalyst as artificial catalase to guarantee the material self-defence 

against pore occlusion and oxidative damage with aqueous H2O2 as mild chemical 

effector. 
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1.1 Oxygen Paradox and Oxidative Stress 

Oxygen is a vital component for cells, being involved in the biological energy production 

during respiration and photosynthesis. Reduction of molecular oxygen in mitochondria, 

allows ATP (Adenosine triphosphate) synthesis, the energetic fuel of cell, instead 

photosynthesis oxidize water to molecular oxygen using light to produce ATP, that is used 

to reduce carbon dioxide and produce glucose. However at the same time, living cells 

continuously produce highly Reactive Oxygen Species (ROS).
[1]

 ROS is a generic terms 

used to group superoxide anion (O2
•–

), hydroxyl radical (HO•) and hydrogen peroxide 

(H2O2),  but often it also includes reactive nitrogen species (RNS) such as peroxynitrite 

(ONOO
-
) and nitric oxide (∙NO2).

[1]
 The aerobic formation of ROS is due to oxygen 

reduction in-vivo, generating the superoxide anion, hydrogen peroxide, and the hydroxyl 

radical (HO•). ROS give rise to fast, barrier-less, short-range and non-selective oxidation 

steps, being responsible for the “oxidative stress” damages.
[1] 

 

Figure 1. Cellular sources of cellular ROS and effects related to overproduction or deficiency of ROS. 

In animals ROS are produced mainly in mitochondria since superoxide anion arises from  

the first reduction  within the respiratory chain, it is called primary ROS and subsequently 

hydrogen peroxide is produced upon dismutation of superoxide. Then hydroxyl radical, the 

most reactive and harmful oxygen specie, with a life time of less than 1 ns, is generated 

from the reaction of H2O2 with metal ions, such as Fe
2+

 and Cu
+
, through the so called 

Fenton (1) and Haber-Weiss (2) reactions (Scheme 1).
[2] 
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                                      (1) 

 

   
                            (2) 

Scheme 1. Reaction of ROS with metal ions: Fenton (1) and Haber-Wiess (2) reaction. 

The crucial issue is that, while a two-electron process would be required to safely reduce 

H2O2 to water, these metals react via one-electron pathways leading to partially reduced 

reactive species. With respect to hydroxyl radical, hydrogen peroxide present a higher 

diffusion capability, which extends the potential damage beyond  mitochondria, also 

targeting other cell functionalities.
[3] 

In particular ROS can damage important cellular 

components like membrane lipids, proteins, DNA, leading to toxic secondary products and 

also causing cell death. Mitochondrial DNA mutation due to ROS has been implicated in 

cancer, cardiac disease and type II diabetes.
[4]

 In particular, due to high oxygen 

consumption, central nervous system is vulnerable to oxidative injury, the accumulation 

damages during life cycle on DNA, lipid and protein have been proposed to play a key role 

in neurodegenerative disease.
[4–8]

  

However, despite their dangerous effects ROS, at low concentration, are also implicated in 

other physiological functions, including cell signaling, which can be impaired at high 

concentration (Figure 1). 

Oxidative damage is also one crucial risk-factor for photo-oxidative stress in the oxygen-

rich environment of photosynthetic organisms, readily induced under intense illumination, 

extreme temperatures and water deficit. Under these conditions, the photo-induced 

electron-flow in the PSII generally exceeds the transport-chain capacity, so oxygen 

undergoes one-electron reduction forming the superoxide anion (O2
•–

, the Mehler reaction). 

H2O2 is eventually generated by its spontaneous or SOD-induced decay, or by a failure of 

the four electron water oxidation mechanism, collapsing to a bi-electronic peroxide-

forming process and subsequently hydrogen peroxide could be reduced to the hydroxyl 

radical (HO•) via the Fenton reaction (Scheme 2).
[9]
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Scheme 2. The arrangement of the metal center in PSII involved in the production (red arrow) and 

scavenging (green arrow) of ROS. One-electron reduction of the non-heme ferric-hydroperoxo species to 

HO• (reaction 1). One-electron reduction of O2
•–

 by ferrous non-heme iron to the non-heme ferric-

hydroperoxo species (Fe–OOH) (superoxide reductase) (reaction 2). One-electron oxidation of O2
•–

 by ferric 

non-heme iron to molecular oxygen (superoxide oxidase) (reaction 3). One-electron reduction of molecular 

oxygen by the ferrous iron (II) of Cyt b559 to O2
•–

 (oxygen reductase) (reaction 4). One-electron oxidation of 

O2
•–

 by the ferric iron (III) of Cyt b559 to molecular oxygen (superoxide oxidase) (reaction 5). One-electron 

reduction of O2
•–

 by the ferrous iron of the HP form of Cyt b559 to H2O2 (superoxide reductase) (reaction 6). 

Two-electron oxidation of water to H2O2 (water oxidase) (reaction 7). One-electron reduction of H2O2 to 

HO• by a manganese ion (Fenton reaction) (reaction 8). Two-electron reduction of H2O2 to water (reaction 9) 

and two-electron oxidation of H2O2 to molecular oxygen (reaction 10) (catalase activity). 

It has been shown that the rate of O2
•–

 production in PSI is 15 mmol (mg Chl)
–1

 h
–1

.
[10]

 The 

rate of O2
•–

 production, in PSII has not been determined yet, however it is generally 

considered that it is less significant compared to  PSI.
[11,12]

 ROS production in PSII is 

mainly associated to one electron reduction of O2 occurring in the non-heme iron site and 

heme site of the Cyt b559 and to the bi-electronic reduction of H2O occurring in the oxygen 

evolving center (OEC) Mn4O5Ca (Figure 2). To prevent the oxidative effect of ROS on 

proteins and lipids, ROS have to diffuse rapidly from the site of formation to the 

antioxidant catalytic center along specific channels.
[13]

 These channels are proposed to 

direct dangerous ROS towards the antioxidant catalytic center located either within or 

outside of the thylakoid membrane. 
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1.2 Anti-oxidants Enzymes 

The biological ROS surveillance, both in animals than in plants, stems from the combined 

action of key metallo-enzymes, including superoxide dismutase (SOD), and catalase 

(CAT).
[14,15]

 Also glutathione, a simple molecule containing sulphur, act as defence against 

ROS thanks to the enzymes glutathione peroxidase (GSP) and reductase (GSR), needed to 

re-generate the reduced form of glutathione. However, the effective detoxification cascade 

occurs via SOD-induced dismutation of O2
•–

 into O2 and H2O2 which is further converted 

by CAT into H2O and O2 again. The SOD/CAT cascade prevents H2O2 accumulation and 

its radical-chain decomposition, thus ruling out reaction branching and exponential radical 

growth.
[1,16]

 Moreover, oxygen is released in both SOD and CAT mediated reactions, thus 

mitigating any possible O2-depletion within the cellular environment (Scheme 3).
[14,15] 

 

Scheme 3. Single electron transfer pathways of oxygen reduction leading to ROS formation and defence 

mechanisms by anti-oxidant enzymes. 

These enzymes usually contain one or more metal center that catalyze multi electronic 

reactions. The most common superoxide dismutase are mononuclear, containing only one 

manganese atom, or dinuclear containing both copper and zinc (Figure 2). From a 

structural point of view, they are both characterized by a metal core coordinated with 

histidine residues and other oxygen ligands like aspartate and water molecules that  

complete the coordination sphere. These protein environments tune the Cu
II
/Cu

I
 and 

Mn
III

/Mn
II
 couple redox potentials obtaining an E1/2 ≈ +300 mV vs NHE. This is a potential 

intermediate between the potential for the O2
•– reduction (+890 mV vs NHE) and oxidation 

(−160 mV vs NHE) (Scheme 4). Thus, an equal thermodynamic facilitation is afforded for 

each step of the dismutation process required to catalyze the net SOD reaction.
[17–19]
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Scheme 4. Redox processes catalyzed by MnSOD superoxide dismutase. 

 

Figure 2. The structure of active site and nearby amino acid residue in Human mitochondrial MnSOD (left) and in Cu, 

Zn-SOD (right). 

Mammals possess two different classes of SODs to control the level of superoxide radicals: 

the Cu,ZnSOD which is present in the cytoplasm, nuclear compartments and in the inter 

membrane space of the mitochondria or in extracellular space, and the MnSOD, that is 

located in mitochondrial matrix.
[20–23]

 In prokaryotes and in the chloroplast of some plants 

FeSOD metalloenzymes  was found to share a high degree of sequence and structural 

homology with the Mn-SOD enzymes. More recently also a NiSOD enzyme, bearing to a 

different class of SOD, was discovered in Streptomyces coelicolor as an hexameric  

structure built from right-handed 4-helix bundles, each containing N-terminal binding sites 

that chelate a Ni ion.
24

 

Two families of natural catalases are known, one based on an iron-heme cofactor, and the 

other, containing a non-heme di-nuclear manganese core (MnCAT) (Figure 3). The most 

frequent species is a tetramer containing a Fe-protoporphyrin cofactor (Figure 3)  in each 

identical subunits. Below the porphyrin plan there are a tyrosine coordinates to the metal 

center and an arginine residues, while over it there are a histidine and an asparagine, that 

play a crucial role in hydrogen peroxide dismutation. There is also a channel, with 30 Å 

length and 15 Å width, for the access of active site.
[25]

 One defect of these type of catalases 

is the easy inhibition operated by cyanide and azide anion, like in hemoglobin.  
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Instead di-manganese catalase is less sensitive to inhibitors; its active core is based on two 

manganese ions bridged by two - oxo oxygen and a carboxylate group from a 

glutamate residue, the coordination sphere is completed by  other glutamates and histidines 

residues (Figure 3). Terminally bound water molecules are easily displaced from the metal 

complexes and this apical site likely serves as the initial substrate binding site during 

catalysis.
26

 

 

Figure 3. Active site of Fe-heme catalase (left) and active site of MnCAT of L.plantarum (right). 

MnCATs have been isolated in four oxidation states ranging from Mn2
II
 to Mn2

III,IV
; 

biochemical and spectroscopic studies have shown that these enzymes disproportionate 

H2O2 by cycling between the Mn2
II
 and Mn2

III
 oxidation states.

27,28
 The electrochemical 

potentials (vs. NHE, pH = 7) for the two-electron O2/H2O2 and H2O2/H2O couples are 

respectively 0.28 and 1.35 V. To efficiently catalyze the H2O2 dismutation, the protein 

environment have to control the reduction potential of the di-Mn active site to a value 

lower than that of the free Mn
III

/Mn
II
 couple (1.54 V). The two Mn ions of the active site of 

MnCAT possess the same NO5 coordination sphere provides a symmetrical environment 

that stabilizes the homovalent di-Mn core and facilitates the observed redox cycle between 

Mn2
III

/Mn2
II
 states during H2O2 dismutation. Also the bridging carboxylate electronically 

shield the di-Mn center, facilitating the two-electron Mn2
III

/Mn2
II
 process despite of one-

electron Mn2
II
/Mn2

II,III
/Mn2

III
 processes.

15
 Due to the fast kinetics of this enzymatic 

reaction, each independent step of the catalytic cycle of MnCATs has not yet been 

characterized although it has been proposed that during the catalytic cycle, manganese 

change its oxidation state from Mn
III

 to Mn
II
 and vice versa, although a Mn

IV
 intermediate 

is not completely excluded. Furthermore, H2O2 binding is followed by a reduction of di-

manganese center with parallel oxidation of peroxide species and oxygen release. Then 
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another H2O2 molecule binds with a subsequent reduction to water and re-oxidation of the 

two manganese atoms (Scheme 5).
[15,29,30] 

 

Scheme 5. Mechanism of catalytic disproportionation of H2O2 by MnCAT. 

In MnCAT, a web of hydrogen bonds contributes to stabilize the di-Mn core with the pair 

of solvent bridges, making MnCAT active over a wide pH range of 5–12. The loss of 

catalytic activity at pH< 5 was attributed to protonation of the bridges and formation of an 

open form of the enzyme.
[26]

 

Thus the proper functioning of CAT and SOD enzymes, present in most aerobic forms of 

life, allow the correct progress of the catalytic cascade of events involved in ROS 

scavenging. The lack of this mechanism of defense linked to ROS overproduction are 

related to many degenerative pathologies. Among these, neurodegenerative disease are the 

most invalidating and with dramatic social consequences. Alzheimer’s disease (AD), 

Parkinson’s disease (PD), Huntington’s disease (HD), amyloidosis, but also stroke, 

atherosclerosis, some forms of cancer, can be connected to oxidative stress. In plants ROS 

damage all cell bio-polymers, resulting in their dysfunction. They activate plasma 

membrane Ca
2+

-permeable and K
+
-permeable cation channels, catalyzing Ca

2+
 signaling 

events, K
+
 leakage and triggering programmed cell death.

[31] 

As will be shown in these chapters the study of catalytic antioxidants, like catalase and 

superoxide dismutase able to regulate the ROS imbalance generated by several 
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physiological dysfunction, seem fundamental for the design of more efficient drugs for 

therapy, additives for crops and also in the engineering of new functional materials. 

1.3 Enzymes Analogs  

One possible solution to limit ROS damages is to use natural antioxidants such as vitamins 

or polyphenols, but also artificial molecules like fullerene, peptide derivatives. One of the 

major problems is the high concentration needed of these molecules, in fact they are able to 

eliminate ROS according to a direct scavenging process.
[32]

 The use of artificial enzymes, 

that mimic native enzymes, however with a much simpler formulation, retain a twofold 

advantage: (i) the multi-turnover catalytic mechanism of action, which is crucial for a 

sustainable loading/efficiency balance, (ii) the synthetic strategy that allows to tune 

structure according to expected reactivity. This bio-inspired strategy is generally conceived 

via the synthesis of transition metal co-factors that are shaped according to their proximal 

co-ordination sphere and of the outer-environment. The resulting bio-mimetic catalysts 

generally contain one or more metal centers, that are typically chosen to be  manganese, 

copper and iron or other essential metals, due to their biological relevance.
[33] 

The ligand 

set structure is also design along bio-inspired guidelines providing the stereo-electronic 

features that are expected to leverage the catalytic mechanism. At the nano-scale, 

secondary and tertiary structural elements can also be conceived for the assembly of 

enzyme analogs, which include the modification of biological proteins and the use of 

organic-inorganic nanoparticles, as platforms to host multi-valent functional sites dedicated 

to recognition, signaling, binding, and catalysis. 

1.3.1 Artificial Enzymes 

Semi-synthetic artificial enzymes have been designed and synthesised by the insertion  of a 

catalytic cofactor into a natural protein scaffold. The protein, mimics the active site of an 

enzyme by enhancing binding and providing a chiral environment (Figure 4).
34
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Figure 4. Summary of the main methods of using metal-binding promiscuity to construct artificial 

metalloenzymes. Top: substitution of metal ions bound directly to amino acid side-chains. Bottom: 

substitution of metals in cofactors. To incorporate alternative metals into a binding site, the apo-protein 

(devoid of native metal) must be synthesized first. This can be realized either by direct expression of the apo-

protein, or by post-expression removal of the metal by treatment with a chelator or by denaturation. Insertion 

of the desired metal is then accomplished in vitro, by treatment with a metal ion or complex. 

In proteins, metal-binding sites consist of either amino acid side-chains or ancillary 

ligands. These can accommodate non-native metals with similar coordination geometries 

and electronic properties, a property called “metal-binding promiscuity”. To improve 

binding and function, the side-chain can be varied by protein engineering, with the 

incorporation of natural or unnatural amino acids, while the ancillary ligands can be 

chemically modified. In addition to the use of existing metal-binding scaffolds, non-native 

binding sites can be designed and introduced into proteins, to create artificial 

metalloenzymes. Some example of this synthetic strategies are reported in literature for the 

design of different artificial enzymes able to perform a wide a range of catalytic reaction 

from superoxide dismutation to cross-coupling reactions.
[34–36] 

Figure 5. Replacement of Cu
2+

 with Fe
2+

 in azurin leading to promiscuous superoxide reduction activity (a) 

and incorporation of non-native metal complexes at the place of heme in nitrobindin leads to artificial 

metalloenzymes (b). 
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A recent strategy for the incorporation of  an artificial cofactor in specific locations within 

a protein scaffold, has been realized by taking advantage of the strong non covalent 

interaction between biotin and streptavidin (Kb >10
14

 M
−1

).
[37–39]

 

Another approach applied in the synthesis of artificial enzymes consist in recreating the 

enzymatic environment around the cofactor by using not the whole protein but only small 

biological molecules like short peptides and DNA fragments. This approach called De 

novo protein design seeks to generate a protein scaffolds whose primary sequence bears no 

relation to native proteins, thus identifying the basic, minimal features for function. This 

approach permits to evaluate the extent to which the primary and secondary coordination 

spheres of a metal affect a metalloprotein’s activity and function. Recent papers have 

shown that reproducing the primary coordination sphere alone leads to valuable  catalytic 

models.
[40] 

Actually the most established de novo designed protein scaffolds consist of a 

helical secondary structures, which either self-assemble to form coiled coils or fold as 

helix-loop-helix motifs into a helical bundle, although catalytic metalloenzymes have 

recently been reported using -sheet filaments (Figure 6).
[41,42] 

 

Figure 6. A model of Cu(TRIL23H)3
2+/+

 based on the helical bundle crystal structure of 

Hg(II)SZn(II)N(CSL19PenL23H)3
+
 (a), top view (b), side view (c), model for one of the designed peptides 

(11, Ac-IHIHIQI-CONH2) in the extended -strand configuration showing positions of the residues in the 

sequence, packing of the hydrophobic core (e) and zinc primary coordination sphere (f). 

Artificial enzymes can also be obtained starting from DNA sequences, the chiral nano-

environment and the second coordination sphere interactions provided by the DNA are key 

to achieve high enantioselectivities and, sometimes additional rate accelerations in 

catalysis.  
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DNA-based hybrid catalysis was introduced 10 years ago, placing a catalytically active 

transition metal complex in close proximity to DNA using either supra-molecular or 

covalent anchoring approaches (Figure 7).
[43–45] 

 

Figure 7. Asymmetric L and D-DNA-based copper catalyzed Michael reactions (a),binding of substrates to 

Cu(II)-dmbpy in DNA-based catalysis and DNA-based intramolecular Friedel-Crafts alkylation catalyzed by 

a DNA-based hybrid catalyst with intrastand ligand (c). 

DNA-based hybrid catalysis concept has proven to be very powerful in combination with 

Lewis acid catalysis, there are still not many functional examples.    

1.3.2 Synzymes 

Synthetic enzymes “synzymes” are coordination complexes, consisting in a proper set of 

ligand having the function to tune the properties of the metals centers. The architecture of 

this complexes, simpler if compared with the biological scaffold of the artificial enzymes, 

have the function to mimic the first coordination sphere of the cofactor of the natural born 

enzymes recreating in this way their active core without the need to reproduce the 

complexity  of the whole structure. It was already demonstrated for several compounds that 

the reconstruction of the first coordination sphere around a metal center, is sufficient to 

obtain a relevant biomimetic activity. 

This approach has been successfully accomplished in the mimicry of  antioxidant enzyme, 

like  SOD (see paragraph 1.4.2).
[40,46]

 This modular ligand/metal approach, due to its high 

versatility, has been already exploited within almost every area involving catalytic 

processes and applied medicinal chemistry, organic synthesis and green energy 

production.
[47–49]
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Figure 8. Structure of OEC from single crystal X-ray (left) and correspondence synzyme (right).
[50,51]

 

Small change on the ligand structure permit also a fine tuning of catalyst properties and a 

deep study of the parameters that influence its reactivity like geometry , redox potential, 

hydrogen bonding properties  etc. 

These molecular systems can be also supported and reorganized on/in other nano-scaffold 

like protein (as already shown), polymers, micelles, dendrimers, nanoparticles and other 

inorganic substrates.
[52–54]

 In this way it is possible not only to exploit various strategies 

useful for the localization and delivery of the catalyst but it is also a strategy to permit the 

assemble multiple catalytic unit in order to obtain multifunctional system to mitigate 

possible denaturation or degradation side-effects.
[55]

     

The nano-environment generated by supporting the synzyme is also able to modulate its 

activity by changing the local polarity of the media, facilitating the approach of substrate 

and increasing the selectivity and stability of the system.
[52,56]

  

Synzymes could emerge by the combination of organic and inorganic units yielding a 

hybrid functional system, but example of synzymes are known arising from a totally 

inorganic scaffold that incorporate a bio-inspired metal core. Inorganic synzymes are 

mainly based on oxoclusters, a class of compounds characterized by the presence of a 

multimetallic structure in which metals are linked by oxygen bridge and coordinated by 

organic polydentate ligands. Early transition metals clusters (e.g. Zr, Hf, Ti), mixed 

clusters (e.g. Ti-Zr, Ag-Zr, Ti-Y Cu-Y), lanthanide (e.g. La-Zn, Ba-Ce, Sm-Ti) and also 

middle transition metals clusters (Fe, Cr, Mn) have been synthesized during last years.
[57,58]

 

They are usually discrete and globally neutral species, featuring different nuclearities and 

connectivity modes like corner, edge or face sharing of the polyhedral.
[59]
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Another class of inorganic/hybrid synzymes is based on polyoxometalates (POMs) an 

interesting class of polynuclear multicharged oxyanionic compounds of variable size (from 

Ångstrom to tens of nanometers) that are easily synthesized in aqueous solution using early 

transition metals (e.g V, Mo, W) in high oxidation state (d
0
-d

1
) under controlled pH, 

concentration and temperature conditions (see Chapter 4)(Figure 9).
[60]

  

 

Figure 9. Crystal structure of the Mn12-oxocluster (a), the hybrid Mn4POM (b) and the totally inorganic 

Co4POM (c).
[61–63]

 

These system, in particular the totally inorganic ones, present an high robustness in 

oxidative condition and their anionic nature make possible the support on charged substrate 

and the interaction with charged domain of proteins and enzymes.
[64,65]

  

1.3.3 Nanozymes  

The artificial enzymes based on functional material (nanozymes) such as fullerene 

derivatives, gold nanoparticles, rare earth nanoparticles and ferromagnetic nanoparticles, 

have been found to exhibit unexpected enzyme-like activity.
[66–72]

 These nanozymes have 

already found wide applications in numerous fields, including biosensing, immunoassays, 

cancer diagnostics and therapy, neuroprotection, stem cell growth, and pollutant removal. 

These systems, differently from synzymes, are not atomically uniform due to size and 

shape variations and do not try to imitate the natural enzymes although their size, shape 

and surface charge, enable a functional behaviour that  mimic the natural enzymes.
[73]

  

These nanomaterials are manly transition metal-oxides based (e.g. CeO2, Fe3O4) or totally 

metal based (e.g. Pt, Au, Ag) (Figure 10). Nano-ceria is emerging as an excellent 

antioxidant exhibiting catalase and SOD-like  activity, due to its oxygen vacancy and the 

presence of the mixed valence specie Ce
4+/3+

. On the other hand  magnetite (Fe3O4) is an 

efficient oxidant showing  high peroxidise-like activity.
[68,69,74]

 Metal based Au, Ag, Pt 
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nanocluster are efficient in the glucose oxidation while Pt/Au alloy nanoparticles mainly 

show SOD-like activity.
[66,67,75]

     

 

Figure 10. Model structure of ceria (CeO2) nanoparticle (left) and gold nanoparticle (right).  

Catalytic properties of nanomaterials are size-dependent. In most cases, smaller 

nanoparticles show a superior performance, due to a higher surface to volume ratio, but 

also tuning the selectivity or the reactions.
[69,76,77] 

Shape and morphology, play also an 

important role in the tuning of the activity of a nanomaterials for example spheres, rods 

and plates of the same materials show different activity due to mainly to the different 

specific surface area.
[78,79]

 The presence of a coating layer improves the nanozyme while 

tuning the catalytic activity. Surface coating shields the nanozyme functional core from 

poisoning, but at the same time may prevent the substrate access, which in turn lowers its 

activity. In this respect, the thickness and size of the coating layer and the packing density 

of the capping groups are important parameters impacting the catalytic efficiency.
[69]

 

Obviously the activity of nanozyme is dependent on the surface composition whereby 

alloying and doping have a key role in tuning the stereo-electronic features of the 

functional sites.
[80,81]

  

Most of the nanozymes’ catalytic reactions are based only on redox type reactions except 

for a few cases which are based on hydrolytic reactions. However, compared to the natural 

enzymes or to the molecular  catalysts, the efficiency of most nanozymes lags behind. The 

up-grade of the nanozymes concept is still awaiting for a major breakthrough and their 

application to new types of reactions will be an hot topic in this field.
[72,82]

 As a corollary, 

the toxicity of nanomaterials is a current concern and it is the object of intense 

investigation.  Although ultra-small iron oxide nanoparticles, have been approved for 

clinical use, in vitro studies on related materials open a major issue on nano-material 
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toxicity, that in some cases have been found to induce oxidative stress, apoptosis, 

production of cytokines, and cell death.
[83,84]

  

1.4  Artificial SOD and CAT mimic cofactors   

Artificial SOD and CAT enzymes are receiving considerable attention, as they can 

establish the first “avant-garde” against oxidative stress at the biological level or under a-

biotic conditions for materials protection against the aerobic risk. 

In particular, mono-nuclear Mn(III) or Cu (II) species have been found to  dismutate the 

superoxide anion while mono or dinuclear manganese complexes have been used for 

hydrogen peroxide dismutation. There are only few compounds reported in literature that 

are able to perform both reactions, and only an handful that preserve their activity in water. 

In the next paragraph, the design of artificial SOD and CAT cofactor will be described 

showing the state of the art catalysts focusing the attention on manganese complexes. 

1.4.1 Mimicry of Superoxide Dismutase (SOD)    

Superoxide dismutase (SOD) is a first line of defence against oxidative stress under 

physiological and pathological conditions. Therefore, the development of therapeutics 

aimed at mimicking SOD enzymes is a fundamental goal. Moreover,  SOD analogues will 

have  suitable thermodynamic and electrostatic properties for the reduction of  other toxic  

species such as peroxynitrite, CO3
•–

, peroxyl radical, and even H2O2 albeit with a lower 

efficiency. In SOD enzymes (FeSOD, MnSOD, NiSOD, Cu,ZnSOD), the catalysis occurs 

at the redox active metal site, which is able to easily accept and donate electrons and thus 

oxidize and reduce O2
•–

. 

The challenge of SOD design lies in the ligand set, which should form stable metal 

complexes and, while at the same time, facilitating the redox cycle of the metal co-factor. 

In particular, the following parameters should be taken in account for SOD design: (1) the 

metal ion redox potential has to lie between the redox potential for oxidation (-0.16 V vs. 

NHE) and reduction (+0.89 V vs. NHE) of the superoxide radical (Figure 11); (2) the metal 

ion must be able to cycle between two redox states, that differ by one electron (M
III/II

 for 

Mn and Fe, M
II/I

 for Cu), faster than the rate of the spontaneous disproportionation of 

superoxide radical; (3) the ligand environment must have high affinity for both the reduced 

and oxidized state of the metal to obtain complexes that are stable also under physiological 
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conditions avoiding the release of the metal during the redox turnover; (4) a minimum of 

one coordination site must be available for binding of the superoxide radical.
[18]

 

 

Figure 11. Redox potentials for the reduction and oxidation of superoxide radical and for several SOD in 

aqueous solution at pH 7.0. 

The first SOD mimetics were Fe(III) porphyrin, as iron is the active site of numerous 

enzymes whose functions are redox based; Mn porphyrin were also investigated at a later 

stage. Artificial SOD include Mn salen derivatives, Mn cyclic polyamines, metal corroles 

but also metal salts, metal oxides and Pt nanoparticles.
[46]

 

The activity of SOD-like synzyme can be determined by direct methods like pulse 

radiolysis and stopped flow analysis, in which superoxide anion is formed in situ and the 

kinetic of superoxide dismutation is followed by UV-Vis measurements. Considering 

indirect methods, the IC50 is usually measured, that is the concentration at which the SOD 

mimetic inhibits 50% of superoxide production, according to a nitro blue tetrazolium 

(NBT) or cythocrome C (cyt c) tests. From the IC50 is than possible calculate the catalytic 

rate constant kcat with McCord-Friedovich method.
[85]

 

                                

Metallo porphyrins (Mn and Fe) are among the most potent catalysts for O2
•–

 dismutation, 

with kcat analogous to SOD enzymes.
[86] 

The reduction potential of the metal co-factor is 

the key factor for performance. More positive is the potential, easier is the metal reduction  

and better is the ability to disproportionate the superoxide radical. Decorating the 

porphyrins periphery with electron-withdrawing groups, in particular cationic ones, as 

close to the metal site as possible is the best strategy to decrease the metal electron density, 

which make metal more prone to accept electrons. O-N-alkylpyridiniumyl porphyrins are 
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in fact more potent SOD mimics compared with para and meta derivatives, reflecting their 

superior electron withdrawing power. In particular MnBr8-TM-3- PyP
4+

 and MnCl5-TE-2-

PyP
4+

 have the highest E1/2 = +480 and +560 mV (vs NHE) although they readily undergo 

metal leaching under physiological pH conditions (Figure 12). Porphyrins with very 

negative redox potentials (E1/2< –190 mV vs. NHE) indeed show very low or none SOD 

activity.
[87,88]

  

 

Figure 12. Schematic representation of the manganese porphyrin/corrole derivatives complexes. 

The presence of positive charges, and their  proximal distribution with respect to the metal 

center,  favours the electrostatic scavenging of superoxide radical anion. However, this 

also poses a toxicity problem,  as in the case of meso-tetra(N-methyl-4-pyridyl)porphine 

(MnTM-4-PyP
5+

) due to their ability to adopt a near-planar structure and consequently to 

associate and intercalate into DNA.
[89,90]

 Indeed, despite the bulkiness imposed by the 

water molecules axially bound to the Mn center limits the intercalation in the  Mn(III) 

state, that is more electron deficient, in the electron-rich reduced Mn(II) state, formed 

during the catalytic cycle, water is weakly bound and its dissociation permits the DNA 

intercalation.
[89,90]

  

This problem was solved by introducing o-alkypyridyl substituents or alkylated imidazolyl 

rings whose rotation is greatly limited due to the steric hindrance imposed by β-pyrrolic 
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hydrogen, and prevent the interaction with nucleic acids.
[19]

 Tuning the length of the N-

alkyl chain is also possible to modulate the lipophilicity of the porphyrin and a further 

toxicity reduction can be obtained by the insertion of an oxygen atom in the N-alkyl 

chain.
[19,91]

   

For their high versatility and activity cationic porphyrin are the more studied and 

promising SOD mimic synzymes, with some compounds already in clinical trials.
[47]

  

N,N’-bis(salicylidene)ethylenediamine, Mn-Salen complexes of Mn with (Figure 13) 

include derivatives EUK-8 and EUK-134, that are commercially available SOD synzymes  

Salen-type SODs have a fairly negative reduction potential for the Mn
III/II

 redox couple, 

being -130mV (vs NHE), which is border-line considering the thermodynamics of O2
•–

 

dismutation.
[92]

 Moreover, with only one positive charge on the Mn site, electrostatic 

scavenging of O2
•–

 to the Mn site is depleted and while the ligand stability is lower 

compared to  porphyrins.
[93] 

 A prooxidant activity, damaging free DNA, has been also 

reported for salen-type SODs.
[94]

 

The overall SOD-like activity of salen complexes it is not so high with values of logkcat ~ 6 

although recently an example of salen complex, (1R,3R,4S)-3,4-

diazidocyclopentancarboxyamide, bearing amine apical group was reported to exhibit 

higher activity (logkcat ~ 7.8)(Figure 13 and 17). One interesting feature is that usually 

salen-type SODs display a combined  catalase-like activity (see paragraph 1.4.2).
 [95]

  

Regarding solubility, generally salen-type SODs  display  a low water solubility, which is 

one major hurdle for in-vivo applications.
 [96–98]
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Figure 13. Schematic representation of the manganese salen/Schiff’s base derivatives complexes. 

The macrocycle 1,4,7,10,13-pentazacyclopentadecane has been used as a template ligand 

for Mn-based SOD mimetics. The Mn(II) complex M40403 is the prototype complexes of 

the family (Figure 14).
[18,99]

  These type of Mn(II) complexes are proposed to function via 

a catalytic cycle where the rate-determining step is the oxidation of Mn(II) to Mn(III), 

permitted by the ligand conformational flexibility. This latter  reorganizes from the planar 

into a folded conformation that can  stabilize the necessary pseudo-octahedral geometry in 

the corresponding Mn(III) complex.
[100,101] 

Interestingly, The Mn
III/II

 redox potentials 

determined for these complexes (E ½ = 0.525, 0.464 and 0.452 V vs. NHE for M40403, 

M40401 and M40404, respectively) do not correlate with their SOD activity.  

Regarding the reported in vivo efficacy, Mn cyclic polyamines may act as Mn transporters. 

Once Mn is lost from the complex, the ligand, which is an aza-crown ether with high 

affinity toward metals (mono and divalent), may bind other biologic cations, therefore 

exerting toxicity.
[102]
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Figure 14. Schematic representation of the manganese macrocyclic complexes. 

Acyclic multidentate ligands, designed to yield a bio-inspired  N3O2 donor set, have been 

used to develop manganese sites surrounded by tertiary and secondary amines containing 

different pendant arms, namely imidazole, pyridine, carboxylate and phenolate.
[103]

 In 

general this family of ligands generated  mononuclear Mn(II) complexes able to scavenge 

superoxide anion cycling between the Mn
III/II

 redox states. Studies demonstrated that the 

oxidation of Mn(II) to Mn(III) is the rate-limiting step, so the SOD activity  (logkcat~6-7) 

could be improved by stabilizing the Mn(III) oxidation state.
[104]

 However, also these 

complexes had a low solubility in water. 

Not only metal complexes are known to be efficient in superoxide scavenging but also 

nanozymes, in particular cerium oxide (CeO2) nanoparticles have been reported to exhibit 

an outstanding SOD-like activity. The SOD activity of the nanoparticles is dependent on 

the size of the nanoparticles and the Ce
4+

/Ce
3+

 ratio in these materials (Figure 15).
[105]

 

Polycrystalline nanoparticle preparation with 3-5 nm crystals was as effective as 

Cu,ZnSOD in scavenging superoxide (kcat for this preparation was 3.6x10
9
 M

-1
s

-1
), 

preparations composed of agglomerated and relatively larger particles (5–8 nm) were less 

efficient.
[105,106]   
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Figure 15. Proposed mechanisms of nanoceria based SOD mimic.
[107]

 

A decrease in size of the particles is accompanied by a decrease in the Ce
4+

/Ce
3+

 ratio, 

which is correlated with higher oxygen and electron vacancy in the solid. The increase in 

Ce
3+

 concentration at the surface has been directly related to the ability to scavenge 

superoxide.
[105,106]

 Some studies on the in vitro and in vivo effects of cerium oxide 

nanoparticles have been reported showing a prevention of retinal degeneration induced by 

intracellular peroxide in rats and in vitro neuroprotection of rat spinal cord cells.
[68,108] 

Table 1. Literature benchmarks for natural and artificial SODs 

Compound 
Mn

III/II 

E½/mV 
a
 vs NHE 

IC50 
b
 

(M)  

SOD activity 
b
 

log kcat(O2
•–

) 
Reference 

Mn-SOD (human) ~+400 ~1.3×10
-9

 ~9.30 [109,110] 

MnTM-4-PyP
5+

 +60 6.70×10
-7

 6.58 [111] 

MnTE-2-PyP
5+

 +228 4.50×10
-8

 7.76 [112] 

MnTDE-2-ImP
5+

 +320 3.90×10
-8

 7.83 [113] 

MnBr8TM-3-PyP
4+

 +468 3.7×10
-9

 ≥8.85 [114] 

[Mn(N–Phimp)2]
2+

 +143 7.6×10
-7

 7.19 [115] 

M40403 +525 2.2×10
-7

 7.08 [18] 

[MnH2dapsox]
2+

 +370 2.2×10
-7

 7.08 [116] 

Mn
2+

 +850 2.0×10
-6

 6.11 [88] 

C60 water soluble / 1.3×10
-6

 6.30 [117] 

CeO2 nanoparticles / / 9.55 [105] 

a
 E1/2 is measured in 0.05 M phosphate buffer, pH 7.8, 0.1 M NaCl. 

b
 SOD activity and IC50 are measured by 

the cyt c assay.  
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1.4.2 Mimicry of Catalase (CAT) 

Catalase enzymes are present in most aerobic forms of life and are responsible for the 

dismutation of hydrogen peroxide to molecular oxygen and water. Although most catalases 

contain the iron-protoporphyrin IX group, some bacteria utilize a non-heme manganese 

containing catalase (MnCAT).
[15]

 The design of artificial CATs is an intriguing challenge 

considering that, at variance with SOD mimetics, actually no examples of efficient CAT 

synzymes are reported to work under physiological condition. Dismutation of H2O2 by 

Mn-CAT, occur cycling between the Mn2
II/II

 and Mn2
III/III

  co-factor oxidation states and 

shows a saturation kinetics on substrate, described by the Michaelis–Menten model.
[27,28]

  

 

Scheme 6. Michaelis-Menten equilibria, equation for the initial rates and kinetic constants kcat and KM. 

The two parameters, kcat and KM, allow to compare artificial catalases with the natural one, 

indeed a Michaelis-Menten behavior is typical of an enzymatic systems. In this system, the 

intermediate, ES, specie is considered to respond to a steady state approximation 

conditions, which allows a straightforward determination of the  maximum rate value 

(Vmax) , the Michaelis constant (KM) , and kcat which depends from enzyme concentration.  

Furthermore the kcat/KM ratio is a useful parameter to evaluate the catalyst efficiency, the 

higher is the ratio, the higher is the catalytic efficiency. The natural enzymes display very 

high kcat =0.3-2×10
5
 s

-1
 while KM is low (15-350 mM).

[29,118] 
 

The proposed catalytic cycle for artificial catalases is quite similar to that of the natural 

one, indeed the di-manganese core is expected to cycle between the  Mn
II
Mn

II
 to Mn

III
Mn

III
 

oxidation states whereby enabling  the simultaneous reduction of hydrogen peroxide to 

water and its oxidation to oxygen. In the proposed cycle, (Scheme 7), there is a specific 

role of the bridging carboxylate ligand that opens up a Mn-coordination site for substrate 

binding. Indeed hydrogen peroxide coordination is envisaged to both Mn2(II,II) and Mn2 

(III,III) redox states, whereby this latter is responsible for oxygen evolution. (Scheme 

7).
[30] 
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Scheme 7. Proposed catalytic cycle for artificial catalase systems with carboxylate apical ligands. 

There are many literature example of CAT mimetics, containing alkoxo, phenoxo, oxo and 

carboxylate bridging units. Ligands can be divided in binucleating, in which one ligand 

coordinates two metal centers, and non-binucleating in which two or more ligands 

coordinate the two manganese atoms (Figure 16).
[15]

 Since the ligand affects the Mn 

environment and the Mn-Mn distance, its coordination mode  has a strong impact on the 

redox tuning of the catalytic core. High valent Mn2
IV

 have been also traced with salen-type 

ligands. All these complexes should have a labile position where coordinate hydrogen 

peroxide, often this is occupied by a bridging carboxylate. It has been demonstrated that 

the presence of a carboxylate ligand could change drastically the reactivity of some 

complexes. Indeed if the ligand system favours the Mn2
II
 form, catalase activity 

predominates, while if the Mn2
III

 state is stabilized, catalase activity is depressed in favour 

of a peroxidase-like mechanism, occurring via oxygen transfer to suitable organic 

substrates.
[119,120]

 To design an efficient CAT mimic synzyme the fine-tuning of Mn redox 

states appears as a critical feature, the electrochemical potentials (vs. NHE) for the two-

electron O2/H2O2 and H2O2/H2O couples are +0.28 and +1.35 V, respectively.
[15] 

The first 

example of a structural and functional Mn-catalase mimic has been reported by Dismukes: 

a dinuclear Mn2
II
 complex based on a septadentate ligand, N,N,N’,N’-tetrakis(2-

methylenebenzamidazolyl)-1,3-diaminopropan-2-ol (benzimpn), which binds two Mn ions 

through an alkoxide oxygen from the 2-propanol backbone, a second bridging site 

occupied by either a chloride or a hydroxide anion. The complex catalyzes 

disproportionation of hydrogen peroxide up to 200 TON (in methanol) before 

deactivation.
[121]
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Figure 16. Some binucleating and non-binucleating ligands used in artificial dinuclear catalase synzymes. 

The donor set around each Mn ion has an effect in modulating the Mn oxidation state, in 

fact an increase of the O/N ratio in the first-coordination sphere stabilizes the Mn-core in 

its higher valence state.
[122,123] 

Dinucleating ligands which provide one phenoxo oxygen for 

the endogenous bridging of two metal ions, and two arms with polydentate chelating donor 

sets have proved to maintain the integrity of the dinuclear center through variable 

oxidation states.
[122,123] 

Also the nature of the N-donor modulates the stability of the Mn 

oxidation state maintaining the same dinuclear structure, the imine/phenolato or 

imine/pyridine fragments stabilize the high oxidation states of the metal.
[124] 

The chelate 

ring size is another factor to limit the stability of the dinuclear Mn complexes, chelating 

ligands that preclude short bonds or impose rigid distortion to the octahedral geometry 

destabilize the Mn
III

 state so the redox potential increase with the ring size.
[15] 

The Mn 

redox potential could be also tuned by the inductive effects of the substituents, where 

electro-donating group generate a decreasing of the Mn
III/II

 redox couple and electron-

withdrawing group instead have the opposite effect.
[125] 

 

The presence of multiple carboxylate/oxo bridges is believed to have a critical role in H2O2 

dismutation. Among complexes with the same terminal ligands, the number of bridging 
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acetato/oxo groups directly correlates with Mn oxidation states and CAT activity.
[126]

 It 

was suggested that the lower oxidation state of Mn ions and the lower charge favour the 

dissociation of acetato bridge permitting the binding the substrate with the result of a CAT 

activity higher than for the di-Mn species in higher oxidation states presenting an oxo 

bridge.
[127]

 In addition the carboxylato arms were used to mimic Glu35 and Glu148 of 

CAT from L. plantarum that act as proton acceptor groups during H2O2 

disproportionation.
[119]

    

Mono-nuclear Mn complexes have also shown CAT-like activity,  which seems to be again 

related to the presence of at least one labile coordination position on the Mn coordination 

sphere.
[128]

 Mn-salen complexes display CAT-like activity although they are not stable 

under catalytic condition and rapidly lose their activity.
[129]

 These catalytic antioxidants 

have been proposed to react through a mechanism involving mononuclear Mn
V
=O species 

or through formation of dimeric species in solution.
[130–132]

 

The vast majority of CAT synzymes reported so-far are able to exhibit their activity only in 

organic solvent with a complete loss of activity in aqueous phase. The only example of 

catalysts that maintain their CAT-like activity in water are Mn salen and few mononuclear 

Mn complexes although they require basic conditions (pH˃9) or additives like amines to 

work efficiently.
[133–135] 

Therefore, the study of  CAT-like activity of di-nuclear manganese  

complexes in biological media is still a frontier research area. 

A recent breakthrough deals with totally inorganic synzymes based on  molecular 

polyoxometalates. In particular, the tetraruthenate poyloxotungstate Ru4(SiW10)2 (Figure 

68), has been found to evolve oxygen upon reaction with hydrogen peroxide in water at pH 

7, with an outstanding TON ˃3000 (see chapter 5).
[136]

  

CAT-like nanozymes include Mn and Fe oxides, and ceria nanoparticles that can combine 

SOD and CAT activity although the two activity are based on contrasting surface 

properties.
[137–140]
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Table 2. Literature benchmarks for natural and CAT mimetics 

Enzymes and mimetics CAT activity  

 
kcat  

(s
-1

) 

KM 

(mM) 

kcat/KM 

 (M
-1

s
-1

) 

Solvent, 

T (°C) 
References 

Mn2-CAT  (T.thermophilus) 2.6×10
5
 84 3.1×10

6
 H2O [141] 

[Mn(bpia)(µ-OAc)]2 1070 32 3.4×10
4
 DMF, 25 [142] 

[Mn2(L
5
)2(Cl)2]* 140

e
 18

e
 7800

e
 H2O:MeOH 98:2, 25 [125] 

Mn2(3-Me-5-SO3-salpentO) 10.5
c
 6.6

c
 1600

c
 H2O (pH 10.6), 25 [134] 

[Mn3(L
1
)2-(μ-OAc)4] 1421

e
 1120

e
 1268

e
 H2O:MeOH 98:2, 25 [143] 

[Mn(-O)(salpn)]2 250 250 1000 Cl2CH2/CH3CN, 25 [144] 

Mn2(µ-O)(OAc)(benzimpn)]
+
 2.7 6 450 MeOH:H2O, 25 [30] 

* data can’t be reproduced, under experimental condition seem almost inactive. 

 

1.4.3 Synzymes with dual SOD/CAT activity in water 

Few synthetic catalysts have been reported to exhibit both SOD and CAT-like activity, a 

crucial feature to address  an efficient ROS scavenging. However, only an handful of these 

are stable and maintain their activity in aqueous media (see previous discussion).   

Actually salen-type mono-nuclear complexes have been reported to provide a dual 

SOD/CAT activity, in water. However,  their SOD-like activity is quite low (logkcat˂6) 

while the CAT-like performance is sluggish and limited by their short life-span.
[15]

 The 

recent introduction of auxiliary acid−base axial ligands (Figure 17), is instrumental to 

enhance both SOD activity  (IC50 = 0.044 M) and the H2O2 dismutation rate and but the 

stability during turnover remains very low  (TON=4-17).
[95]

   

Some mononuclear Mn complexes are also been reported as dual SOD/CAT catalyst in 

aqueous media. These compounds, based on a seven-coordinate Mn(II) complex (Figure 

17), present a higher SOD activity if compared with common salen (IC50= 0.75 µM, logkcat 

= 6.90) but their catalase activity is low and high pH ˃9 or additives like NaOH or 

imidazole are needed to reach high activity and quantitative H2O2 conversion (TON = 

275).
[135] 

On the other hand, no example of di-nuclear Mn complexes, exhibiting CAT-like activity, 

are reported to show a combined SOD-like activity. The bi-nuclear structure enables a low-

oxidation  pathway for H2O2 dismutation with a two-electron mechanism, and therefore it 

controls side-reactions including self-degradation. The need of a SOD/CAT combined 

system is of particular importance as anti-oxidant strategy, its implementation requires a 

tailored synthetic design that can fulfil all the mechanistic requirements highlighted in the 
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previous sections. A novel approach to this objective has been investigated in this Thesis 

work, as  described in the next section. 

 

Figure 17. Dual SOD/CAT synzymes active in water. 

Nanozymes based on metal oxide are recently reported as dual SOD/CAT mimic, a multi-

nanozyme based on V2O5 nanowire served as a glutathione peroxidase (GPx) mimetic 

while MnO2 nanoparticles were used to mimic SOD and CAT. Dopamine was used as a 

linker for the nanomaterial assembling.
[145] 

This system was shown to be biocompatible 

and to exhibit an intracellular protecting effect, against oxidative stress. Also ceria 

nanoparticles exhibit both SOD/CAT activity although the two activity are based to an 

opposite design of the nanoparticle surface and so to an increase of the catalase activity 

correspond a decrease of SOD performance and vice versa.
[105,137]

  

 1.5 Aim of Thesis 

The aim of this thesis is the synthesis and the study of functional organic complexes able 

to catalyze multi-electronic reaction, useful in various fields. This organic complexes are 

based on multidentate ligands with N and O as donors. One key idea is to pursue a novel 

“catalytic therapy” as alternative to conventional systemic antioxidants used as 

“sacrificial” scavengers against ROS induced-damage following bio-inspired guidelines. 

Small complexes could present several advantages as catalytic anti-oxidants compared to 

the native/engineered enzymes.  

The main challenge was to study the effect of the nature of the ligand: coordination, donor 

set (N, O), nature of substituents, bridges and ligand adaptability to various oxidation state 

of the metal center. The first goal was to combine SOD/CAT mechanisms within the same 
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“synzyme”, realizing a bi-functional di-zyme, containing both   SOD and CAT co-factors. 

This latter goal has one important implication: the isolated  SOD  unit will cause a steady 

accumulation of H2O2, that eventually increases the risk of hydroxyl radical generation and 

cellular injury.  

In our bio-inspired design, we have used a di-manganese complex that mimics the bacterial 

CAT, as a starting platform for the modular assembly of artificial SODs. These are cationic 

Mn(III)-porphyrins, that belong to the most active classes of SOD mimic compounds.  

The resulting “di-zyme” features both SOD/CAT manifolds in their optimized stereo-

electronic asset, while displaying a remarkable water solubility, and enabling a tandem 

catalytic action that prevents H2O2 accumulation. The kinetic parameters for both reactions 

were evaluated in vitro and the anti-oxidant effect was tested in vivo on green algae 

(Chlamydomonas reinhardtii) to evaluate the H2O2 scavenging. 

A dinuclear Cu(II)  catalyst was also synthesized and studied for its SOD/CAT activity. 

The goal of this study was to demonstrate that with a proper ligand set, is possible tune the 

reactivity of an harmful metal like copper, turns it to a benign anti-oxidant system. The 

novel X-ray structure, together with electrochemical and reactivity studies confirms that 

the Cu2(II,II) core is an outstanding example of artificial SOD, that also displays oxygen 

evolution via a possible CAT-like pathway. 

With the same strategy, novel di-nuclear Fe(III) and Co(II) complexes have also been 

isolated. Preliminary results indicate that a multi-redox manifold is available for both 

species and were tested in water splitting processes being able to perform both the process 

of water oxidation and proton reduction.     

The application of oxygen evolving catalysts within functional materials has been explored 

in the field of porous membranes. This novel stimuli-responsive strategy against the 

irreversible fouling of porous materials and surfaces is based on the molecular design of 

catalytic pore walls that foster a chemo-mechanical, self-cleaning behaviour. To this aim, 

the catalase-like behaviour of the tetra-ruthenium substituted polyoxometalate, has been 

exploited for in-pore oxygen evolution so to induce an active fluid mixing and the 

displacement of foulant particles. The present study includes the fabrication of hybrid 

polymeric films with porous architecture embedding the tetra-ruthenium catalyst as 

artificial catalase to guarantee the material self-defence against pore occlusion and 

oxidative damage with aqueous H2O2 as mild chemical effector.  
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2.  Di-zyme with dual SOD/CAT activity 
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2.1 Dual Strategy 

The water-to-oxygen redox couple, H2O/O2, powers our aerobic life through the 

fundamental processes of natural photosynthesis and cellular respiration. Despite its vital 

role, any failure of this four-electron mechanism turns out to release O2-derived toxic 

radicals (ROS), inducing a severe oxidative insult of any synthetic and biological materials 

exposed to the aerobic risk.
[1,16] 

ROS give rise to fast, barrier-less, short-range and non-

selective oxidation steps, being responsible for “oxidative stress”, a key factor for cellular 

death, organ failure and aging diseases.
[1,16]

 The biological defense against ROS-induced 

cellular damage stems from the combined action of “anti-oxidant” metallo-enzymes, as 

superoxide dismutase (SOD), and catalase (CAT).
[14,15]

 A detoxification cascade occurs via 

SOD-induced dismutation of O2
•–

 into O2 and H2O2 which is then converted by CAT into 

H2O and O2 again. The SOD/CAT cascade prevents H2O2 accumulation and its radical-

chain decomposition, thus ruling out possible reaction branching and exponential radical 

growth.
[1,16]

 Moreover, oxygen is released in both SOD and CAT mediated reactions, thus 

mitigating any O2-depletion causing mitochondrial dysfunction.
[14,15]

  

Indeed, the oxygen-rich environment of photosynthetic organisms is one crucial risk-factor 

for photo-oxidative stress, readily induced under intense illumination, extreme 

temperatures and water deficit. Under these conditions, the photo-induced electron-flow 

generally exceeds the transport-chain capacity, so oxygen undergoes one-electron 

reduction forming the superoxide anion (O2
•–

, the Mehler reaction), and H2O2 is eventually 

generated by its spontaneous or SOD-induced decay, or by a failure of the four electron 

water oxidation mechanism, collapsing to a bi-electronic peroxide-forming process.
[9]

 

Within photosynthetic organisms, the chloroplast membrane is one primary target of ROS-

induced damage, so that photo-oxidative stress is one key factor limiting plant 

productivity, i.e. bio-mass yield and food. Noteworthy, similar parasite mechanisms of 

ROS-production are also lethal for the stability and performance of bio-inspired methods 

and materials for artificial photosynthesis.
[146]

 As an anti-ROS strategy, the co-delivery/co-

localization of overexpressed SOD/CAT natural enzymes has been studied to increase 

tolerance. However, the dual enzyme interplay is often plagued by their time-dependent 

cycles, cell-specific localization and possible system conflicts.
[109,110,147] 

Building on these 

concepts, we have envisaged a novel, anti-ROS “domino defense” by joining SOD/CAT 

mechanisms in one synthetic architecture (Scheme 8).
[95,135]
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Scheme 8. Detoxification cascade envisaged for the di-zyme in water. 

While SOD and CAT mimetics are generally optimized as distinct and separated units, our 

approach points to a dual synthetic enzyme (di-zyme) with enhanced antioxidant effect, 

based on the following bio-inspired guidelines: (i) SOD/CAT natural manifolds exist both 

as manganese forms; (ii) Mn(SOD)s have a mono-nuclear Mn(III) active site with a 

nitrogen-rich coordination sphere;
[109,110,147]

 (iii) Mn(CAT)s have a di-nuclear Mn(II)-core 

shaped by bridging carboxylate and oxo-ligands.
[118,148]

 

In particular, porphyrin, salen-type and other macrocyclic aza-complexes represent the 

state-of-the-art MnSOD mimetics (see Chapter 1).
[95,135]

 However, single-site Mn species 

rarely exhibit a dual SOD/CAT regime, that usually occurs with impaired performance, 

and/or  requiring extra additives/organic solvents for optimal catalytic turnover.
[95,135]

 In 

particular Mn-salen are known to exhibit SOD/CAT activity in water, despite a quite good 

SOD activity (IC50 = 0.04-1.5 M) they usually present a low solubility in water, are 

unstable in physiological condition and in presence of oxidants like H2O2 are able to 

perform only TON = 4-17.
[95,135]

  

To face this problem, a single site Mn(III)-heme functional domain is herein implemented 

with a di-nuclear Mn2(II)L2 non-heme catalytic unit. Both manganese co-factors are 

specifically selected for a combined SOD and CAT activity and stability under 

physiological-like conditions (phosphate buffered saline, PBS, or Krebs-Henseleit, KH, 

perfusion buffer, Scheme 8). 
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2.2 Catalase mimic unit: Mn2L2Ac 

The di-zyme assembly is conceived by choosing the bio-inspired Mn2(II)L2Bz
+ 

core, (HL = 

2-{[[di(2-pyridyl)methyl] (methyl)amino]methyl}phenol), as the starting building 

block.
[149] 

The di-manganese (II) complex, Mn2L2Bz
+
, has been isolated by the Feringa’s 

group, displaying a tetradentate pyridyl/phenolate environment, implemented by a bridging 

benzoate linker.
[149]

 This dinuclear complex displays a tetra-dentate N3O donor set  

provided by the bis-pyridyl, mono-amino and µ-oxo phenolate groups of the HL ligand, 

while the Mn apical positions are linked by an external benzoate (Bz) bridge (Figure 

18).
[149]

 The resulting Mn2(II,II)-core mimics the geometrical motif and coordination 

environment of the natural CAT enzymes (Figure 18); however, due to a solubility issue, 

its CAT-like activity has been successfully demonstrated only in organic solvents (i.e. 

CH2Cl2, MeOH, CH3CN).
 [55,149] 

 

 

Figure 18. Comparison between catalytic cores of Mn2L2Bz and Mn-catalase from L. plantarum. 

Our approach is based on a modification of the benzoate linker with the twofold aim of (i) 

extending the catalytic scope to aqueous phase; (ii) co-assembling a SOD-mimetic unit to 

yield the final di-zyme functional system.  

As a proof-of-principle, the acetate analogue, Mn2L2Ac
+
 (Figure 19), has been readily 

isolated by a modified synthetic protocol, by mixing under nitrogen atmosphere a 

methanolic ligand and Mn(II) perchlorate solution followed by the addition of 

triethylamine (see Experimental Section).
[149]

 Solution (ESI-MS, FT-IR, UV-vis and CV) 

and solid state characterization (FT-IR and X-ray) confirm a Mn(II)-dimer.  

X-ray analysis of Mn2L2Ac
+
 shows an highly distorted octahedral geometry for both metal 

centres with an overall pseudo-C2 symmetry, where each Mn(II) atom is coordinated in a 

facial configuration by the three nitrogen atoms of the tetradentate ligand, while the 

phenolate and acetate ligands act as a bridge between the two metal centres (Figure 19). In 

particular, the carboxylate anion exhibits a syn–syn μ η
1
 η

1 
bridging configuration, 
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whereby the Mn-Mn distance and the Mn−O−Mn angles of the two μ bridging phenolate 

residues are respectively 3.123(2)Å, 93.9(1) and 95.5(1)° (Figure 19). 

 

Figure 19. Crystallographic structure of [Mn2L2Ac]ClO4. 

In addition the complex presents strong IR bands at 1600 and 1576 cm
-1

 assigned to 

pyridine and phenolate absorptions in the Mn2L2 unit and two peaks at 1564 and 1450 cm
-1

 

identify the anti-symmetric and symmetric stretching vibrations of the bridging acetate 

(Figure  20). The solution structure is confirmed by ESI-MS and FT-IR evidence (Figure 

21-22). 

 

Figure 20. Stacked FT-IR spectra (KBr pellet, 1700-1000 cm
-1

 spectral region) of [Mn2L2Ac](ClO4) (red 

spectrum) and of HL (black spectrum). The bridging acetate stretchings are indicated with the full triangle 

symbol, while the stretchings of the aromatic residues pertaining to the organic ligand are indicated with the 

full diamond symbol. 
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Figure 21. FT-IR spectrum of Mn2L2Ac

+
 (1 mM CD3CN solution, lightpath 1 mm, 1250-1650 cm

-1
 spectral 

region). Symmetric and asymmetric stretchings of the bridging acetate residue are indicated with the full 

triangle symbol, while the stretchings of the aromatic residues pertaining to the organic ligand  are indicated 

with the full diamond symbol. 

In particular the FT-IR, performed in acetonitrile deuterated to avoid overlap with complex 

signals, confirm a high stability of the complex in organic solution showing that the 

carboxylate bridge is maintained excluding a bridge opening or dissociation. For the 

complex Mn2L2Ac the same characterization could not be performed in water due to the its 

low solubility.  

However, ESI-MS analysis performed by direct injection of a catalyst solution in aqueous 

media give us a clear information about the stability of the assembly in water at neutral pH 

observing only the presence of the molecular specie (Figure 22). In fact, despite the 

bridging carboxylate in water may be subjected to exchange by oxo-species, the low 

oxidation state of the complex (II,II), the neutral pH and the detection of only the 

molecular peak by ESI-MS, suggest a good stability of the complex also in water like 

reported for other Mn-complexes.
[134,150] 

Stability is preserved also in saline buffer solution 

at pH 7.8 although, with an increasing of the pH, the strength of the carboxylate bridge is 

slightly decrease and also signals ascribable to water coordination to the metal centres, 

were detected (see Appendix).  

Regarding the redox properties of the di-manganese system the cyclic voltammograms 

(CV) performed in acetonitrile show two irreversible anodic wave E
1

a = 1022 mV (Figure 

23) and E
2

a = 1402 mV ascribed respectively to the monoelectronic Mn2
II,II

 → Mn2
II,III 

and 
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Mn2
II,III

 → Mn2
III,III 

oxidations. The second oxidation is reported to be overlapped with a 

ligand centred oxidation process (see Appendix).
[125] 

 

Figure 22. ESI-MS spectrum of Mn2L2Ac in water, where 777.1 m/z correspond to the molecular ion Mn2L2Ac+ . 

Addition of water, to an acetonitrile solution of the complex, results in a steady shift of the 

Mn2
III,II

/ Mn2
II,II

  to lower redox potentials with an increasing of the reversibility of the 

process as reported in literature for other Mn complexes.
[151] 

 

Figure 23. CV of Mn2L2Ac
+ 

0.5 mM in CH3CN (TBAClO4 0.1 M) on left, E
1
a = 1022 mV and E

1
c = 516 mV, 

and CV of Mn2L2Ac
+ 

0.5 mM in 50 mM phosphate buffer (pH = 7.8, NaCl 0.1 M) on right, E1/2 = 515 mV, ∆E 

= 102 mV. The waves are ascribed to monoelectronic Mn2
III,II

 → Mn2
II,II

 oxidation.  

A reversible CV is an additional factor that indicates that no structural changes occur 

during the redox process, further confirming the stability of the carboxylate bridge.
[120]
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The CAT-activity exhibited by Mn2L2Ac
+
 (50 M) towards H2O2 solutions (10 mM) was 

tested in different aqueous buffers including: borate buffer (BBS) 50 mM (pH=7.8) or 

Krebs-Henseleit buffer (KH) buffer (pH=7.4). The reactor was maintained at 25 °C by a 

thermostat, and the progress of O2 evolution was determined by continuous detection of 

pressure variation, through a pressure transducer. Initial rates were calculated by linear 

regression of data within 10 % H2O2 conversion. Kinetic runs were performed in triplicate. 

Control experiments performed without the Mn-based catalyst, confirmed that no oxygen 

evolution is detected from the buffer solution in presence of H2O2. Inspection of data 

shows that Mn2L2Ac
+
, exhibits its CAT-like activity also in water (borate buffer 50 mM 

pH= 7.8) with initial rate (R0) of 27 μM O2/s reaching complete H2O2 detoxification 

(TON=200) in 30 minutes. This unique performance has been observed also in biological-

like Krebs-Henseleit buffer (KH)(pH=7.4), containing a mixture of salts (sulphates, 

phosphates, carbonates and chlorides) and glucose, commonly used in perfused and 

superfused preparation, obtaining an analogous initial rate (R0) of 26 μM O2/s.
[152]

 In 

Figure 24 are shown the kinetics profiles. The small decrease of the initials rate in KH 

buffer are attributed mainly to the lower pH.
[29,141] 

 

Figure 24. O2 evolution kinetics by Mn2L2Ac
+
 (50 µmol) upon incubation with H2O2 (10 mM) in BBS (50 

mM pH=7.8) and KH buffer (pH = 7.4). 

Under the condition explored (H2O2 10 mM), the kinetics, show a regular behaviour, ruling 

out any major catalyst degradation pathways. Biphasic kinetics instead were observed at 

higher H2O2 concentration, due to a likely modification of the catalyst structure and redox 
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state as confirmed by CV experiments and by the formation of a brown precipitate at the 

end of reaction attributable to manganese oxides formation. Observing the kinetics 

performed in the two aqueous buffer no inhibitory effects were observed, comparing R0, 

moving from BBS to KH buffer. However, the stability of catalyst seems to be affected by 

the salts present in solution, in particular by the PO4
3-

 concentration. In fact using different 

PBS concentrations, under the same experimental condition (H2O2 10 mM, catalyst 50 

μM), an increasing of the phosphate concentration leads to a decrease of the substrate 

conversion from the 100 % in 20 mM PBS to 50 % in 200 mM PBS (Figure 25).   

 

Figure 25. Effect of PBS concentration on the Mn2L2Ac
+
 (50 M, [H2O2] = 10 mM, pH = 7.8) stability. 

An interesting feature is that phosphate concentrations as low as 20 mM do not affect the 

stability of the catalyst, this means that physiological concentration of PO4
3-

 can be 

considered innocent, as in the case of the KH buffer ([PO4
3-

] = 1,2 mM). 

A saturation behaviour, amenable to a Michaelis-Menten treatment, has been verified for 

Mn2L2Ac
+
, and the turnover number kcat, the Michaelis constant KM and kcat/KM were 

determined. To evaluate the Michaelis-Menten parameters, a solution of catalyst was 

added to a degassed solution of BBS 50 mM (pH=7.8) at different H2O2 concentrations 

(0.1-10 mM). The reactor was maintained at 25 °C by a thermostat, and the progress of 

reaction was determined by monitoring the dissolved oxygen concentration into a closed 

vessel with a Clark electrode. The kcat/KM value of 1245 place this catalyst between the 

best synzymes for CAT activity in water (Figure 26), with a unique behaviour maintained 

also under saline, KH buffer, conditions.
[14,15] 
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Figure 26. Effect of the H2O2 concentration on the initial rate of H2O2 disproportionation at 25 °C in a BBS 

buffer pH=7.8, [Mn2L2Ac]= 10 μM.
 

Comparing the values of kcat and KM with those of natural catalases, the turnover value  kcat 

is much lower respect to the natural enzyme, but the lower value obtained for KM, index of 

a high affinity of the synzyme for the substrate, permits an efficient H2O2 scavenging.  

Due to its promising redox properties, E1/2 = +515 mV (vs NHE), Mn2L2Ac
+
 was also 

tested to evaluate its potential SOD-like activity, using the Xanthine oxidase/cytochrome c 

(cyt c) protocol, to evaluate the O2
•–

 scavenging rate.
[87]

 Reduction of cytochrome c was 

followed at 550 nm in 0.05 M phosphate buffer, pH 7.8 in presence of 15 mg/ml of 

catalase.
[85]

 Since IC50 values are dependent upon the screening/detection conditions, 

apparent kinetic rates were calculated by the equation proposed by McCord and Fridovich 

with kcyt c= 2.6 x 10
5
 M

-1
s

-1
. The following equation was used for the calculated values of 

kcat(O2
•–

) reported in Table 3.
[135]

  

kcat(O2
•–

) = kcyt c ∙ [cyt c] / IC50 

The complex shows a SOD-like activity with logkcat(O2
•–

) = 6.40 (IC50 = 1.04 M) a value 

that sets Mn2L2Ac in the average of performance with the other non-heme manganese 

complexes reported in literature.
[46]

 However, SOD-like activity is commonly reported 

only for mononuclear manganese complexes so the unreported SOD activity of the 

synzyme is an additional element of interest to take in account in the di-zyme design. 
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Concluding the synzyme Mn2L2Ac
+
 presents a dual CAT/SOD activity but it’s only 

slightly soluble in water (~ 100 μM), a first landmark to increase complexity for multi-

functionality in aqueous phase, and its SOD-like activity need to be improved to obtain a 

more efficient detoxification.  

The tuning of the reactivity of the complex Mn2L2Ac
+
 was explored by small modification 

of the ligand. A structural analogue of the complex Mn2L2Ac
+ 

was obtained by using 

directly as ligand the precursor of  L, 2-({[Di(2-pyridyl)methyl]amino}methyl)phenol (L
1
), 

that presents a secondary amine on the central nitrogen. This ligand should led to the 

formation of a di-Mn complex with a more accessible catalytic core due to a lower steric 

hindrance. In addition the presence of secondary amines close to the metal centres should 

facilitate the approach of the substrate and also the proton transfer processes, increasing in 

this way the rate of reaction.  

X-ray analysis of Mn2L
1

2Ac
+
, shows a structure analogue to Mn2L2Ac

+
 with a highly 

distorted octahedral geometry for both metal centres with an overall pseudo-C2 symmetry, 

where each Mn(II) atom is coordinated in a facial configuration by the three nitrogen 

atoms of the tetradentate ligand, while the phenolate and acetate ligands act as a bridge 

between the two metal centres (Figure 27). In particular, the carboxylate anion exhibits a 

syn–syn μ η
1
 η

1 
bridging configuration, whereby the Mn-Mn distance and the Mn−O−Mn 

angles of the two μ bridging phenolate residues are respectively 3.11 Å, 93.6 and 92.8° 

(Figure 27).  

 

Figure 27. Crystallographic structure of [Mn2L
1

2Ac]ClO4.  
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The crystals obtained show a low air stability and turn from pale yellow to dark brown in  a 

couple of days. This is probably associated to an oxidation of the manganese centres to 

Mn
II
→Mn

III 
redox

 
state.  

The complex presents a strong IR band at 1600 cm
-1

 assigned to pyridine and phenolate 

absorptions in the Mn2L
1

2 unit and two peaks at 1563 and 1470 cm
-1

 identified as the anti-

symmetric and symmetric stretching vibrations of the bridging acetate (see Appendix).  

The ESI-MS analysis of Mn2L
1

2Ac
+
 were performed by direct injection of the sample both 

in acetonitrile than in water to obtain information about the assembly also in solution. The 

analysis performed in acetonitrile show only the presence of the molecular ion 

[Mn2L
1
2Ac]

+
 with 749.1 m/z. The situation changes when analysis is performed in water 

(Figure 28). 

 

Figure 28. ESI-MS spectrum of Mn2L
1
2Ac in water, where 749.1 m/z correspond to the molecular ion 

Mn2L2Ac
+
 and 735.1 m/z to [Mn2L2+HCOO]

+
. 

The complex seems to rapidly exchange the acetate with the traces of formic acid present 

in the ESI-MS. This could be considered as a consequence of the more accessible 

manganese sites leading the formation of a complex in which the carboxylate bridge is 

more labile.      
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Regarding the redox properties of the di-manganese complex, the cyclic voltammograms 

performed in acetonitrile show two irreversible anodic waves E
1

a = 916 mV (Figure 29) 

and E
2

a = 1336 mV ascribed respectively to the monoelectronic Mn2
II,II

 → Mn2
II,III 

and 

Mn2
II,III

 → Mn2
III,III 

oxidations. The second oxidation is reported to be overlapped with a 

ligand centred oxidation process (see Appendix).
[125] 

 

Figure 29. CV of Mn2L
1

2Ac
+
 0.5 mM in CH3CN (TBAClO4 0.1 M) on left, E

1
a = 916 mV and E

1
c = 577 mV, 

and CV of Mn2L
1

2Ac 0.5 mM +
 in 50 mM borate buffer (pH = 7.8, NaCl 0.1 M) on right, E

1
a = 520 mV and 

E
1
c = 408 mV,. The waves are ascribed to monoelectronic Mn2

II,II
 → Mn2

II,III
 oxidation. 

Addition of small amounts of water, to an acetonitrile solution of the complex, results in a 

shift of the Mn2
II,III

/ Mn2
II,II

 couple to lower redox potential. However, contrary to 

Mn2L2Ac, no increase in the process reversibility was observed in agreement with the 

lower stability of the complex in water. The irreversible wave observed indicate a change 

in the coordination sphere of the complex ascribable to the lost of the bridging carboxylate 

as suggested by ESI-MS analysis.
[120]

   

The CAT-activity exhibited by Mn2L
1
2Ac

+
 (50 M) towards H2O2 solutions (10 mM) was 

tested in borate buffer (BBS) 50 mM (pH=7.8). Inspection of data shows that Mn2L
1

2Ac
+
, 

exhibit its CAT-like activity in water (borate buffer 50 mM pH= 7.8) with initial rate (R0) 

of 15 μM O2/s reaching 30 % of H2O2 detoxification (TON = 65) in 30 minutes. Compared 

to Mn2L2Ac, this complex presents lower performance in terms of initial rate and H2O2 

conversion, due to the lower stability under the catalytic conditions (Figure 30).  

Thus the presence of the bulky methyl groups in alpha to active Mn sites seem 

fundamental to confer stability to the system and permit high turnover.  
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Figure 30. O2 evolution kinetics by Mn2L2Ac
+
 and Mn2L

1
2Ac

+
 (50 µmol)  upon incubation with H2O2 (10 

mM) in BBS (50 mM pH=7.8). 

Concerning the SOD-like activity, the complex Mn2L
1

2Ac shows a logkcat(O2
•–

) = 6.84 

(IC50 = 0.38 M) a value that sets this catalyst between the best performing non-heme 

manganese complexes reported in literature. This complex presents a higher SOD-like 

activity if compared with Mn2L2Ac. Considering the similar redox properties of the Mn
III/II

 

redox couple this activity increase is imputable to a more accessible manganese sites. This 

is due to a weaker coordination of the carboxylate bridge, but not only, the presence of an 

amine in alpha to the metal centre in fact can facilitate the approach of the oxygenated 

species to the active sites and to accelerate the catalysis by the hydrogen bonding 

interactions that assist the processes of proton transfer.
[153]

    

Comparing the data obtained for the dual SOD/CAT activity of both the di-Mn complexes 

Mn2L2Ac has exhibited, despite the lower SOD activity, the better performance in terms of 

CAT-like activity and stability. For this reason this complex will be employed for the 

further studies.  

To improve Mn2L2Ac properties and merge SOD and CAT domains, the Mn2L2 core has 

been further coupled with an asymmetric porphyrin scaffold bearing a poly-cationic 

periphery and one pendant carboxylate linker. 
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2.3 Superoxide dismutase mimic unit: cationic porphyrins 

Inspection of literature data indicates that the SOD activity of synthetic porphyrins is 

mainly dictated by the Mn
III

/Mn
II
 redox potential and by the overall positive charge.

[19,154]
 

Thus, cationic porphyrins, featuring a Mn
III

/Mn
II
 redox potential in-between the E1/2 for 

O2
•–

 reduction to peroxide (+890 mV vs NHE) and its oxidation to O2 (-180 mV vs NHE), 

are known to overarch neutral or anionic SOD-mimetics, with a rate increase of ca. two 

orders of magnitude.
[ 19,154] 

Accordingly, two novel asymmetric porphyrins: Mn(III)-meso-

tri(N-methyl-4-pyridyl)mono(4-carboxyphenyl) porphine (P1) and Mn(III)-meso-tri(N-

methyl-4- pyridyl)mono(N-4-carboxy-benzyl-4-pyridyl) porphine (P2) have been 

synthesized to retain the SOD-mimicry properties, while being armed with a terminal 

carboxylate bridge to bind the CAT-like functional core (Figure 27). 

 

Figure 31. Cationic porphyrins with terminal carboxylate arm P1 and P2. 

Porphyrin P1 is obtained in water by metallation of the commercially available free-base 

with MnCl2∙6H2O.
[155,156]

 Porphyrin P2 is obtained with a four-step protocol by alkylation 

of 5,10,15,20-tetra(4-pyridyl)-21H,23H-porphine with methyl 4-(bromomethyl)benzoate, 

permethylation with methyl iodine, methyl ester hydrolysis and anionic exchange. The 

metallation was accomplished with MnCl2∙6H2O (Scheme 9, see Experimental section for 

synthetic and characterization details). 
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Scheme 9. Synthesis of Mn(III)-meso-tri(N-methyl-4-pyridyl)mono(N-4-carboxybenzyl-4-pyridyl)porphine 

(P2). Intermediates and product have been isolated, purified with chromatography and characterized by 
1
H-

NMR, 
13

C-NMR, ESI-MS, UV-Vis spectroscopy. The isolated % yields for each step are reported in the 

scheme under the corresponding product structure. 

Both P1 and P2 show the expected UV-Vis spectral signatures of Mn(III) cationic 

porphyrins, with the red shift of the Soret band from 420 to 460 nm and the coalescence of 

the Q bands, while ESI-MS confirms the overall positive charge of the heme residue (see 

Experimental Section and Appendix).
[111]

 

P1 and P2 show high solubility in water and display a reduction potential for the Mn
III/II

 

couple respectively at E1/2 = - 32 mV and +10 mV (vs. NHE, PBS pH = 7.8). The more 

favorable reduction potential of P2 is ascribed to a stronger electron-withdrawing effect of 

the porphyrin periphery with four tetra-alkylpyridiniumyl residues.
[ 111]

 

The SOD-like activity was evaluated as previously reported and its value, logkcat(O2
•–

) = 

6.07 (IC50 = 2.28 M) for P1, as expected is lower if compared with the analogous MnTM-

4-PyP
5+

 system due the change of a pyridyl unit with the 4-carboxyphenyl moiety that, 

having a lower elector withdrawing effect, decrease the Mn
III/II

 potential.
[87]

 P2 instead 

hold four alkylpyridiniumyl residues generating a higher electron-withdrawing effect on 

the manganese centre coupled with a higher positive charge, conferring to the porphyrin a 

higher SOD-like activity logkcat(O2
•–

) = 6.87 (IC50 = 0.35 M).  

Regarding the possible catalase activity of the porphyrins, them do not show relevant 

oxygen production under the catalytic conditions screened and the low H2O2 conversion is 

ascribable to other oxidative processes in particular the bleaching of heme ligand (Figure 

28). Should be underline that, like already reported in literature, a common porphyrin is 
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unable to scavenge hydrogen peroxide in absence of proper reducing agent and occur in a 

rapid degradation, in fact this is one of the weak point of heme-based catalytic 

antioxidants.
[87,157]

    

 

Figure 32. Representative absorbance bleaching registered over time for the Mn(III)-meso-tetra(N-methyl-4-

pyridyl)porphine (10 µM) upon incubation with 50 eq of H2O2 in phosphate buffer solution (50 mM, 

pH=7.8)(left) and H2O2 conversion kinetics by  P2 (50 µmol) upon incubation with H2O2 (10 mM) in BBS 

buffer (pH=7.8) (right). 

2.4 Di-zymes 

As anti-ROS strategy, the co-delivery/co-localization of overexpressed SOD/CAT natural 

enzymes has been studied to increase tolerance.
[158,159] 

However, the dual enzyme interplay 

is often plagued by their time-dependent cycles, cell-specific localization and possible 

system conflicts.
[158,159]

 Building on these concepts, we have envisaged a novel, anti-ROS 

“domino defense” by joining SOD/CAT mechanisms in one synthetic architecture (Figure 

33).
[95,135] 

 

Mn-SOD mimetics have already entered in clinical trials and include porphyrins, salen-

type and other macrocyclic aza-complexes (i.e. AEOL10150 and EUK-134, M40403).
[46]

 

However, single-site Mn species rarely exhibit a dual SOD/CAT regime, that usually 

occurs with impaired performance, and requires specific additives and/or organic solvents 

for optimal catalytic turnover.
[135]

  

To face this problem, a single site Mn(III)-heme functional domain (P1 and P2) is herein 

implemented with a di-nuclear Mn2(II)L2 non-heme catalytic unit. 
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Figure 33. Dual synzyme Mn2L2Ac
+
 and di-zymes Mn2L2P1

5+
 and Mn2L2P2

6+
. 

Assembly of P1 and P2 with the Mn2L2 core is readily obtained following the synthetic 

protocol optimized for Mn2L2Ac
+
, and leading to Mn2L2P1

5+
 and Mn2L2P2

6+
 respectively 

(see Experimental section).  

Characterization of the di-zymes assembly is provided by FT-IR spectra showing the 

expected signatures for both heme and non-heme domains and signals arising from the 

carboxylate bridge. In particular, the Mn2L2 core bands are registered at 1600 cm
-1

 together 

with additional carboxylate absorptions observed at 1500-1400 cm
-1

, that partially overlap 

with the porphyrin bands (Figure 34).
[160]

  

 

Figure 34. Stacked FT-IR spectra (KBr pellet, 1700-1000 cm
-1

 spectral region) of [Mn2L2P1](ClO4)5 (red 

spectrum) and P1 (black spectrum) (left) and [Mn2L2P2](Cl)2(ClO4)4 (right). The bridging carboxylate 

stretchings of the porphyrin residues are indicated with the full triangle symbol, while the stretchings of the 

aromatic residues pertaining to the organic ligand  are indicated with the full diamond symbol. 

 

The FT-IR spectrum registered in D2O:CD3OD (40:60), gives a direct proof of the stability 

of the bridging carboxylate ligand in aqueous solution, as the relative bands can be 

identified around 1565 and 1450 cm
-1

 (Figure 35). 
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Figure 35. Stacked FT-IR spectra (CD3OD:D2O = 60:40 solution, lightpath 0.05 mm) of Mn2L2P1
5+

 (5 mM, 

red spectrum) and P1 (10 mM, black spectrum) on left and Mn2L2P2
6+

 (8 mM, red spectrum) and P2 (10 mM, 

black spectrum) on right. The bridging carboxylate stretchings are indicated with the full triangle symbol, 

while the stretchings of the aromatic residues pertaining to the organic ligand are indicated with the full 

diamond symbol. 

By virtue of the polycationic charge of the heme-periphery, the water solubility of both 

Mn2L2P1
5+

 and Mn2L2P2
6+

 is improved by ca. one order of magnitude (> 1 mM). 

The redox properties of both heme and non-heme manganese sites have been determined 

by cyclic voltammetry (CV) experiments performed in buffer solution (0.5 mM in 

phosphate buffer, 50 mM, pH = 7.8). The redox potentials of the isolated components are 

maintained within the integrated system, with no substantial changes (Table 3), this 

confirms that the redox properties of Mn2L2 are not affected by the nature of the bridging 

carboxylate. Composite CV curves are thus registered for the assembled Mn2L2P1
5+

 and 

Mn2L2P2
6+

 systems, where multiple quasi-reversible redox features are observed 

respectively at E1/2= +515, -32 mV and E1/2= 515, +10 mV vs NHE (Table 3, Figure 36 

and Figure 37). 

The di-zymes, differently to Mn2L2 and heme units, could not be detected by ESI-MS 

analysis. 
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Figure 36. CV of Mn2L2P1
5+

 0.5 mM in 50 mM phosphate buffer (pH = 7.8, NaCl 0.1 M), E1/2 = -32 mV, ∆E 

= 92 mV is ascribed to the Mn
III

/Mn
II 

redox couple of the heme residue, E1/2 = 515 mV, ∆E = 110 mV, is 

ascribed to the Mn2
II,III

/ Mn2
II,II

 redox couple of the Mn2L2 core. 

 

Figure 37. CV of Mn2L2P2
6+ 

0.5 mM in 50 mM phosphate buffer (pH = 7.8, NaCl 0.1 M); E1/2 = 10 mV, ∆E 

= 98 mV, is ascribed to the  Mn
III

/Mn
II 

redox couple of the heme residue, E1/2 = 515 mV, ∆E = 142 mV is 

ascribed to the Mn2
II,III

/ Mn2
II,II

 redox couple of the Mn2L2 core. 

The SOD-like activity measured for the di-zymes arises from the combined SOD 

performance of the two units obtaining a value of logkcat(O2
•–

) = 6.64 (IC50 = 0.60 M) for 

Mn2L2P1
5+ 

and a logkcat(O2
•–

) = 7.05 (IC50 = 0.23 M) for Mn2L2P2
6+  

(Table 3). The 

higher value of SOD activity obtained for Mn2L2P2
6+

, dictated by the better performance 

of the porphyrin P2, is analogous to that obtained for other synzymes like M40403 and 

Mn(III)-TE-2-PyP
5+ 

that are actually under clinical trials on humans.
[154] 
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Vice-versa, the Mn2-core dictates the CAT-like activity, as similar H2O2 dismutation rates 

are observed for either the isolated and integrated systems (Table 3, Figure 38). The CAT- 

activity of Mn2L2P1
5+

 and Mn2L2P2
6+

 (50 µM) was tested upon incubation with H2O2 (10 

mM) in aqueous buffers at 25.0 °C and compared with that of Mn2L2Ac
+
, (see Table 3, 

Figure 38). The conjugate Mn2-core of both the di-zyme maintains its activity in borate 

buffer (50 mM, pH=7.8) with initial rate, R0, up to 36 µM O2/s (Figure 38a), > 99% H2O2 

conversion,  turnover number, TON, up to 200, and turnover frequency, TOF up to 0.73 s
-1

. 

A similar behaviour has been also confirmed in the Krebs-Henseleit buffer (KH buffer, 

pH=7.4), (Figure 38b).
[152]

 O2 evolution kinetics show R0 in the order 

Mn2L2P2
6+

~Mn2L2P1
5+

>Mn2L2Ac
+
 (Figure 38) obtaining as a result of conjugation also 

an increase of the catalase activity. 

 

Figure 38. Time dependence of O2 evolution after addition of  Mn2L2Ac
+
, Mn2L2P1

5+
, Mn2L2P2

6+
 ([cat] = 50 

µmol) to a 10 mM H2O2 aqueous solution in (a) BBS 50 mM pH=7.8 and (b) KH buffer pH=7.4. 

Considering both SOD/CAT activities of the di-zymes, Mn2L2P2
6+ 

is the one
 
that presents 

the best performance and for this reason more detailed study have been performed only on 

this compound. 

A saturation behaviour, amenable to a Michaelis-Menten treatment, has been verified also 

for the best performing Mn2L2P2
6+

 conjugate (Figure 39). Accordingly, the CAT-like 

performance can be evaluated on the basis of the catalytic turnover constant, kcat(H2O2), of 

the Michaelis constant, KM, and of the resulting kcat(H2O2)/KM ratio (Table 3). Noteworthy 

the kcat(H2O2)/KM value of 1890 places the Mn2L2P2
6+ 

di-zyme among the top-performing 

artificial catalases in water (see literature benchmarks in Table 3), with a unique behaviour 

maintained also under saline, KH buffer, conditions.
[15] 
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Figure 39. Effect of the H2O2 concentration on the initial rate of H2O2 disproportionation at 25 °C in a BBS 

buffer pH=7.8, [Mn2L2P2]= 10 µM. 

The value of the ratio kcat/KM, shows an increasing of the enzymatic performance respect to 

Mn2L2Ac
+
, this is due to a lower value of KM that indicate an higher affinity for the 

substrate and also to a higher turnover number kcat. 

Table 3. Catalytic anti-oxidants featuring SOD and CAT activity in water under physiological conditions. 

Catalytic  

Anti-oxidant 
E½/mV

a  
vs NHE SOD activity

 b
 CAT activity 

c 
 

 Mn2
III,II/II,II MnIII/II IC50 (M) 

log 

kcat(O2
•–) 

kcat  

(s-1) 

KM 

(mM) 

kcat/KM 

 (M-1s-1) 
Ref. 

Mn-SOD (human) / ~+400 ~1.3×10-9 ~9.30 / / / [110,147] 

Mn2-CAT  

(T.thermophilus) 
/ / / / 2.6×105 84 3.1×106 [29,141] 

Mn2L2Ac
+
 +515 / 1.04×10-6 6.40 4.0 3.2 1245 this work 

Mn2L
1

2Ac
+
 +520 / 3.80×10-7 6.84 nd nd nd this work 

P1 
/ 

-32 2.28×10-6 6.07 / / / this work 

Mn2L2P1
5+

 +515 -32 5.99×10-7 6.64 nd nd nd this work 

P2 / +10 3.53×10-7 6.87 / / / this work 

Mn2L2P2
6+

 +515 +10 2.34×10-7 7.05 4.8 2.3 1890 this work 

Mn2(3-Me-5-SO3-

salpentO) 
+95 / / / 10.5 6.6 1600 [134] 

[Mn3(L
1)2-(μ-OAc)4] / / / / 1421 1120 1268 [143] 

MnTE-2-PyP
5+

 +228 / 4.50×10-8 7.76 / / / [112] 

M40403 +525 / 2.2×10-7 7.08 / / / [18] 
a E1/2 is measured in 0.05 M phosphate buffer, pH 7.8, 0.1 M NaCl. b SOD activity is measured by the cyt c assay, c The oxygen 

concentration was determined using a Clark electrode. Conditions: [cat]= 10 µM, [H2O2]= 0.1-10 mM in BBS 50 mM pH=7.8 at 25 °C.  
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Regarding the weak point of heme-based functional systems generally associated to the 

porphyrin fragility when exposed to the oxidative risk we have explored the self-protection 

ability of the Mn2L2P2
6+ 

di-zyme compared to the MnTM-4-PyP
5+

 unit upon exposure to 

H2O2 (50-500 µM, see Experimental section), mimicking harsh oxidative stress conditions. 

Heme-bleaching is conveniently monitored by UV-Vis spectroscopy over time (Figure 40).  

 

Figure 40. a) UV-Vis spectral decay recorded for Mn2L2P2
6+

 and b) bleaching kinetics, recorded at λ= 463 

nm, for both MnTM-4-PyP
5+

 and Mn2L2P2
6+

 (10 µM) upon exposure to H2O2 (200 M) in phosphate buffer 

(50 mM, pH=7.8); the residual porphyrin amount was estimated at λ= 463 nm by the ratio (At/A0). 

While a steady bleaching of the reference porphyrin is observed in ca. 10 minutes (Figure 

40 and Appendix), its coupling with the Mn2-core stops the oxidative degradation process 

after few seconds, with a porphyrin recovery in the range 85-75% based on the residual 

Soret absorbance (Figure 41).
[157]

 

 

Figure 41. Residual porphyrin absorbance as registered after 10 minutes from the addition of different 

amount of H2O2 in phosphate buffer (50 mM, pH = 7.8) for MnTM-4-PyP
5+

 (blue) and Mn2L2P2
6+

 assembly 

(red). 
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The initial intensity decay observed for the Soret band of the porphyrin in the di-zyme is 

higher if compared with that of the commercial porphyrin. The evidence of a faster 

degradation seems in contrast with the data obtained for the residual amount of the 

porphyrin. Inspection of the bleaching kinetics in fact shows that a fast heme degradation 

occurs for the di-zyme soon after addition of H2O2, likely induced by a simultaneous Mn-

dependent self-oxidation (Figure 42 and Appendix). The porphyrin concentration was 

estimated from the Lambert-Beer law and a pseudo-first-order linear plots of experimental 

rate constants vs [H2O2] were obtained, where vb is the bleaching rate and kb is the 

bleaching constant.
[87]

    

                

To better understand the real behavior of the synzyme in solution in presence of hydrogen 

peroxide we define a new parameter to take in account all the possible phenomena. 

 

Figure 42. (a) Linear dependence of pseudo-first-order rate constants kobs on [H2O2], varied in the range          

10
-5

-10
-4

 M, determined for Mn(III)-TM-4-PyP
5+

 (10 µM) at 25°C in phosphate buffer (50 mM, pH 7.8) and 

(b) for Mn2L2P2
6+

 (8 µM) at 25 °C in phosphate buffer (50 mM, pH 7.8). The second-order rate constants 

were determined from linear plots of the observed kobs vs [H2O2], kobs = kb[H2O2]. 

We propose a straightforward evaluation of the protection effect, exhibited by the Mn2L2 

unit, against the irreversible porphyrin bleaching. The grade of protection can be defined 

on the basis of a new parameter     , resulting from the relative rates of two competitive 

and Mn-dependent reactions, namely: (i) the catalase-like dismutation of H2O2 (    ) and 

(ii) the parallel catalytic oxidation of the porphyrin ligand (  ). Accordingly we can 

express the catalase-like dismutation rate by using the Michaelis-Menten parameters 

determined for the Mn2L2P2
6+

 di-zyme (kcat and KM) and the bleaching rate constant kb 

determined for the P2 domain with spectrophotometric kinetics.  
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The resulting expression is the following: 

  
    

  
  

                     
         

              
 

where          = [P2] considering the di-zyme structure, so the equation becomes: 

  
    

  
 

    

             
 

The protection parameter     show only a small dependence by H2O2, but under 

physiological condition it can be easily assumed as constant, in fact        ˂˂    and so 

the equation becomes: 

  
    

  
 

    

    
 

As shown the protection factor     become constant depending only by the kinetics 

constant of the synzymes employed in the di-zyme design.  

The value of       obtained for Mn2L2P2
6+ 

 (Figure 43) indicate that the Mn2L2 unit is 

able to scavenge hydrogen peroxide more efficiently respect to oxidize the heme centre, 

guarantee in this way an effective protection of the porphyrin against bleaching in 

accordance with the data previously obtained.   

 

Figure 43. Dependence of the protection factor     on the concentration of H2O2, in a physiological range. 

The high catalase-like activity of the Mn2L2P2
6+

 di-zyme (kcat/KM) affords a value of p = 16. 
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This feature is not only interesting for the catalyst design, by tuning the individual 

components, but the conjugation with the Mn2L2 unit seems also an interesting strategy to 

increase the resistance of molecules and materials under oxidative stress conditions. 

After the catalytic screening an evaluation on the possible toxic effects of the di-zyme is 

necessary. The positive charges at the porphyrin periphery are expected in fact to facilitate 

mitochondrial-targeting and cross-membrane translocation by the artificial di-zyme.
[111]

 

The potential interaction of the synthetic di-zyme with nucleic acids has been addressed by 

spectrophotometric titrations with calf-thymus DNA (CT-DNA).
[90,161–164]

 Upon exposure 

to CT-DNA, Mn2L2P2
6+

 and the reference MnTM-4-PyP
5+ 

porphyrin show a similar 

behavior, with ca. 15-20 % hyperchromic effect and a negligible shift of the Soret 

absorption (λmax = 463 nm) (Figure 44). 

 

Figure 44. a) Spectrophotometric titration of Mn(III)-TM-4-PyP
5+

 (6 µM) and (b) of Mn2L2P26+ (6 µM) with 

nucleic acids (CT-DNA): phosphate buffer 10 mM pH 6.8, 1 mM EDTA , µ = 0.2 M, 25 °C. 

 

Table 4.Effect of nucleic acids on the wavelength maximum of the porphyrin Soret Band for free-base and 

metallo-complexes  for 0.02 < ro < 1.20a. 

Compounds  calf thymus DNA 

 λmax (nm) λmax (nm) % H 
b
 

H2TM-4-PyP
4+

 423 432 49 

Mn(III)-TM-4-PyP
5+

 463 463 -21 

Mn2L2P2
6+

 463 463 -15 
a
 ro ration between porphyrin and DNA concentration. 

b
 hypochromicity (% H) was determined from (εp - εb)/ 

εp X 100, where p represents free porphyrin, b represents bound porphyrin, and εp and εb were determined at 

the respective Soret maxima. Phosphate buffer 10 mM pH 6.8, 1 mM EDTA , µ = 0.2 M, 25 °C. 

This result can be ascribed to electrostatic surface interactions, while ruling out DNA 

intercalation and major toxicity effects.
[90,161–164]

 Comparison with the intercalating free 

base porphyrin H2TM-4-PyP
4+

 indeed shows a different behaviour with a relevant 

hyphocromic effect and a red shift of the Soret band (see Appendix). As a matter of fact, 
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there are already some examples of cationic porphyrin scaffolds approved for pre-clinical 

and clinical tests.
[19,154] 

2.5 In vivo tests on green algae 

The synzymes activity was tested in vivo, by evaluating H2O2 accumulation in 

photosynthetic algae (Chlamydomonas reinhardtii) exposed to high-light illumination 

conditions (1 h with white light, 800 μmol photons m
-2

 sec
-1

). To this aim, cells were 

grown in tris-acetate phosphate medium (TAP) in the presence of the synthetic Mn-

cofactors, (Mn2L2Ac, Mn2L2P2, P2). The concentration of catalyst that do not show 

toxicity and therefore inhibition on algal growth are respectively 0.5 M for Mn2L2Ac and 

0.1 M for Mn2L2P2 and P2. The toxicity of the di-zyme seems to be associated to the 

porphyrin moiety although an exact relation is unknown.  

ROS production in vivo, under high-photon flux irradiation for 1 hour, was then evaluated 

using the 3,3-diaminobenzidine (DAB) colorimetric assay (Figure 45).  

 

Figure 45. In vivo ROS detoxification of photosynthetic green algae (Chlamydomonas reinhardtii) during 

illumination (white light, 50-800 μmol photons m
-2

 sec
-1

). a) cw15 strain cells grown and incubated in the 

absence/presence of Mn2L2Ac (0.5 μM), Mn2L2P2 (0.1 μM)  and P2 (0.1 μM) in TAP medium (48 h) then 

harvested on filters (upper-row) and stained with 3,3-diaminobenzidine (DAB, 5 mM) under 1 h irradiation 

with high-light conditions (bottom row). b) corresponding H2O2 accumulation (DBA colorimetric test) 

normalized with respect to the control experiment (No Add, 100%).  
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Our results indicate that the synzymes present a relevant activity in vivo if compared to the 

control experiment (No-Add). The Mn2L2P2 di-zyme provides a remarkable abatement of 

H2O2 accumulation, about 60% of residual H2O2 at a nominal concentration as low as 0.1 

μM, a clear improvement of activity if compared to the effect registered for Mn2L2Ac, 

which require a higher dosage (0.5 μM) to obtain the same detoxification. 

These results are in agreement with the trend of performance obtained in the catalytic 

screening with an increasing of activity moving from Mn2L2Ac to Mn2L2P2, while the 

isolated porphyrin P2 is silent (Figure 45). 

In conclusion, the co-localization of the Mn-based SOD/CAT mimetics provides a novel 

anti-oxidant di-functional system with an outstanding solubility in physiological 

conditions, peak performance (logkcat(O2
•–
) ≥ 7; kcat(H2O2)/KM = 1890), and self-protection 

(> 75% survival in H2O2 200 µM). These key features are instrumental in vivo, to enhance 

photo-protection of photosynthetic cells under oxidative stress, a highly important target 

for improving the photosynthetic efficiency under adverse/extreme growth conditions.  

This modular approach permits also a fine tuning of the units to modulate the reactivity 

and the possibility to explore the reactivity with different metal centres like Cu and Fe as 

will be discussed in the next chapters.  
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3.  Dinuclear copper complexes 
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3.1 Copper-Zinc superoxide dismutase 

Copper-Zinc superoxide dismutase (Cu-ZnSOD) is an essential enzyme in natural 

antioxidant systems since it is able to catalyze the dismutation of superoxide to hydrogen 

peroxide and oxygen. A copper-zinc heterobimetallic complex is located at the active site 

of Cu-ZnSOD, in which Cu
2+

 is penta-coordinated by four His residues and one water 

molecule with a distorted tetragonal pyramid coordination, while Zn
2+

 is bound by three 

His, two bridged between Cu
2+

 and Zn
2+

 atoms and an Asp in a tetrahedral coordination 

(Figure 46). Copper is the redox-active metal, with an oxidation states changing between 

+2/+1 during the redox catalysis, while zinc appears to play a role in overall enzyme 

stability and in facilitating a broader pH independence. 
[165,166] 

 

Figure 46. Structure of human Cu-ZnSOD active center. 

The overall mechanism by which Cu-ZnSOD catalyzes the disproportionation of 

superoxide radicals has been called a ‘‘pingpong’’ mechanism since the copper center is 

cyclically reduced and oxidized by superoxide: superoxide first reduces the Cu
2+

 center to 

produce dioxygen (i), and then another molecule of superoxide oxidizes the Cu
+
 center to 

produce hydrogen peroxide (ii).
[166]

  

  
                                            

  
                                                     

The oxidation step (i) consists of an inner sphere electron transfer between the coordinated 

superoxide and Cu
2+

 center. Upon reduction, the bridging imidazole coordination and the 

water molecule are lost and Cu
+
 ion becomes three coordinated; the imidazolate is 

protonated by the solvent and dioxygen is released. The reduction step (ii) is an inner 

sphere electron transfer between the superoxide anion and Cu
+
. The histidyl imidazole 

coordinated to zinc acts in the second step of the enzymatic redox cycle to protonate the 
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formed copper peroxides (Scheme 10). Both reactions occur with the same, nearly 

diffusion controlled, rate constant (k = 2·10
9
 M

-1
s

-1
), which, in both cases are pH 

independent over the pH range 5-9.5.
[166–168]

  

 

Scheme 10. Proposed mechanism of  Cu-ZnSOD. 

It is important to underline that Cu-ZnSOD is also involved in a peroxidative cycle, in 

which hydrogen peroxide reacts with both oxidized and reduced form of the enzyme, 

forming hydroxyl radicals.  

                           
                   

                             

   
                                                                  

This cycle involve a Fenton-type reaction, so that when superoxide and peroxidase cycles 

are combined, the reaction may also lead to the catalytic formation of radicals. In turn, the 

last ones can attack the copper-binding His residue leading to a deactivation of Cu-

ZnSOD.
[166]

 The direct utilization of Cu-ZnSOD as a pharmaceutical agent has many 

problems such as i) solution instability, ii) immunogenicity, iii) cost of production and iv) 

short half-lives in circulating blood (6 min). Therefore, considerable efforts have been 

directed to the research of stable, non-toxic, low molecular weight copper complexes with 

SOD-like activity, that can be used as functional analogues for Cu-ZnSOD. 
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3.2 Copper based catalytic anti-oxidants 

Copper ions, as centers of active site of various metalloproteins, play a vital role in a 

number of widely differing biological processes like electron transfers, oxidations and 

dioxygen transport.
[169,170]

 Small molecular weight copper complexes are studied as 

structural and functional models of the active centers of copper containing enzymes.
[170–172]

 

Homo and hetero dinuclear metal complexes containing one or two copper ions are already 

known for their SOD-like activity.
[173–177]

 These complexes mimic the core motif of the 

natural Cu-ZnSOD, an essential enzyme in antioxidant systems, able to catalyze the 

dismutation of superoxide to hydrogen peroxide and oxygen. In addition, binary and 

ternary copper (II) complexes have been studied as models for copper containing enzymes 

such as Cu,Zn-superoxide dismutase and catechol oxidase.
[178–183]

  

SOD enzymes protects the living cell against various pathological conditions involving 

cardiovascular diseases, cancer, inflammation, diabetes and aging.
[8]

 The clinical use of 

this SOD has many shortcomings, including its short life-time, high cost and low 

membrane permeability. Small molecular weight complexes seems to be a good solution to 

the problem being a structural and functional models of metal containing enzymes. In 

particular non-steroidal anti-inflammatory copper (II) complexes have been widely studied 

since they are found to be more active and low toxic than today’s steroidal drugs that 

presents renal, gastrointestinal and cardiovascular side effect.
[179]

 

The class of Cu,Zn hetero dinuclear metal complexes, show moderate SOD activity, 

although it is rather low in comparison with the native Cu,Zn–SOD. The highest IC50 

values obtained from the cytochrome c assay method using the xanthine oxidase reaction 

as a superoxide source are 0.24-0.32 M for the Cu,Zn hetero dinuclear complexes (Figure 

47).
[177,184]

 

Also mononuclear copper complexes been reported as SOD mimic, although these 

complexes with macrocyclic or acyclic polyamine ligands show lower activity; their IC50 

values were about 70–2000 M, which are less SOD active if compared with the Cu,Zn 

artificial dinuclear ones.
[153]

 However, a class of mononuclear copper (II) complexes based 

on bidentate 2-substituted benzimidazole ligands is reported to show the highest activity 

with IC50 = 0.09-0.34 M, although they are not very stable (Figure 47).
[173]
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Figure 47.  Structure of the best performing SOD synzymes: Cu,Zn hetero dinuclear complexes (left) and  

mononuclear benzimidazole complex (right). 

Concerning the potential catalase activity of the copper complexes, few example of  this 

reactivity are reported. This is related to the nature of the dismutation process, that requires 

a two electron mechanism and it is hardly accomplished by a single copper centre,  cycling  

between the Cu
II
-Cu

I
 redox states.  

Few mononuclear copper complex have been  reported to scavenge hydrogen peroxide by 

a two step reaction involving two mono-electronic processes.
[185,186]

 

Only one example of a macrocyclic di-nuclear copper based catalyst, able to dismutate 

hydrogen peroxide with a catalase-like mechanism, is reported to cycle between the 

Cu2
II,II

-Cu2
I,I

 redox states.
[187]

      

3.3 Dinuclear Copper Complexes with dual SOD/CAT activity  

The design of systems which integrates a SOD/CAT functional mimicry in one artificial 

dual-synzyme is fundamental in order to achieve a complete ROS detoxification. The 

majority of the copper based SOD-like synzymes are based on a mononuclear metal center 

so are unable to perform multi-electronic processes like hydrogen peroxide dismutation. 

Dinuclear copper complexes instead may present some catalase mimic activity due to the 

cooperation between the metals centers. Actually really few examples of dinuclear copper 

synzymes with CAT-like activity are reported and no one of these is shown to exhibit dual 

SOD/CAT activity under physiological-like conditions without the addition of 

additives.
[187–189]

   

The dinuclear copper (II) complex (Cu2L2), was synthesised by adding to the ligand (HL = 

2-{[[di(2-pyridyl)methyl] (methyl)amino]methyl}phenol)) a methanol solution of copper 

perchlorate and triethylamine giving a green precipitate.
[149]

 The complex, obtained as 
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green precipitate, was recrystallized  by heating until boiling point and adding acetonitrile. 

Green crystals were isolated upon cooling. (Figure 48). 

 

Figure 48. X-ray crystal structure of Cu2L2. 

 

The complex consists of one di-cationic [Cu2L2]
2+

 unit, two perchlorate counter ions and 

four acetonitrile as solvation molecules (not shown). The crystal structure of Cu2L2, 

displays an inversion center and shows a dinuclear copper(II) complex where a tetra-

dentate N3O donor set is provided by the bis-pyridyl, amino and μ-oxo phenolate groups of 

the ligand. Cu2L2 shows a distorted octahedral geometry for both metal centers, where 

each copper atom is coordinated by the three nitrogen atoms of the tetradentate ligand, 

while the phenolate ligands act as a bridges between the two metal centers. The equatorial 

plane is approximately defined by two copper centers, two oxygen atoms from the phenol 

molecules, one pyridine nitrogen atom and one amine nitrogen atom from the ligand. 

Considering this equatorial plane, each copper atom presents an apical position occupied 

by the other pyridine nitrogen atom, while the other apical position is free due to the high 

Jahn–Teller distortion of the Cu
2+

 ions. The Cu-Cu distance and the Cu−O−Cu angles of 

the two μ bridging phenolate residues are respectively 3.01 Å, 100.2° (Figure 48). 

The FT-IR spectrum of the complex shows the ligand coordination to the metal centers by 

the shift, at higher frequencies, of the pyridines and phenol absorptions located at 1613 and 

1601 cm
-1 

(Figure 49).
[190]
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Figure 49.  Superimposition FT-IR spectra (KBr pellet, 1700-1450 cm
-1

 spectral region) of [Cu2L2](ClO4)2 

(red spectrum) and ligand (black spectrum). 

The solution structure of the dinuclear complex is confirmed by ESI-MS and UV-Vis. The 

ESI-MS peaks for the molecular ion are 779.0 [Cu2L2+HCO2]
+ 

and 833.0 m/z for 

[Cu2L2+ClO4]
+
 (see Appendix, formic acid was present in the eluent). A fragmentation 

peak at 367.1 m/z attributed to [CuL]
+ 

specie
 
is also observed for the break of the dinuclear 

system in the ion source. 

The UV-Vis spectra were collected both in organic medium ([Cu2L2] = 60 µM, CH3CN) 

and in aqueous medium ([Cu2L2] = 60 µM, PBS 50 mM, pH 7.8) (Figure 50). The 

complex shows an absorption band in the UV-region, with a maximum at 269 nm (π-π* 

transition of pyridines, ε = 20500 M
-1

cm
-1

) shifted to lower energy respect to UV band of 

the ligand (256 nm in CH3CN, Appendix) and a broad, weaker absorption with a maximum 

at around 410 nm due to the ligand to metal charge transfer (LMCT, ε = 2880 M
-1

cm
-1

), 

operated by the phenol moiety.
[187–189,191]

 These features are characteristic of the phenol 

derivatives when the complexation is accompanied by the deprotonation of the hydroxyl 

group.
[192] 

A d-d transition at higher wavenumber (675 nm, ε = 375 M
-1

cm
-1

) was also 

observed (see Appendix). No significant spectral changes were observed between the two 

media, as already verified by ESI, thus highlighting the stability of the complex also in 

water. The small difference in the intensity of the LMCT are attributable to the solvent 

itself that can coordinate in the free position of the complex changing the intensity of the 

absorption and to the hydrogen bonding network in water.
[193]
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Figure 50. UV-Vis spectra of Cu2L2 (60 μM), in PBS 50 mM, pH 7.8 (blu line), in CH3CN (red line). 

The redox properties were determined by cyclic voltammetry (CV) experiments performed 

in buffer solution (Cu2L2 0.5 mM in phosphate buffer, 50 mM, pH = 7.8) in reduction 

(Figure 51) and in acetonitrile (Cu2L2 1 mM) in oxidation (Figure 52). In aqueous media 

the complex shows a quasi-reversible feature for the cathodic and anodic waves attributed 

to the Cu
II
/Cu

I
 redox couple with E1/2 = -161 mV (vs NHE). Moreover, only one pair of 

redox peaks were detected, meaning that the environment around the two copper ions is the 

same, so the expected process is Cu2
II,II
→ Cu2

I,I
, in agreement with the symmetry of the 

complex, as shown by the crystal structure analysis (Figure 48).  

 

Figure 51. Cyclic voltammetry of Cu2L2 E1/2 = -161 mV (red line), Cu2L2 in situ E1/2 = -155 mV (blue line), 

and voltammogram of the unpolished electrode (green line) in 50 mM phosphate buffer (pH = 7.8, NaCl 0.1 

M); for Cu2
II,II

/ Cu2
I,I

 couple E1/2 = -161 mV, 

In addition, at higher potential in acetonitrile was detected another quasi-reversible wave 

(Figure 52), absent for the free ligand (see Appendix), attributed to the Cu
III

/Cu
II
 redox 

couple, with E1/2 = 967 mV (vs NHE). Other oxidation waves above 1.2 V are ascribed to 

the oxidation of the phenolic moiety.
[122] 
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Figure 52. Cyclic voltammetry of Cu2L2 in acetonitrile (TBAClO4 0.1M), for Cu2
III,III

/ Cu2
II,II

 couple E1/2 = 

967 mV in the inset. 

The ability of the ligand to bind copper in aqueous solution and forming in dinuclear 

complex Cu2L2 was also evaluated. The assembly was accomplished by adding an aqueous 

solution of the ligand to Cu(ClO4)2 (120 M). After the ligand addition, the solution, turns 

immediately green, meaning that the binding of the copper has occurred.  

The solution was then analysed by UV-vis, ESI-MS and CV to verify the nature of 

complex formed in-situ. As first evidence the two UV-vis spectra, recorded under the same 

condition (H2O), are perfectly superimposable (Figure 53). Cyclic voltammetry of the 

complex obtained in situ is also similar (Figure 51) with an E1/2 = -155 mV (vs NHE) in 

PBS 50 mM (pH = 7.8, NaClO4 0.1M). ESI-MS analysis is also consistent with the 

expected structure. The solution analysis shows the same peaks of isolated Cu2L2 at 779.0 

and 833.0 m/z and the corresponding fragment at 367.0 m/z. 

The possibility to directly assemble in situ the catalyst, taking advantage of the chelating 

action of the ligand, could be interesting not only in terms of an easier synthetic procedure 

but also, in perspective of a possible application as metal chelator for the scavenging of the 

free copper ions in-vivo, to prevent Cu-induced ROS generation and related pathologies 

like Parkinson and Alzheimer disease.
[194–196]

 

The redox potential of the metal centre is one parameter that can be useful to predict SOD 

activity. An optimal SOD activity in aqueous solution requires redox potentials close to 

0.36 V (vs. NHE), which is the intermediate value between the one-electron reduction 

potential for oxygen (-0.16 V, pH = 7) and the one-electron reduction potential for 
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superoxide radical (0.89 V, pH = 7). Thus, both processes are equally favored for 

thermodynamics and both reduction and oxidation reactions in the dismutation process are 

predicted with the same rate constant (kcat=2·10
9
 M

-1
s

-1
).

[46,154,166] 
 

 

Figure 53. Superimposition of the UV-vis spectra in water of Cu2L2 (60 M) isolated as crystal (blu line) 

and obtained in situ (red line). 

Within this scenario, the Cu2L2 has an E1/2 for Cu
II
/Cu

I
 redox couple set at the lower limit.  

In addition, in order to exhibit a good SOD-like activity copper(II) complexes must fulfill 

other requirements: i) have a flexible arrangement of the ligands around Cu
2+

 center to 

allow an easy reduction and stabilization of Cu
+
; ii) have an accessible site for binding of 

  
   ; iii) have hydrogen bonding sites close to the metal center to contribute to the 

transport of superoxide anion to the active site as well as to stabilize the peroxo-species 

bound to the metal ion during the catalytic cycle.
[153,185] 

The SOD-like activity has been 

assessed by using the Xanthine oxidase/cytochrome c (cyt c) protocol to evaluate the   
   

scavenging rate, comparing the activities as IC50, (i.e. 50% inhibition of cyt c reduction, 

monitored at 550 nm in 0.05 M phosphate buffer, pH 7.8, using Xanthine/Xanthine oxidase 

system as the source of O2
•–

) and on the basis of the resulting kinetic constant 

(logkcat(  
  )).

[85,87] 

SOD performance observed for Cu2L2 (Table 5) show a logkcat(  
  ) = 6.80 with an IC50 = 

0.40 µM that set this catalyst between the best performing Cu-based complexes for its 

SOD-like activity.
[165]

 Despite the low redox potential of Cu
II/I

 redox couple the catalyst 

shows a good SOD-like activity, this is attributable to different factors. The E1/2 = -161 mV 

in fact is expected to boost the reduction step of the superoxide anion (0.89 V vs NHE ). In  

addition the complex presents two copper ions with a vacancy in the coordination sphere 

(Figure 48) accessible to a ligand like superoxide and two bridging oxygen able to 

accelerate catalysis by hydrogen bonding interaction, assisting the processes of proton 
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transfer.
[85,87] 

In addition the SOD-like activity of the in situ generated catalyst was tested 

with cyt c assay, confirming the retained activity with an IC50 = 0.48 M and logkcat(  
  ) 

= 6.72, obtaining in this way from the copper scavenging a complex with anti-oxidants 

activity. 

Table 5. Best performing Copper-based SOD-like catalysts. 

Catalytic Anti-oxidant 
E½/mV 

vs NHE
a
 

SOD activity 

IC50 (µM) 
Ref. 

Cu,ZnSOD ~400 ~0.001
b
 [168,197] 

[Cu2L2]
2+

 -161 0.40
c
 this work 

[Cu2L
1
2]

2+
 -55 0.14

c
 this work 

[Cu2L
2
2]

2+
 +60 0.07

c
 this work 

Cu2(tz-tol)4  / 0.13
d
 [175] 

[Cu2(bpzbiap)Cl3] +180 0.26
d
 [176] 

CuZn(bdpi)(CH3CN)2 +167 0.24
c
 [177] 

Cu(TAAB)
2+ 

 +230 0.14
e
 [174] 

Cu(dib)Cl2  / 0.09
c,f

 [173] 

Cu(SO)4 +155 30
e
-72

c
 [165,174] 

a 
E1/2 is measured in 0.05 M phosphate buffer, pH 7.8, 0.1 M NaCl.

b
 SOD activity is measured by pulse 

radiolysis. 
c 

SOD activity is measured by cyt c assay. 
d
 SOD activity is measured by NBT assay 

e
 SOD 

activity is measured by INT assay. 
f
 complex presents low stability. 

Dinuclear copper based catalysts Cu2(II) reported for their catalase-like activity are rare if 

compared with other metals like manganese.
[15,187–189] 

The reaction of hydrogen peroxide 

dismutation is a bi-electronic process in which the peroxide is converted in H2O and O2. At 

pH 7, the electrochemical potentials (vs. NHE) for the two-electron O2/H2O2 and 

H2O2/H2O couples are +0.28 V and +1.35 V (vs. NHE), respectively. Thus in order to 

perform this reaction a catalyst needs a metal centre with a redox potential intermediate 

between these values. Cu2L2 could be able to catalyze the reaction by cycling between the  

Cu2
III,III

→ Cu2
II,II

 redox states that present an optimal potential (E1/2 = 967 mV) and involve 

a bi-electronic process. 

The CAT activity of Cu2L2 was tested upon incubation with H2O2 (30 mM) in aqueous 

borate buffer (BBS, pH= 7.8) and Krebs- Henseleit buffer (KH buffer, pH=7.4, commonly 

used in perfused and superfused solution protocols) at 25°C following the O2 production 

with a pressure transducer (Figure 54).
[152] 

The dinuclear complex Cu2L2 presents CAT-

like activity in borate buffer (50 mM, pH=7.8) with rate, up to 52 µM O2/min (Figure 54), 

H2O2 conversion up to 35%,  turnover number, TON, up to 52, and turnover frequency, 

TOF up to 0.26 min
-1

. The complex maintains its activity also in KH buffer containing a 

mixture of salts (sulphates, phosphates, carbonates and chlorides) and glucose, and despite 

the longer lag phase and lower rate it presents a higher stability with rate, up to 31 µM 
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O2/min (Figure 54), H2O2 conversion up to 75%,  turnover number, TON, up to 110, and 

turnover frequency, TOF up to 0.16 min
-1

. 

 

Figure 54. O2 evolution kinetics by Cu2L2 (200 µmol) upon incubation with H2O2 (30 mM) at 25°C in BBS 

(50 mM pH=7.8) (left) and in KH buffer (pH=7.4) (right). 

Regarding the initial lag phase this is attributable to different factors, first of all the 

approach of H2O2 to the metal centre is subject to steric hindrance from the substituent at 

nitrogen and also to the presence of competitive binder for the copper sites.
[198]

 The lag 

phase in fact, is about 10 min in BBS, a non coordinating ion, whereas is about 100 min in 

KH buffer that contain a complex mixture of salts, in particular phosphate (2 mM). The 

phosphate anion is known to interact and inhibit the activity of copper complex, and in fact 

performing the reaction in phosphate buffer solution (20 mM, pH = 7.8) the activity of the 

complex is strongly inhibited with the lag phase increased up to 4 h. 

To better understand the reaction and obtain information about the mechanism, the reaction 

was followed, both in acetonitrile and in BBS, by UV-vis spectroscopy and ESI-MS.
[199]

   

The reaction of the complex (200 µM) with hydrogen peroxide (30 mM) was followed by 

monitoring the spectral changes in the region of LMCT around 400 nm, characteristic of 

the copper-phenolate interactions. As shown (Figure 55a), in acetonitrile a decrease in the 

intensity of the LMCT at 410 nm and d-d bands at 675 nm was observed, with the 

formation of three isosbestic points. It is important to underline that Cu2L2 does not show 

any catalase activity in acetonitrile under the conditions explored (see Appendix). This 

suggests a process of catalyst degradation also confirmed by ESI-MS, showing the 

depletion over time of the signals associated to the dinuclear complex (see Appendix). 



Dinuclear Copper Complexes 

84 

 

 

Figure 55. UV-vis spectra over time of the reaction ([Cu2L2] = 200 M, [H2O2] = 30 mM) in a) acetonitrile 

and b) BBS 50 mM pH = 7.8. 

When the reaction is performed in water (BBS 50 mM, pH 7.8) instead the UV-vis spectra 

over time show not only the decrease of the LMCT and d-d bands but also a shift to lower 

wavelength of the band maximum with no isosbestic point. This suggest that during 

hydrogen peroxide dismutation, new catalytic intermediates are formed over time. 

This hypothesis was confirmed by following the reaction by ESI-MS (see Appendix) 

where, after the initial lag phase, the formation of a new peak at 657.0 m/z was observed 

and attributed to the specie  Cu2L*2  ((2), Scheme 11). This peak is formed since the 

beginning of the reaction, then it reaches a maximum around 30 minutes (see Figure 54) 

and it fades during the reaction until its disappearance after about 150-180 min. In 

correspondence with the depletion of Cu2L*2 was also observed the simultaneous 

formation of the 384.0 m/z peak attributed to Cu
(III)

L(OH) (CuL*, (3)) that reach it 

maximum at the end of reaction (see Figure 58). These peaks are attributed to catalyst 

degradation occurred during the catalytic cycle (see Scheme 11 and 12). These species are 

originated probably by the oxidation and cleavage of one of the phenolic moiety of the 

ligand, catalyzed by the copper sites, as it has been reported in literature for analogous 

compounds.
[200–202]

  

Evidence of the ligand oxidation is provided by ESI-MS, showing a peak at 849.0 m/z 

(M
2+

+ClO4+14) corresponding to the oxidation of the phenol-methylene group to ketone. 

A further oxidation then should lead to bond cleavage yielding Cu2L*2 (Scheme 

11).
[200,201]

 The cleavage of the phenolate unit should also release another vacancy in the 

copper coordination sphere, favouring hydrogen peroxide coordination between the two 

metal centres. The coordination of oxygenated species to the catalyst are suggested by the 
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relative abundance of the ESI peaks between 680 and  750 m/z (see Appendix) observed 

during the reaction. 

 

Scheme 11. Proposed oxidation of the ligand in presence of H2O2 (above) and the proposed product of 

activation (2) and deactivation (3) of the catalyst during H2O2 dismutation (below). 

The mononuclear specie CuL* is likely inactive, considering that it can cycle only 

between Cu
III

/Cu
II
 redox states while hydrogen peroxide dismutation needs a bi-electronic 

process. The formation of this inactive specie prevents copper release in solution and also 

the formation of copper oxides that can induce radical-type mechanisms. As a matter of 

fact no precipitate formation is observed and the reaction stops in presence of only the 

mononuclear specie. In presence of free copper, under the same experimental conditions 

indeed, a brown precipitate is immediately formed and hydrogen peroxide dismutation 

occurred at constant rate without any depletion (see Appendix). 

To confirm that the oxygen production occurs via a CAT-like mechanism, excluding 

possible Fenton-like mechanisms, and better describe the catalytic process the reaction was 

also conducted in presence of a typical ·OH radical scavenger, NaBr, added at different 

concentration, and following the oxygen evolution kinetics.
[203,204]

 The reaction was 

conducted in BBS (50 mM, pH 7.8) with a fixed catalyst concentration (200 M) and 

increasing the amount of added NaBr. The addition of NaBr induces an increase of the 

reaction rates and of TONs (Figure 56). 
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Figure 56. O2 evolution kinetics by Cu2L2 (200 µmol) upon incubation with H2O2 (30 mM) at 25°C in BBS 

(50 mM pH=7.8) with different concentration of NaBr, on right a magnification of the initial lag phase. 

This effect speaks in favour of a non radicalic pathway for O2 production (Figure 57). 

Interestingly, the initial lag phase is maintained upon addition of NaBr meaning that no 

oxygen evolution occurs by a parallel process induced by the NaBr/H2O2 system. The 

remarkable rate and TON increase upon addition of NaBr, showing a saturation behaviour 

(Figure 57) is likely explained by an increase of the stability of the competent catalyst and 

indicates that the catalyst deactivation is likely due to off-cycle Fenton reactions. 

 

 

Figure 57. Dependence of the reaction rate of O2 production with Cu2L2 in presence of NaBr at different 

concentration in BBS (50 mM, pH 7.8 ). 

The high concentration of NaBr employed (50-200 mM) permits, despite the overall O2 

yield of about 90 %, a complete conversion of H2O2. Thus, the second route of hydrogen 

peroxide degradation, ascribed to a radicalic Fenton mechanism, can be quantified with a 

selectivity of 10 %, in agreement with the data reported in literature for complexes with the 

same side activity.
[205]

 

[NaBr] 

(mM) 

Rmax 

 (M O2/s) 
TON 

0 0,87 52 

10 1,35 87 

50 2,46 122 

200 3,11 134 
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As previously the course of reaction in presence of NaBr (50 mM) was followed by ESI-

MS analysis (Figure 58).  The stability of molecular complex Cu2L2 is greatly increased 

with a lower degradation to Cu2L*2 (657 m/z and 787 m/z [Cu2L*2(Br)(H2O)2]
+
) and 

CuL* (421 m/z [Cu(III)L*(Br)(H2O)2]
+
) that start only after 45 min (see Appendix).  

 

Figure 58. Catalyst evolution during the catalytic cycle ([Cu2L2]= 200 M, [H2O2]= 30 mM in BBS 50 mM) 

monitored by ESI-MS without (left) and in presence of [NaBr] = 50 mM. Relative amount of the species 

were measured by the ratio between the intensity of the peaks attribute to a specie (Ix) over total species 

amount (Itot).    

This behaviour permits also to confirm that the molecular catalyst Cu2L2 is the active 

specie in the catalytic cycle considering that the reaction start in presence of this specie 

alone. However also first product of degradation Cu2L*2, obtained by two step oxidation 

of the -methylene (Scheme 11) is still active an active specie, as confirmed by oxygen 

evolution profile (Figure 54). Indeed, the kinetics profile in the range from 10-75 min, a 

time frame in which the inactive specie formation CuL in negligible, does not show any 

rate depletion suggesting that Cu2L2 and Cu2L*2 should present analogues activity.   

                       

    
      

                    
        

         

          
        

      
   

                     
         

The depletion in the catalyst activity are indeed attributed to the formation of the 

mononuclear inactive species CuL.  

On the basis of the results obtained we can propose the catalytic cycle of dismutation of 

hydrogen peroxide by Cu2L2 (Scheme 12) in which both Cu2L2 and Cu2L*2 are involved 
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in the hydrogen peroxide dismutation cycling between the Cu2
II,II 

→ Cu2
III,III 

redox states. 

Specie Cu2L2 (1) can be converted in Cu2L*2 (2) by the oxidative action of hydroxyl 

radical and then degraded to the inactive specie CuL (3) by an additional hydroxyl radical 

damage. 

 

Scheme 12. Proposed catalytic cycle for decomposition of hydrogen peroxide by Cu2L2. 

The second order rate constant kH2O2 was also evaluated working in great excess of 

hydrogen peroxide. In this condition we can assume a pseudo-first order for the reaction 

and the reaction rate can be simplified giving the apparent rate constant kobs from which is 

possible to extrapolate kH2O2 = 0.26 M
-1

s
-1

(Figure 59). 

 

Figure 59. Linear dependence of pseudo-first-order rate constants kobs on [H2O2], determined for hydrogen 

peroxide dismutation by Cu2L2 (200 µM) at 25°C in borate buffer (50 mM, pH 7.8). The second-order rate 

constants were determined from linear plots of the observed kobs vs [H2O2], kobs = k[H2O2]. 

By increasing the hydrogen peroxide concentration a deviation from the linearity was 

observed. As for Mn2L2Ac also the rate of oxygen production with Cu2L2 shows a 

saturation behaviour amenable with Michaelis-Menten equation (see Appendix).  
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The rate of hydrogen peroxide dismutation shown by copper complexes in generally low, 

and the great excess of substrate required for this test is free to perform a wide range of 

side reactions. In particular, the catalytic pathways described in the literature for 

mononuclear complexes are two steps processes, in which the radicalic species involved 

can be also responsible for catalyst decomposition.
[185,186]  

                              
           

                             

   
                                 

For this reason, the rate constants reported for mononuclear complexes, and obtained 

employing high hydrogen peroxide concentration (0.1-1 M), may be affected by the 

formation copper oxide, able to scavenge hydrogen peroxide with a Fenton-like 

mechanism.
[185,186]

  

In our case, Cu2L2, that presents a stronger ligand shell if compared with other complexes 

reported in literature based on bi and tridentate ligands, is stable and able to perform 

hydrogen peroxide dismutation at substrate concentration up to 60 mM.
[173]

 At higher 

concentration the degradation of the catalyst occurs, and the oxides formation, associated 

to precipitate formation and changes in the kinetic profile (see Supporting Information), 

become relevant, making impossible the attribution of the activity observed to the pristine 

catalyst but instead to the copper oxides formed. The kinetics evolve with the increasing of 

hydrogen peroxide concentration from an S-shape profile related to a process that involve 

an activation/deactivation of the catalyst at low hydrogen peroxide concentration, to a 

straight profile with no rate change and depletion associated to the copper oxides based 

processes (see Supporting Information). To exclude these contributes the kH2O2 was 

measured with a hydrogen peroxide concentration lower than 60 mM.  

Indeed the proved activity of the molecular Cu2L2 at lower hydrogen peroxide 

concentration, thanks to the synergic effect of the dinuclear core able to perform bi-

electronic  processes, confirm the CAT-like activity of this complex, reported for the first 

time for a di-copper based catalyst in water.     

The prooxidant (peroxidase-like) activity of the catalyst, that may be triggered by addition 

of H2O2, has also been explored to evaluate the contribute of the off cycle radical 

production. 
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Peroxidase are enzymes able to catalyze the oxidation of a broad range of organic and 

inorganic substrates by hydrogen peroxide or organic peroxides.
[206] 

Obviously this is an 

undesired competitive reactivity for antioxidants that could cause negative side effects and 

also catalyst deactivation. However, peroxidase-like activity often is exhibited by 

complexes for which catalase activity was reported.
[186]

 For these reasons we evaluate the 

pro-oxidant activity of Cu2L2 in presence of hydrogen peroxide (10-30 mM, [Cu2L2] = 50 

M) by following the oxidative degradation of morin, chosen as a model chomophore, in 

BBS (50 mM, pH = 7.8) at 390 nm (Scheme 13).
[186]

   

 

Scheme 13. Degradation of morin catalysed by peroxidase-like catalyst. 

Morin oxidation is a commonly used benchmark test for bleaching catalysts as this 

substance belongs to the flavonoid plant dyes.
[207,208]

 The oxidative degradation of morin in 

presence of H2O2 at pH = 7.8 is negligible under the conditions explored.  

As shown in Figure 60 only a really slow depletion of the morin absorbance at 390 nm can 

be observed, despite the high concentration of catalyst employed (50 M). The formation 

of an isosbestic point at ~350 nm is consistent with the formation of two analogous 

degradation products (Scheme 13).  

 

Figure 60. UV–vis spectra over time of a 0.12 mM solution of morin in BBS 50 mM pH 7.8 in the presence 

of 10 mM H2O2 and Cu2L2 50 μM. 
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The rate of reaction changes linearly with H2O2 concentration thus working in great excess 

of hydrogen peroxide we can assume a pseudo-first order conditions and the kinetic rate 

can be simplified giving the apparent rate constant kobs.
[209] 

−d[morin]/dt= kobs [morin][H2O2] 

−d[morin]/dt = kobs[morin] 

A second-order rate constant was determined from linear plots of the observed pseudo-

first-order rate constants vs [H2O2], kobs = k[H2O2] (Table 6). 

 

Figure 61. Linear dependence of pseudo-first-order rate constants kobs on [H2O2], varied in the range 10-30 

mM, determined for oxidation of morin by Cu2L2 (50 µM) at 25°C in borate buffer (50 mM, pH 7.8). The 

second-order rate constant was determined from linear plots of the observed kobs vs [H2O2], kobs = k[H2O2]. 

Table 6. Pseudo-first-order rate constant kobs and second order rate constant k for oxidative degradation of 

morin with Cu2L2. 

 [H2O2] (mM) 

 10 20 30 

kobs (s
-1

) 1,0×10
-5

 1,6×10
-5

 2,2×10
-5

 

k (M
-1

s
-1

) 6,1×10
-4

 

 

Considering the low value of k obtained for the oxidation of morin it is possible assume 

that Cu2L2 does not show peroxidase-like activity versus external substrates. This means 

that this catalyst should exhibit a dual SOD/CAT activity without showing any pro-oxidant 

side mechanism. 

These data are in agreement with the mechanism of the self-degradation observed for the 

catalyst, whereby, the organic ligand provides an intra-molecular sacrificial scavenger for 
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the highly oxidizing species formed at the copper centres,  depleting any external oxidative 

damage.
[202]

   

In conclusion, this new dinuclear copper (II) complex is able to efficiently scavenge ROS 

on the basis of the catalytic screening and in vitro assay. This complex is the first reported 

example of a dinuclear copper species showing a dual SOD/CAT activity in water under 

physiological-like conditions, with  high SOD-like activity (IC50 = 0.40 M) and a parallel 

CAT-like activity, which is unprecedented for a Cu-based catalyst. The dual activity of 

Cu2L2 and the possibility to self-assemble the catalyst in solution are also of interest, in the 

perspective, of  developing new catalytic drugs against oxidative stress and related diseases 

while addressing metal dyshomeostasis turning the toxic copper ions into benign anti-

oxidants. 

The tuning of the reactivity of the complex Cu2L2 was also evaluate by small modification 

of the ligand. A structural analogue of the complex Cu2L2
 
was obtained by using directly 

as ligand the precursor of  L, 2-({[Di(2-pyridyl)methyl]amino}methyl)phenol (L
1
), that 

presents a secondary amine on the central nitrogen (see Experimental Section). This ligand 

should led to the formation of a di-Cu complex with a more accessible catalytic core due to 

a lower steric hindrance and the presence of a secondary amine close to the metal centre 

should also facilitate the approach of the substrate and also the proton transfer processes, 

increasing in this way the rate of reaction. 

X-ray analysis confirms the formation of the di-copper complex analogous to Cu2L2 

(Figure 62).  

 

Figure 62. X-ray crystal structure of Cu2L
1

2. 



Dinuclear Copper Complexes 

 

93 

 

The structure of Cu2L
1
2, displays an inversion center and shows a dinuclear copper(II) 

complex where a tetra-dentate N3O donor set is provided by the bis-pyridyl, amino and μ-

oxo phenolate groups of the ligand. Cu2L
1
2 shows a distorted octahedral geometry for both 

metal centers, where each copper atom is coordinated by the three nitrogen atoms of the 

tetradentate ligand, while the phenolate moieties act as a bridges between the two metal 

centers. The equatorial plane is approximately defined by two copper centers, two oxygen 

atoms from the phenol molecules, one pyridine nitrogen atom and one amine nitrogen atom 

from the ligand. Considering this equatorial plane, each copper atom presents an apical 

position occupied by the other pyridine nitrogen atom, while the other apical position is 

occupied by a dimethylformamide molecule. This is an evidence of a lower Janh-Teller 

distortion and a higher accessibility of the copper sites if compared with Cu2L2. The Cu-

Cu distance and the Cu−O−Cu angle of the two μ bridging phenolate residues are 

respectively 3.02 Å, 100.2° (Figure 62). 

The FT-IR spectrum of the complex shows the ligand coordination to the metal centers by 

the shift, at higher frequencies, of the pyridines and phenol absorptions located at 1610, 

1597 and 1573cm
-1 

(see Appendix).
[190] 

The solution structure of the dinuclear complex is confirmed by ESI-MS and UV-Vis. The 

ESI-MS peaks for the molecular ion are 751.0 [Cu2L
1

2+HCO2]
+ 

and 805.0 m/z for 

[Cu2L
1
2+ClO4]

+
 (see Appendix, formic acid was present in the eluent). A fragmentation 

peak at 353.1 m/z attributed to [CuL
1
]

+ 
specie

 
is also observed from the break of the 

dinuclear system in the ion source. 

The UV-Vis spectrum was collected in aqueous medium ([Cu2L
1
2] = 70 µM, PBS 50 mM, 

pH 7.8) (Figure 63). The complex shows an absorption band in the UV-region, with a 

maximum at 265 nm (π-π* transition of pyridines, ε = 23000 M
-1

cm
-1

) slightly shifted to 

lower energy respect to UV band of the ligand (261 nm in water, Appendix) and a broad, 

weaker absorption with a maximum at around 397 nm due to the ligand to metal charge 

transfer (LMCT, ε = 3600 M
-1

cm
-1

), operated by the phenol moiety.
[187–189,191]

 A d-d 

transition at higher wavenumber (668 nm, ε = 620 M
-1

cm
-1

) was also observed (Figure 63).  
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Figure 63. UV-vis spectrum in water of Cu2L
1

2 (70 M). 

The redox properties were determined by cyclic voltammetry (CV) experiments performed 

in buffer solution (Cu2L
1
2 0.5 mM in phosphate buffer, 50 mM, pH = 7.8) and in 

acetonitrile (Cu2L
1

2 0.5 mM) (Figure 64 and 65). In organic media, in reductive scan, the 

complex shows two irreversible cathodic waves at E
1

c = -96 mV and E
2
c = -465 mV (vs 

NHE) attributed respectively to the Cu2
II,II
→ Cu2

II,I
 and Cu2

II,I
→ Cu2

I,I
 redox couples. In 

water (PBS 50 mM, pH = 7.8, NaCl 0.1M), only one pair of reversible redox peaks were 

detected E1/2 = -55 mV, meaning that in water the two processes occur simultaneously at 

more favourable potential due to the stabilization operated by the hydrogen bonding 

network of the water that facilitate the processes of electron transfer.  

The complex Cu2L
1
2 presents a redox couple Cu2

II,II
→ Cu2

I,I 
with a higher potential if 

compared with Cu2L2 and this feature should favour the catalytic process of superoxide 

dismutation.
[46,154,166]
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Figure 64. CV of Cu2L
1

2 0.5 mM in CH3CN (TEABF4 0.1 M) (left), E
1

c = -96 mV and E
2
c = -465 mV and CV 

of Cu2L
1
2 0.5 mM in 50 mM phosphate buffer (pH = 7.8, NaCl 0.1 M), E1/2 = -55 mV (right). 

In addition at higher potential, in acetonitrile, other two quasi-reversible waves were 

detected, that are absent in the free ligand CV (see Appendix), thus are attributed to the 

Cu2
III,II

→ Cu2
II,II

 and Cu2
III,III

→ Cu2
III,II

 redox couples with E1/2 = 1218 mV and E
3

a = 1620 

mV (vs NHE) (Figure 65).  

 

Figure 65. Cyclic voltammetry of Cu2L
1

2 in acetonitrile (TEABF4 0.1M), for Cu2
III,II

→ Cu2
II,II

 and Cu2
III,III

→ 

Cu2
III,II

 redox couples with E1/2 = 1218 mV and E
3
a = 1620 mV (vs NHE). 

The redox potential for Cu2
III,III

- Cu2
II,II 

is higher respect to Cu2L2 and seems to be too high 

to accomplished the process of hydrogen peroxide dismutation (+0.28 V and +1.35 V). 

However, in water the redox potentials are shifted to lower values and the bi-electronic 

transition to Cu2
III,III

→ Cu2
II,II

 occur simultaneously at 1180 mV (see Appendix) a potential 

adequate to perform the dismutation process.  
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The SOD performance observed for Cu2L
1
2 (Table 5) show a logkcat(  

  ) = 7.27 with an 

IC50 = 0.14 µM that sets this catalyst as one of the best performing Cu-based complexes for 

its SOD-like activity.
[165] 

The higher activity in comparison with Cu2L2 is attributable to 

different factors: i) the higher redox potential of the Cu
II/I

 redox couple; ii) the more 

accessible copper sites; iii) a higher hydrogen bonding network, due to the presence of the 

secondary amines, that can better assist the processes of proton transfer.
[85,87]

 In addition 

the higher solubility in water of the ligand L
1
 (1 mM) could be useful for an easier 

synthesis in situ like previously reported for Cu2L2. 

The CAT activity of Cu2L
1

2 was tested, like previously, upon incubation with H2O2 (30 

mM) in aqueous borate buffer (BBS, pH= 7.8) and KH buffer (pH=7.4), at 25°C following 

the O2 production with a pressure transducer (Figure 66).
[152] 

The dinuclear complex 

Cu2L
1

2 presents CAT-like activity in borate buffer (50 mM, pH=7.8) with rate, up to 4.4 

µM O2/s (Figure 66), H2O2 conversion up to 40%,  turnover number, TON, up to 60, and 

turnover frequency, TOF up to 1.3 min
-1

. An interesting feature is that for Cu2L
1

2 no lag 

phase was observed confirming that it was related to the access of the substrate to the 

active site, more accessible in Cu2L
1
2 due to the absence of the bulky methyl groups. In 

addition the higher hydrogen bonding network could drive the hydrogen peroxide to the 

active site and facilitate the processes of proton transfer, increasing the reaction rate. The 

complex maintains its activity also in KH buffer and despite a short initial lag phase (~20 

min) and a lower rate it presents a higher stability with rate, up to 1.1 µM O2/s (Figure 66), 

H2O2 conversion up to 75%,  turnover number, TON, up to 110, and turnover frequency, 

TOF up to 0.32 min
-1

. 

 

Figure 66. O2 evolution kinetics by Cu2L
1

2 (200 µmol) upon incubation with H2O2 (30 mM) at 25°C in BBS 

(50 mM pH=7.8) (left) and in KH buffer (pH=7.4) (right). 
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The second order rate constant kH2O2 was also evaluated working in great excess of 

hydrogen peroxide obtaining a kH2O2 = 0.58 M
-1

s
-1

(see Appendix) in agreement with the 

increasing of activity observed. 

Summarising the removal of the -methylene permits to obtain a copper catalyst with more 

accessible active sites, a higher redox potential and a higher hydrogen bonding network 

permitting to obtain a catalyst with both better SOD (three times higher) and CAT (five 

times higher) activities.  

In light of the results obtained a further modification of the ligand L
1
 was planned by the 

insertion of an electron-withdrawing group in the para-position of the phenolic ring. The 

substituent chosen for this scope is the nitro group, obtaining the ligand 2-({[Di(2-

pyridyl)methyl]amino}methyl)-4-nitrophenol (L
2
) (see Appendix). X-ray analysis confirms 

the formation of the di-copper complex analogous to Cu2L
1
2 (Figure 67). 

 

Figure 67. X-ray crystal structure of Cu2L
2

2. 

The structure of Cu2L
2
2, displays like Cu2L

1
2, a distorted octahedral geometry for both 

metal centers, where each copper atom is coordinated by the three nitrogen atoms of the 

tetradentate ligand, while the phenolate ligands act as a bridges between the two metal 

centers and two dimethylformamide molecules complete the coordination sphere. The Cu-

Cu distance and the Cu−O−Cu angle of the two μ bridging phenolate residues are 

respectively 3.03 Å, 99.8° (Figure 67). 

The FT-IR spectrum of the complex shows the ligand coordination to the metal centers by 

the shift, at higher frequencies, of the pyridines and phenol absorptions located at 1600 and 

1575cm
-1 

(see Appendix).
[190] 
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The solution structure of the dinuclear complex is confirmed by ESI-MS and UV-Vis. The 

ESI-MS peaks in water for the molecular ion are 841.2 [Cu2L
2
2+HCO2]

+ 
and 895.1 m/z for 

[Cu2L
2
2+ClO4]

+
 (see Appendix, formic acid was present in the eluent). A fragmentation 

peak at 398.1 m/z attributed to [CuL
2
]

+ 
specie

 
is also observed from the break of the 

dinuclear system in the ion source. 

The UV-Vis spectrum was collected in aqueous medium ([Cu2L
2
2] = 50 µM, PBS 50 mM, 

pH 7.8) (Figure 68). The complex shows an absorption band in the UV-region, with a 

maximum at 256 nm (π-π* transition of pyridines, ε = 21000 M
-1

cm
-1

) and a broad, intense 

absorption with a maximum at 376 nm due to a sum of the ligand to metal charge transfer 

operated by the phenol moieties and the absorption of the nitrophenol itself (ε = 23000 M
-

1
cm

-1
).

[187–189,191]
 The peak maximum is also shifted to higher energy if compared with the 

free ligand L
2 

(max = 411 nm, ε = 14200 M
-1

cm
-1

). A d-d transition at higher wavenumber 

(652 nm, ε = 240 M
-1

cm
-1

) was also observed (Figure 68). 

 

Figure 68. UV-vis spectrum in water of Cu2L
2

2 (50 M). 

The redox properties were determined by cyclic voltammetry (CV) experiments performed 

in buffer solution (Cu2L
2
2 0.5 mM in phosphate buffer, 50 mM, pH = 7.8) and in 

acetonitrile (Cu2L
2

2 0.5 mM) (Figure 69 and 70). In organic media, in reductive scan, the 

complex shows two irreversible cathodic waves at E
1

c = 62 mV and E
2
c = -273 mV (vs 

NHE) attributed respectively to the Cu2
II,II
→ Cu2

II,I
 and Cu2

II,I
→ Cu2

I,I
 redox couples. In 

water (PBS 50 mM, pH = 7.8, TEABF4 0.1M), only one pair of quasi-reversible redox 

peaks were detected E1/2 = 60 mV, meaning that in water, like previously, the two 

processes occur simultaneously at more favourable potential.  



Dinuclear Copper Complexes 

 

99 

 

 

Figure 69. CV of Cu2L
2

2 0.5 mM in CH3CN (TEABF4 0.1 M) (left), E
1
c = 62 mV and E

2
c = -273 mV and CV 

of Cu2L
2
2 0.5 mM in 50 mM phosphate buffer (pH = 7.8, TEABF4 0.1 M) (right), E1/2 = 60 mV. 

The complex Cu2L
2

2 presents a further increase of the Cu2
II,II
→ Cu2

I,I
 redox potential if 

compared with Cu2L
1
2 and this feature should favour the catalytic process of superoxide 

dismutation.
[46,154,166] 

In acetonitrile, at higher potential, other two irreversible waves were detected, that are 

absent in the free ligand CV (see Appendix), thus are attributed to the Cu2
III,II

→ Cu2
II,II

 and 

Cu2
III,III

→ Cu2
III,II

 redox couples with E
1

a = 1.56 V and E
2

a = 2.19 V (vs NHE) (Figure 70). 

 

Figure 70. Cyclic voltammetry of Cu2L2 in acetonitrile (TEABF4 0.1M), for Cu2
III,II

→ Cu2
II,II

 and Cu2
III,III

→ 

Cu2
III,II

 redox couples with E
1

a = 1.56 V and E
2

a = 2.19 V (vs NHE). 

The redox potentials of Cu2
III,III

- Cu2
II,II 

are too high to accomplished the process of 

hydrogen peroxide dismutation (+0.28 V and +1.35 V). However, also for Cu2L
2
2, in 

presence of water the redox potentials are shifted to lower values and the transition 
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Cu2
III,III

→ Cu2
II,II

 occurs around 1.3 V (see Appendix) a potential close to the upper edge of 

the dismutation process.  

The SOD performance observed for Cu2L
2
2 (Table 5) show a logkcat(  

  ) = 7.55 with an 

IC50 = 0.072 µM that sets this catalyst as the best performing Cu-based complexes for its 

SOD-like activity.
[165] 

The higher activity in comparison with Cu2L
1
2 is attributable to the 

higher redox potential of the Cu
II/I

 redox couple.
[85,87]

  

The CAT activity of Cu2L
2

2 was tested, like previously, upon incubation with H2O2 (30 

mM) in aqueous borate buffer (BBS, pH= 7.8) and KH buffer (pH=7.4), at 25°C (Figure 

71).
[152] 

The dinuclear complex Cu2L
2
2 presents CAT-like activity in borate buffer (50 

mM, pH=7.8) with rate, up to 4.3 µM O2/s (Figure 71), H2O2 conversion up to 40%,  

turnover number, TON, up to 60, and turnover frequency, TOF up to 1.3 min
-1

. No lag 

phase was observed also for Cu2L
2

2 confirming that it was related to the access of the 

substrate to the active sites. The catalytic performance are analogue to Cu2L
1

2 meaning 

that an higher redox potential of the copper centers do not favor the process of dismutation. 

In fact the optimal redox potential for the process should be intermediate between the 

potentials of oxidation and reduction of H2O2 (+0.28 V and +1.35 V vs NHE). These data 

also confirm that the increase of performance observed for Cu2L
1
2 is mainly attributable to 

a more accessible catalytic sites and to the higher hydrogen bonding network that facilitate 

the processes of proton transfer and not to the redox potential change.  

 

Figure 71. O2 evolution kinetics by Cu2L
2

2 (200 µmol) upon incubation with H2O2 (30 mM) at 25°C in BBS 

(50 mM pH=7.8) (left) and in KH buffer (pH=7.4) (right). 

The complex maintains its activity also in KH buffer and despite a short initial lag phase 

and lower rate it presents, like Cu2L
1
2, a higher stability with rate, up to 1.0 µM O2/s 

(Figure 71), H2O2 conversion up to 75%,  turnover number, TON, up to 110, and turnover 

frequency, TOF up to 0.31 min
-1

. The second order rate constant kH2O2 was also evaluated 
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working in great excess of hydrogen peroxide obtaining a kH2O2 = 0.57 M
-1

s
-1

(see 

Appendix) analogue to Cu2L
1
2. 

Concluding in this chapter it was demonstrated that with a proper set of ligands it is 

possible to tune the reactivity of a metal center moving from the harmful activity of the 

free copper to a benign catalytic antioxidant. These complexes are the first reported 

examples of dinuclear copper species showing a dual SOD/CAT activity in water under 

physiological-like conditions, with an outstanding SOD-like activity (IC50 up to 0.072 M) 

and a parallel CAT-like activity (Figure 72), which is unprecedented for a Cu2-based 

catalyst. These activities are also coupled with no external prooxidant activity thanks to the 

intra-molecular sacrificial scavenger. This approach permit also a fine tuning of the 

activity of the species, by introducing bulky group and substituents in to the phenol ring in 

fact is it possible to modulate the lag phase and the SOD/CAT performances (Table 7). In 

particular the outstanding performance obtained for Cu2L
2
2 make this synzyme an 

alternative to manganese porphyrins as antioxidant for therapeutic purpose considering the 

analogous SOD performance and the higher stability to oxidative bleaching, coupled also 

with relevant CAT-like activity.
[19,154,210]

  

 

Figure 72. Comparison of O2 evolution kinetics by [Cu2L2]
2+

, [Cu2L
1
2]

2+
 and [Cu2L

2
2]

2+
 (200 µmol)  upon 

incubation with H2O2 (10 mM) in BBS (50 mM pH=7.8). 
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Table 7. Catalytic performances for di-copper dual SOD/CAT synzymes. 

Catalysts E½/mV
a  

vs NHE SOD activity
 b

 CAT activity
 c
 

 Cu2
II,II/I,I

 Cu2
III,III/II,II

 
IC50 

(M) 
logkcat(  

  ) 
R0  

(µM O2/s) 

TOF 

 (min
-1

) 

kH2O2 

(M
-1

s
-1

) 
TON 

[Cu2L2]
2+

 -161 +967 0.40 6.80 0.87
c
; 0.51

d
  0.26

c
; 0.16

d
 0.26 52

c
; 110

d
 

[Cu2L
1
2]

2+
 -55 +1180 0.14 7.27 4.4

c
; 1.1

d
 1.3

c
; 0.32

d
 0.58 60

c
; 110

d
 

[Cu2L
2
2]

2+
 +60 +1310 0.07 7.55 4.3

c
; 1.0

d
 1.3

c
; 0.31

d
 0.57 60

c
; 110

d
 

a E1/2 is measured in 0.05 M phosphate buffer, pH 7.8, 0.1 M NaCl; b SOD activity is measured by cyt c assay; c  

Measured in BBS 50 mM pH=7.8 at 25 °C. d Measured in KH buffer 50 mM pH=7.4 at 25 °C. 
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4. Iron and Cobalt complexes  
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4.1 Iron complexes 
The polydentate ligand (HL = 2-{[[di(2-pyridyl)methyl] (methyl)amino]methyl}phenol) 

has shown a specific binding affinity towards first row transition metals, yielding dinuclear 

manganese and copper complexes. 
[211] 

 We have further explored the case of iron species.
  

Two different iron complexes, could be obtained by the reaction of the HL ligand, with 

different iron precursors (Scheme 14).
[212]

  

 

Scheme 14. Synthesis of iron based complexes, structures based on crystallographic data. 

A mononuclear iron complex has been isolated by using Fe(III) chloride followed by the 

addition of triethylamine (see Experimental Section).
[149]

 Solid state characterization (FT-

IR and X-ray) confirms  Fe(III)-monomer (Scheme 14). 

X-ray analysis of FeL(Cl)2 shows a highly distorted octahedral geometry for the metal 

centre, where the Fe(III) atom is coordinated in a facial configuration by the three nitrogen 

atoms of the tetradentate ligand, while the phenolate and chloride ligands complete the 

coordination sphere (Figure 73).  

 

Figure 73. X-ray crystal structure of FeL(Cl)2. 
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The complex presents strong IR bands at 1604 and 1600 cm
-1

 assigned to pyridine and 

phenolate absorptions in the FeL unit (Figure 74). 

 

Figure 74. Comparison of the FT-IR spectra of FeL and Fe2L2. 

The dinuclear iron complex could be obtained with the same protocol but using Fe(III) 

perchlorate instead chloride (see Experimental Section). Formation of a Fe2L2 dimer is 

confirmed by FT-IR and X-ray analysis. 

 

Figure 75. X-ray crystal structure of Fe2L2(-OH)(H2O)2. 

X-ray analysis of Fe2L2 shows the formation of a dimer constituted by the joining of two 

FeL
2+

 units operated by a μ-(OH) bridge. The coordination sphere is completed by the 

binding of a water molecule for each iron centre. The Fe-O distance and the Fe−O−Fe 
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angles of the μ-(OH) bridge are respectively 1.95 Å and 127.2° whereas the Fe-Fe distance 

is 3.50 Å (Figure 75). The overall structure is stabilized by a wide hydrogen bonding 

network constituted by the interaction between crystallization and coordination water 

molecules among them, with the phenols and the μ-(OH) bridge (second coordination 

sphere of water molecules were al detected). The structure of this complex is different if 

compared with the Mn2L2Ac and Cu2L2 analogues, this is due to the propensity of the 

Fe(III) to form μ-(OH) and μ-(O) bridges, like reported for several iron based complexes, 

despite form μ-phenolate bridges.
[212–215]

  

The dinuclear complex Fe2L2 presents strong IR band at 1607 and 1598 cm
-1

 assigned to 

pyridine and phenolate absorptions in the FeL unit although the peaks are shifted if 

compared with FeL, meaning that a different structure was obtained. In particular a strong 

band associated to the Fe-O-Fe asymmetric stretching was detected in the fingerprint 

region at 765 cm
-1

 (see Appendix).
[216]

 

The structural differences between the monomeric and dimeric form of the iron complexes 

are maintained only in the solid state and in organic solution. When dissolved in 

acetonitrile in fact FeL and Fe2L2 show different spectra in particular in the 300-800 nm 

region (Figure 76 and Appendix).  

 

Figure 76. UV-vis spectra of FeL (140 M) (left) and Fe2L2 (75 M) (right) in acetonitrile. 

FeL presents two absorptions with a maximum at around 358 nm due to the ligand to metal 

charge transfer (LMCT, ε = 6970 M
-1

cm
-1

) pπ → dσ* transitions from the phenolate to the 

metal and another band at higher wavelength 580 nm (ε = 1700 M
-1

cm
-1

) attributable to 

pπ→ dπ* transitions again from the phenolate to the Fe(III) metal center.
[217–219]  

Fe2L2 instead presents two absorptions with one maximum at around 345 nm due to the 

ligand to metal charge transfer (LMCT, ε = 7410 M
-1

cm
-1

) pπ → dσ* transitions from the 



Iron and Cobalt Complexes 

110 

 

phenolate to the metal and the other band observed at higher wavelength 604 nm (ε = 3430 

M
-1

cm
-1

) attributable to pπ → dπ* transitions from the phenolate to the Fe(III) metal center 

in the dimeric unit.
[217–219]

 

When water (10 % v/v) was added to the organic solution of FeL some spectral changes 

were observed. The intensity of the lower (max = 358 nm) LMCT band decrease and the 

other (max = 580 nm)  is red shifted. This phenomena is simply due to the interconversion 

of the monomer FeL into the dimer Fe2L2 that occur in presence of water (Figure 77).  

 

Figure 77. Comparison of the UV-vis spectra of FeL (140 M) in acetonitrile before and after addition of 

10% of H2O (left) and comparison with Fe2L2 (75 M) (right) in acetonitrile. 

The relative intensity of the bands in pure acetonitrile and in presence of water are 

different due to in large part to hydrogen-bonding interactions between the solvent and the 

oxo-oxygen atoms. In the present case the decrease of the absorbance in the visible region 

is caused by the addition of small amounts of water.
[220]

  

Regarding the dimer Fe2L2 in ACN:H2O (90:10) a colour change from blue to pink was 

observed after few minutes. This change is attributable to a pH variation of the solution 

and consequently to another equilibrium involving the Fe2L2, in particular due to the 

protonation of the bridging oxygen (see X-ray structure Figure 75). This hypothesis was 

confirmed by the addition of a small acid aliquot to the ACN:H2O solution. In this 

condition the LMCT of Fe2L2 are shifted respectively to 328 nm (ε = 10900 M
-1

cm
-1

) and  

499 nm (ε = 3780 M
-1

cm
-1

) (see Appendix).  

When the crystals of FeL and Fe2L2 are dissolved in water instead the formation of the 

same specie was observed independently of the starting compound.
[212]

 To evaluate this 

behaviour the two species were studied in solution by UV-vis and ESI-MS analysis both in 

acetonitrile and in water at different pH. 
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The ESI-MS analysis of the solution reveals that the dimer, with peaks at 368, 398 and 795 

m/z, that are respectively attributed to [Fe2L2]
2+

, [Fe2L2+H
+
+H2O+ACN]

2+
 and 

[Fe2L2+H2O+ACN]
 +

,
 
is the only specie detected in organic solution independently by the 

starting iron complex. In contrast with the UV-vis analysis in organic solution, this result 

could be explained considering that in the ESI-MS there are always present traces of water 

and acids that are sufficient to interconvert the greater part of the monomer FeL in to the 

dimer Fe2L2.        

Moving from organic to aqueous solution the situation becomes more complicated. In 

water the monomer-dimer equilibrium is dictated by the pH with two main colour changes 

observed moving from acidic (blue) to basic solution (pale yellow) associated with a blue 

shift of the maximum of LMCT bands (Figure 78). 

 

Figure 78. UV-vis spectra for Fe2L2 (60 M) in water at different pH. 

These spectral changes are attributable to structural changes of the complex in solution. 

This hypothesis was confirmed by ESI-MS analysis of the complex at different pH.
[212]

 The 

ESI-MS analysis in acid conditions (pH = 3) shows that the more stable specie is the 

monomer, responsible to the blue colour,  with the correspondence peaks at 377, 395 and 

462  m/z associated respectively to [FeL]
2+

 plus hydroxide, chloride and perchlorate (see 

Appendix). At higher pH the colour turns to pink around pH= 7. This variation is 

associated to a change in the assembly of the iron complex that moves from the monomeric 

form in the acidic conditions to the dimeric form, prevalent in the organic solution, as 

confirmed by the ESI-MS peaks at 781 and 835 m/z (see Appendix). A further increase of 

the pH, around 9, is associated to another change of the solution colour that turned pale 

yellow followed by the formation of a brown precipitate. This change is associated to the 
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demetallation of the iron complex in alkaline conditions with the simultaneous formation 

of iron hydroxide. As expected, the ESI-MS recorded at pH = 9 shows no peaks associated 

to the monomeric and dimeric species and the presence of four new peaks at 1331, 1001, 

677, 350 m/z differing for 327 m/z each one, are associated to the chelation of the Na
+
 by 

the ligand, forming polinuclear clusters. The peaks observed are ascribed respectively to 

the molecular ions [Na5L4]
+
, [Na4L3]

+
, [Na3L2]

+
 and [Na2L]

+
. Smaller peaks related to K

+   

chelation were also observed (see Appendix). 

It is important to underline that all the species detected at various pH are in equilibrium 

and interconvert by tuning the pH, whereby the dimeric Fe2L2 turns out to be formed again 

from iron hydroxide and the ligand-sodium clusters that are present in solution upon 

addition of NaOH at pH>9 (Scheme 15). 

 

Scheme 15. Reversible interconversion and speciation of the iron complex in aqueous media at different pH. 

The redox properties of FeL and Fe2L2 were determined by cyclic voltammetry (CV) 

experiments performed in buffer solution (0.5 mM in ACN, TBAClO4 0,1 M).  

In the oxidative scan,  FeL shows an irreversible anodic wave E
2

a = 1.49 V (vs NHE) due 

to a ligand based process.
 [221] 

In addition another low intensity wave E
2

a = 1.17 V (vs 

NHE) is attributable to the Fe
III

 → Fe
IV 

oxidation process (Figure 79). In the reductive 

scan,  under analogous  experimental conditions the mononuclear complex shows a 
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quasireversible peak E1/2 = -16 associated to the monoelectronic Fe
III

 → Fe
II
 reduction.

 

Figure 79. CV of 0.5 mM FeL in CH3CN (TBAClO4 0.1 M). The anodic peak E
1

a = 1170 is ascribed to 

monoelectronic Fe
III

 → Fe
IV

 oxidation. The cathodic peak E1/2 = -16  is ascribed to monoelectronic Fe
III

 → 

Fe
II
 reduction. 

The cyclic voltammetry of Fe2L2 shows several peaks attributable to the iron-centered 

redox couples both in the oxidation and  in reduction scans(Figure 80). In the oxidative 

scan, Fe2L2 shows two irreversible peaks at Ea
1
 = 1310 and Ea

2
 = 1470 mV (vs NHE) 

attributable respectively to the Fe2
III,III

-Fe2
IV,III

 and Fe2
IV/III

-Fe2
IV,IV 

redox couples and 

another irreversible peak at Ea
3
 = 1695 mV due to a ligand based process.

[221]
 In reductive 

scan,  under the same experimental conditions the dinuclear complex shows two quasi-

reversible peaks with E1/2 = 257 mV and E1/2 = 12 mV associated respectively to the 

monoelectronic reduction of the Fe2
III,III

-Fe2
III,II

 and Fe2
III/II

-Fe2
II,II 

redox couple and one 

irreversible peak Ec
5
 = -345 mV that can be ascribed to the complex reduction to the 

Fe2
II/II

-Fe2
II,I

 redox state.
[217] 

Another peak at lower potential, Ec
4
 = -614 mV, corresponds 

to a ligand based process. 
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Figure 80. CV of 0.5 mM Fe2L2 in CH3CN (TBAClO4 0.1 M). The anodic peak E
1

a = 1310 is ascribed to 

monoelectronic Fe2
III,III

 → Fe2
IV,III

 oxidation and the second E
2
a = 1470 mV to Fe2

IV,III
→ Fe2

IV,IV 
oxidation. 

The cathodic peak E1/2 = 257  is ascribed to monoelectronic Fe2
III,III

 → Fe2
III,II

 reduction, the second E1/2 = -28 

mV to Fe2
III/II

-Fe2
II,II

 reduction and peak Ec
5
 = -360 mV ascribed to the complex reduction to the Fe2

II/II
-

Fe2
II,I

 redox state. 

Table 8. Redox processes of Fe2L2 (0.5 mM) in ACN (TBAClO4 0.1 M). 

 Fe2
IV/IV

-

Fe2
IV,III

 

Fe2
IV/III

-

Fe2
III,III

 

Fe2
III/III

-

Fe2
III,II

 

Fe2
III/II

-

Fe2
II,II

 
Fe2

II/II
-Fe2

II,I
 Ligand 

Ea (mV) +1470 +1310 +206 -36 -360 +1695  

Ec (mV) - - +308 +62 - 1120;-614 

E1/2 (mV) - - +257 +12 - - 

 

FeL and Fe2L2 were screened as anti-oxidant catalysts, considering that under 

physiological conditions the dimeric form would be prevalent. The screening of SOD-like 

activity, despite the suitable Fe2
III/II

 redox potential, does not show any relevant activity 

with a value of logkcat < 5 and so it is not detectable with cyt c assay and too low to be 

considered of interest for possible applications. In addition iron species could be  directly 

involved into harmful Fenton-like radical reaction.
[2]

 

Fe2L2 does not shows also relevant CAT-like activity under the screened conditions, 

indeed the redox couple, Fe2
IV/IV

-Fe2
III/III

, in water (see Appendix), displays a too high for 

H2O2 dismutation(the intermediate potential should fall between the O2/H2O2 and 
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H2O2/H2O couples which are respectively 0.28 and 1.35 V). For these reasons this system 

is not of interest for SOD or CAT-like properties. 

On the other hand the high redox potential and the presence of vacancies in the 

coordination sphere of the iron centers, accessible to water and to other substrates, make 

this complex an interesting catalyst for water oxidation and/or for the oxidation of organic 

substrates like alcohols .
[215,221]

   

To evaluate the activity of the iron complexes in the water oxidation (WO) reaction some 

cyclic voltammetry were conducted in organic media (acetonitrile) in presence of small 

amounts of  added water (Figure 81). 

  

Figure 81. CV of FeL 0.5 mM on left and Fe2L2 0.5 mM on right in CH3CN (TBAClO4 0.1 M) (red) and in 

CH3CN  in presence of 2 M of H2O (blue). 

As shown in Figure 81,addition of H2O 2 M (~10% v/v) to the acetonitrile solutions of 

FeL to Fe2L2 results in similar CV traces (blue line), which is consistent with the expected 

prevalence of the dimeric form in the CH3CN-H2O solution. The ligand anodic wave is 

shifted to lower potential E = 1.46 V, in addition another more intense wave was observed 

at potential E > 1.75 V (vs NHE) that could be attributed to water oxidation suggesting a 

catalytic activity for the of dimeric complex Fe2L2. 

On the basis of these preliminary results the CV for both iron complexes were performed 

in mixed solvent ACN:H2O (50:50) at controlled pH, in this way it is possible to 

discriminate the activity of the monomeric and the dimeric catalyst.  

In particular as additive to the CH3CN solution, acidic water  ( H2SO4 0.1M , pH = 1) was 

used to stabilize the monomer FeL while a  PBS buffer, (0.1M , pH = 7) was used to 

favour the dimeric form Fe2L2. Under these conditions, the CV of the monomeric FeL in 

acidic conditions shows an anodic wave Ea= 1.62 V (vs NHE) attributable to the ligand 
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oxidation (Figure 82), while no other processes were detected at higher potential, this 

indicate that the monomer FeL is inactive in the process of WO. 

Regarding the solution of the dimer under neutral conditions the first peak attributed to the 

ligand is set at Ea= 1.28 V (vs NHE) at potential significantly lower if compared with the 

corresponding peak under acidic conditions. Furthermore an additional anodic process 

starts at higher potential E = 1.4 V  with a peak at 2.06 V (vs NHE) (Figure 82).  

 

Figure 82. CV of FeL 0.5 mM in ACN:H2SO4 0.1 M (50:50) on left and Fe2L2 0.5 mM in ACN:PBS 0.1 M 

pH 7 (50:50). The blank is represented by the black line. 

The wave intensity is ascribable to catalytic water oxidation for which it is possible to 

estimate an overpotential of 0.58 V from the difference between the onset potential (1.4 V) 

and the potential for the couple O2/H2O (0.82 V vs NHE at pH 7). 

This overpotential is higher if compared with the di-iron complex [(ppq)(OH2)Fe(-

O)Fe(Cl)ppq)]
3+

 (Table 9) for which is reported an overpotential of about 280 mV 

although the screening conditions are different.
[222]

   

Table 9. Benchmark iron based electro-catalysts for water oxidation. 

Catalyst Conditions 
Overpotential 

(mV) 

TOF 

(s-1) 
TON Ref. 

Fe2L2 
ACN:PBS (1:1) 

(pH 7) 
580 / / this work 

[Fe
II
(N4Me2)(ACN)2]

2+
 

CF3SO3H 

(pH 1 ) 370 / / [223] 

[Fe
III

(dpaq)(H2O)]
2+

 PC
a
/8% H2O / / 29 [221] 

[(ppq)2(OH2)Fe(-O)(Cl)]
3+ 

PBS 

(pH 1) 
276 / / [222] 

[Fe
II

4Fe
III

(3-O)(-L)6]
3+

 

CH3CN/H2O 

(10:1) 
/ 1900 10

6
-10

7
 [224] 

a 
PC: propylene carbonate.       
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However, considering the extremely low number of iron based electro-catalysts for water 

oxidation reported in literature (Table 9) the reported activity is interesting. In particular 

the activity of the dimer Fe2L2 suggests a synergistic effect of the two metal centres in the 

catalytic process.   

In addition the wave observed in reduction under 0 mV for the Fe
II/I

 redox couple is also 

promising for catalytic proton reduction processes like reported for other iron 

complexes.
[217]

 Di-nuclear iron complexes can be considered as the synthetic analogues of 

iron hydrogenase cores.
[225]

      

To evaluate the activity of the di-iron complexes in the proton reduction cyclic 

voltammetry were conducted in organic media (acetonitrile) in the presence of small 

amounts of water (Figure 83). 

 

Figure 83. CV of Fe2L2 0.5 mM in CH3CN (TEABF4 0.1 M) in presence of increasing amounts of H2O. 

The catalyst shows an increasing of a high anodic current upon addition of water, up to 1.2 

mV, associated with a shift of the onset potential to higher potential. The process is 

accompanied with a vigorous bubble evolution on the electrode surface. The unpolished 

test reveals that no deposition of active species occur during the catalytic process.  

On the basis of these preliminary results the CV were performed in mixed solvent 

H2O:ACN (85:15) at controlled pH = 7 (PBS 5 mM, TEABF4 0.1 M) (Figure 84) to verify 

if the activity is maintained in water. 
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Figure 84. CV of Fe2L2 0.5 mM in ACN:PBS (5 mM pH 7) (15:85).  

The complex Fe2L2, maintains its activity also in aqueous media with an onset potential at    

-1.52 V and an overpotential of 1.1 V (-0.41 V vs NHE at pH 7). However the unpolished 

test reveals the deposition of an active specie on the electrode surface ascribable to catalyst 

deposition.   

The preliminary results obtained in the reaction of proton reduction are very promising 

considering that were obtained using directly water at pH 7, a very weak proton source that 

usually requires harder conditions if compared with the organic acids commonly used in 

literature (Table 10).
[226–229]

  

Table 10. Electrochemical data for water-compatible iron catalysts for hydrogen evolution. 

Catalyst 
Fe

n+
/Fe

n-1
 

(V vs NHE) 

Applied potential 

(V vs NHE) 

Conditions Reference 

[Fe2L2]
2+

 - 1.52
a
 PBS(pH 7):ACN (85:15) this work 

Fe2[1-(PTA·H
+
)2] -1.38 -1.70 HAc, 1:3 H2O–ACN [228] 

Fe2[2-PTA] -1.70
b
 -1.63

b
 HAc, 1:3 H2O–ACN [227] 

Fe2[3-(PMe3)2]  - -1.26 ACN spiked with H2O [226] 

Fe2(bdt)(CO)6 - -0.66 HAc, pH 3 water [229] 

a Onset potential; b Potentials were referenced to Ag/AgNO3. 
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However further studied are needed to evaluate the activity of the complex under different 

conditions, in particular at more acid pH to favor the process of proton reduction and also 

with the use of organic acid to better understand the mechanism of reaction. 

4.2 Cobalt complexes  

A dinuclear cobalt(II) complex has been isolated by mixing methanolic ligand and Co(II) 

perchlorate solution followed by the addition of acetic acid and triethylamine (see 

Experimental Section).
[149]

 Solution (ESI-MS, UV-vis and CV) and solid state 

characterizations (FT-IR and X-ray) confirm a Co(II)-dimer. 

X-ray analysis of Co2L2Ac shows, like for Mn2L2Ac, a highly distorted octahedral 

geometry for both metal centres, where each Co(II) atom is coordinated in a facial 

configuration by the three nitrogen atoms of the tetradentate ligand, while the phenolate 

and acetate ligands act as a bridge between the two metal centres (Figure 85). In particular, 

the carboxylate anion exhibits a syn–syn μ η
1
 η

1 
bridging configuration, whereby the Co-

Co distance and the Co−O−Co angles of the two μ bridging phenolate residues are 

respectively 3.07 Å, 96.7° and 95.2 ° (Figure 85). 

The synthesis could be also accomplished in the same conditions but without adding acetic 

acid. The complex obtained is again a dinuclear Co(II) complex, with a structure similar to 

Cu2L2 (Figure 85). The crystal structure of Co2L2, displays an inversion center and shows 

a dinuclear cobalt(II) complex where a tetra-dentate N3O donor set is provided by the bis-

pyridine, amino and μ-oxo phenolate groups of the ligand. Co2L2 shows a distorted 

octahedral geometry for both metal centers, where each cobalt atom is coordinated by the 

three nitrogen atoms of the tetradentate ligand in a facial configuration, while the phenolate 

ligands act as a bridges between the two metal centers and two coordination methanol 

complete the coordination sphere. The equatorial plane is approximately defined by two 

cobalt centers, two oxygen atoms from the phenol molecules, one pyridine nitrogen atom 

and one amine nitrogen atom from the ligands. Considering this equatorial plane, each 

cobalt atom presents an apical position occupied by the other pyridine nitrogen atom, while 

the other apical positions by a methanol molecule. The Co-Co distance and the Co−O−Co 

angles of the two μ bridging phenolate residues are respectively 3.15 Å, 100.4° (Figure 

85). 



Iron and Cobalt Complexes 

120 

 

 

Figure 85. X-ray crystal structure for Co2L2Ac (left) and Co2L2 (right). 

The dinuclear complexes present the same strong IR bands at 1602 cm
-1

 assigned to 

pyridine and phenolate absorptions in the Co2L2 unit and Co2L2Ac presents also two strong 

absorptions at 1572 and 1447 cm
-1

 associated to the stretching of the bridging carboxylate 

(Figure 86 and Appendix). 

 

Figure 86. Comparison of the FT-IR spectra of Co2L2 and Co2L2Ac. 

The structures in solution of the dinuclear complexes are confirmed by ESI-MS and UV-

vis. The signals obtained with ESI-MS for the molecular ions are 771.0 [Co2L2+HCO2]
+ 

, 

785.0 [Co2L2Ac]
+
 and 825.0 m/z for [Co2L2+ClO4]

+
 (see Appendix, formic acid was 

present in the eluent). A fragmentation peak at 363.2 m/z attributed to [CoL]
+ 

specie
 
is also 

observed for the break of the dinuclear system in the ion source. 
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The UV-Vis spectra were collected in organic medium (50 µM, CH3CN) (Figure 87). The 

complexes show similar absorptions in the UV-region, with a maximum at 246 nm (ε = 

24300 M
-1

cm
-1

) for Co2L2Ac and at 242 nm (ε = 20250 M
-1

cm
-1

) for Co2L2 assigned to π-

π* transitions of pyridines shifted to lower wavelength respect to the free ligand. Other 

weaker absorptions in the UV region where detected under 300 nm and for Co2L2 also a 

weak broad band above 400 nm ascribable to a LMCT (Figure 87). 

 

Figure 87. UV-vis spectra of Co2L2Ac (left) and Co2L2 (right)  (50 M) in acetonitrile. 

The redox properties of Co2L2 and Co2L2Ac were determined by cyclic voltammetry (CV) 

experiments performed in buffer solution (0.5 mM in ACN, TEABF4 0,1 M).  

In the oxidative scan,  Co2L2 shows several peaks attributable to cobalt redox couples 

(Figure 88), a quasi-reversible peak at E1/2 = 672 mV (vs NHE) is attributable to the 

Co2
III,II

-Co2
II,II

 oxidation and another irreversible peak Ea
2
 = 1480 mV (vs NHE) is 

attributable to the Co2
III,III

-Co2
III,II 

redox couple. At higher potential the other irreversible 

peak detected at Ea
3
 = 1630 mV is due to a ligand based process.

[221]
 In the same conditions  

Co2L2Ac shows an irreversible wave E
1

a = 1080 mV (vs NHE) attributable to the Co2
III,II

-

Co2
II,II 

oxidation process and another irreversible wave E
2

a = 1548 mV, attributable to the 

Co2
III,III

-Co2
III,II 

redox couple, overlapped with the ligand oxidation E
3
a = 1690 mV (Figure 

88).  

Comparing the two CVs, it is clear that the presence of the bridging carboxylate generates 

a consistent shift to higher potential (~ 200 mV) of the Co2
III,II

-Co2
II,II

 redox couple, in 

addition the lower reversibility of the peaks of Co2L2Ac is consistent with a modification 

in the coordination sphere of the cobalt core, probably due to a change in the carboxylate 

bridge coordination.    
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Figure 88. CV of 0.5 mM Co2L2 (left) and Co2L2Ac (right) in CH3CN (TEABF4 0.1 M). For Co2L2 the 

anodic peak E1/2 = 672  is ascribed to monoelectronic Co2
III,II

 → Co2
II,II

 oxidation and the second E
2

a = 1480 

mV to Co2
III,III

→ Co2
III,II 

oxidation. For Co2L2Ac the anodic peak E
1

a = 1080  is ascribed to monoelectronic 

Co2
III,II

 → Co2
II,II

 oxidation and the second E
2

a = 1548 mV to Co2
III,III

→ Co2
III,II 

oxidation. The anodic peak 

E
3
a is a ligand based process. 

Table 11. Redox processes of Co2L2 (0.5 mM) in ACN (TEABF4 0.1 M). 

 Co2
III,III

-

Co2
III,II

 

Co2
III,II

-

Co2
II,II

 

Co2
II,II

-

Co2
II,I

 
Co2

II,I
-Co2

I,I
 Ligand 

Ea (mV) +1480 +864 - - +1630, -1391  

Ec (mV) - +480 -1228 -1372 +1257, -1850, -1588 

E1/2 (mV) - +672 - - - 

 

Table 12. Redox processes of Co2L2Ac (0.5 mM) in ACN (TEABF4 0.1 M). 

 Co2
III,III

-

Co2
III,II

 

Co2
III,II

-

Co2
II,II

 

Co2
II,II

-

Co2
II,I

 
Co2

II,I
-Co2

I,I
 Ligand 

Ea (mV) +1548 +1080 - - +1690, -89  

Ec (mV) - - -620 -1557 +1230, -1099, -731 

E1/2 (mV) - - - - - 

 

In the reductive scan, under analogous  experimental conditions, Co2L2 shows two 

irreversible peaks attributable to cobalt redox couples (Figure 89), Ec
1
 = -1228 mV (vs 

NHE) is attributable to the Co2
II,II

-Co2
II,I 

redox couples and Ec
2
 = -1372 mV (vs NHE) is 

attributable to the Co2
II,I

-Co2
I,I 

redox couples. At lower potential the other irreversible 

peaks detected at Ec
3
 = -1588 mV and  Ec

4
 = -1850 mV are due to a ligand based processes. 

In the same conditions Co2L2Ac shows some weak irreversible waves attributable to cobalt 
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redox couples (Figure 89), Ec
1
 = -620 mV (vs NHE) is attributable to the Co2

II,II
-Co2

II,I 

redox couples and Ec
2
 = -1372 mV (vs NHE) is attributable to the Co2

II,I
-Co2

I,I 
redox 

couples. At intermediate potential the other irreversible peaks detected at Ec
3
 = -731 mV 

and  Ec
4
 = -1099 mV are due to a ligand based processes. 

 

Figure 89. CV of 0.5 mM Co2L2 (left) and Co2L2Ac (right) in CH3CN (TEABF4 0.1 M). For Co2L2 the 

cathodic peak E
1

c = -1228 mV  is ascribed to monoelectronic Co2
II,II

 → Co2
II,I

 reduction and the second E
2
c = -

1372 mV to Co2
II,I
→ Co2

I,I 
reduction. For Co2L2Ac the cathodic peak E

1
c = -620  is ascribed to monoelectronic 

Co2
II,II

 → Co2
II,I

 reduction and the second E
2
c = -1557 mV to Co2

II,I
→ Co2

I,I 
reduction.  

These Co-complexes like the iron ones do not show SOD or CAT-like activity under the 

screened conditions and are not of interest for their anti-oxidant properties. On the other 

hand the high redox potential of the species and the presence of vacancies in the 

coordination sphere of the complexes, accessible to water, make these complexes an 

interesting catalysts for the process of water oxidation.
[230,231]

 To evaluate the activity of 

the two cobalt complexes in the water oxidation (WO) reaction some cyclic voltammetry 

were conducted in organic media (acetonitrile) in presence of small amounts of water 

(Figure 90). 

 

Figure 90. CV of Co2L2 0.5 mM (left) and Co2L2Ac 0.5 mM (right) in CH3CN (TEABF4 0.1 M) with 

increasing amounts of H2O. 
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As shown in Figure 90 with the addition of increasing amounts of H2O to the acetonitrile 

solutions of the two complexes a shift to lower redox potential for the Co2
III,III

-Co2
III,II 

and 

Co2
III,II

-Co2
II,II

 was observed. This effect is more evident on the CV of Co2L2Ac where the 

Co2
III,III

-Co2
III,II

 redox wave is shifted (Table 12) at 1360 mV and the Co2
III,II

-Co2
II,II 

at 870 

mV (vs NHE). This shift is also accompanied with an increase in the reversibility of the 

redox process like previously reported for Mn2L2Ac. Concerning the anodic wave 

attributed to the ligand his peak is shifted to lower potential Ec = 1600 mV. In addition 

another more intense wave was observed at potential E > 1.70 V (vs NHE) that could be 

attributed to water oxidation process suggesting a catalytic activity for the dimeric cobalt 

complexes. 

On the basis of these preliminary results, the CV for both cobalt complexes were 

performed in aqueous media (PBS 0.2 M, pH = 7). Concerning the CV of the dimer Co2L2 

the first peak attributed to the Co
III/II

 redox couple is set at 745 mV and the ligand wave is 

shifted at E= 1370 mV (vs NHE) a potential significantly lower if compared with the same 

peaks in organic media. Furthermore an additional anodic wave starts at higher potential E 

= 1.5 V (Figure 91). This wave ascribable to a catalytic oxidation process, cannot be 

associated to the catalyst, in fact as highlighted by the unpolished test it is associated with 

cobalt oxide CoOx deposition on the electrode, active in the WO process, meaning that the 

catalyst is not stable under the screening conditions and release cobalt that is oxidized and 

deposited on the electrode surface like previously reported for other systems in 

literature.
[232]

  

 

Figure 91. CV of Co2L2 0.3 mM (left) and Co2L2Ac 0.3 mM (right) in PBS 0.2 M (pH = 7). The blank is 

represented by the black trace and the unpolished test by the blue trace. 
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Regarding the CV of Co2L2Ac the first peak attributed to the Co
III/II

 redox couple is set at 

795 mV and the ligand wave is shifted at E= 1400 mV at potential significantly lower if 

compared with the same peak in organic media. In addition an anodic process starts at 

higher potential E = 1.4 V  (vs NHE) (Figure 91). The wave intensity is ascribable to 

catalytic water oxidation for which it is possible to estimate an overpotential of 460 mV 

from the difference between the onset potential (1.28 V) and the potential for the couple 

O2/H2O (0.82 V vs NHE at pH 7). The test unpolished confirm also the activity and the 

stability, probably conferred by the carboxylate bridge, of the molecular catalyst with no 

cobalt oxides deposition on the electrode. 

The complex Co2L2Ac shows interesting feature in WO reaction and in perspective a 

deeper study of its properties seems fundamental. A coupled analysis made by 

spectroelectrochemistry and electrolysis could permit to better describe the processes 

involved and to quantify the oxygen production.   

Concerning the waves observed in reduction for the Co2
II,II/I,I

 redox couple seem promising 

for catalytic proton reduction processes like reported for other cobalt complexes.
[49]

 Cobalt 

complexes do not have natural hydrogenases analogues, however the majority of the 

reported small-molecule metal catalysts in aqueous media employ cobalt centers.
[233] 

The 

ultimate objective for these systems is to use water as a feedstock, although often are not 

soluble or stable in aqueous environments.
[234]

 

For these reasons the activity of the cobalt complexes in proton reduction was screened in 

organic media (acetonitrile) in presence of small amounts of water (Figure 92 and 93). 

 

Figure 92. CV of Co2L2 0.5 mM in CH3CN (TEABF4 0.1 M) in presence of increasing amounts of H2O. 
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Figure 93. CV of Co2L2Ac 0.5 mM in CH3CN (TEABF4 0.1 M) in presence of increasing amounts of H2O. 

The catalysts show an increasing high anodic current upon addition of water, up to 1.7 mV, 

associated with a shift of the onset potential to a more favourable potential. The process is 

accompanied by a vigorous bubble evolution on the electrode surface. The unpolished test 

reveals that no deposition of active species occur during the catalytic process.  

On the basis of these preliminary results the CV were performed in water (H2O:ACN, 9:1) 

at controlled pH = 7 (PBS 5 mM, TEABF4 0.1 M) (Figure 94) to verify if the activity is 

maintained in water. 

 

Figure 94. CV of Co2L2 0.5 mM (left) and Co2L2Ac 0.5 mM in ACN:PBS (5 mM pH 7) (1:9). 

In water the redox couples are shifted to a more favourable potential and the bi-electronic 

transition to Co2
III,III

→ Co2
II,II

 seems occur simultaneously at -1.27 V. The complexes, 

maintain their activity also in aqueous media with an onset potential at -1.38 V for both the 

species with an overpotential of 0.97 V (-0.41 V vs NHE at pH 7). However the unpolished 

test reveals the deposition of an active specie on the electrode surface ascribable to catalyst 
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deposition. The CV of the complexes are really similar in water suggesting a possible lost 

of bridging carboxylate and the presence of only Co2L2 as active specie in aqueous 

solution. 

The preliminary results obtained in the reaction of proton reduction are promising 

considering that were obtained using directly water as proton source at pH 7, however 

further studied are needed to evaluate the activity of the complexes under different 

conditions, in particular at more acid pH to favor the process of proton reduction and also 

with the use of organic acids to better understand the mechanism of reaction.
[49,234]

  

Table 13. Electrochemical data for water-compatible cobalt catalysts for hydrogen evolution. 

Catalyst 
Co

II
/Co

I
 

(V vs NHE) 

Applied potential 

(V vs NHE) 

Conditions Reference 

[Co2L2]
2+

 -1.27 -1.38
a
 PBS(pH 7) this work 

[Co(cyclam)]
2+

 - -1.36 H2O [235] 

[Co(diammac)]
3+

 - -0.79 PBS (pH 7) [236] 

[Co(dpg)3(BF)2]
+
 - -0.75 PBS (pH 7) [237] 

[(PY5Me2)Co]
2+ -1.00 -1.30 PBS (pH 7) [238] 

[Co(DPA-Bpy)]
2+ -0.90 -1.40 PBS (pH 7) [239] 

a Onset potential. 
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5.  Anti-fouling Membranes 
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5.1 Membrane Filtration Processes 

The membrane filtration processes can be defined as separations that employ a 

semipermeable membrane for split the supply into two portions: the filtrate, which consists 

in the material passing through the membrane (permeate), and the material that is retained 

(retentate). The membranes can be classified according to pores size and their molecular 

weight cut off (MWC).  

Table 14. Classification of membranes for filtration. 

Membrane 
Pores dimension 

( nm ) 

Mechanism of 

separation 
Flux 

P 

(bar) 

Reverse Osmosis ˂ 1 Diffusion/Exclusion low 50-80 

Nanofiltration ( NF ) 1-8 Diffusion/Exclusion medium 5-15 

Ultrafiltration ( UF ) 3-100 Sieve high 0.5-5 

Microfiltration ( MF ) ˃ 50 Sieve high 0.3-3 

 

The characteristics features that a membrane should exhibit are: high permeate flow, high 

capacity to retain the contaminants, high durability, good chemical resistance and low cost. 

Currently, the organic membranes are the most widely used since the inorganic, despite the 

high chemical and thermal resistance, appear to be fragile and more expensive. The 

polymeric membranes are generally constituted by a thin active layer, possibly placed on a 

microporous polymeric support so that obtain the desired mechanical strength.  

The polymers generally used include: cellulose acetate, polyamides, polypropylene, 

polyethylene, polysulfone and polyvinylidene fluoride (PVDF). Depending on the material, 

porosity and configuration of the module is possible to remove a wide range of 

contaminants from the feed treated.  

Depending of the removed contaminants, the membranes can be applied in three main 

areas: 

 Solid-liquid separation 

 Organic contaminants removal 

 Inorganic contaminants removal  

In particular, the membranes for solid-liquid separation are widely used for a wide range of 

processes and are able to remove the residual turbidity from the previous steps in water 
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treatment processes and eliminate pathogens resistant to disinfecting agents such as 

Giardia spp. and Cryptosporidium spp. 
[240] 

Regarding the removal of organic species, the degree of removal varies greatly depending 

on the size of the pores of the membrane. In general, MF and UF membranes remove only 

a part of the organic substances (about 15%), even if the efficiency can be increased with a 

coagulation pretreatment. Using membranes for NF and RO, however, it is unable to obtain 

efficient removal of numerous compounds, including natural organic substances, pesticides 

and disinfection by-products (DBPs). The removal is efficient to the point that it is 

preferable to adsorption on activated carbon.
[241]  

For these systems the porous texture is crucial to shape both interfacial and surface areas, 

however it provides also one major weakness of the system that suffers from severe 

damage and deactivation by fouling-induced phenomena.
[242–246] 

5.2 Membrane Fouling  

By the term fouling, it is intended the deposition of particulates on surfaces or baffles that 

will affect the correct operation. Deposition of particles onto the porous matrix is 

responsible for a progressive modification of the outer surface properties and occlusion of 

the internal channels. Depending on the foulant environment, pore occlusion can occur by 

micro-organisms (biofouling), proteins and other organic macromolecules (organic 

fouling), or salt residues (inorganic fouling).
[242–246]

 Remediation is generally accomplished 

by physical or chemical means employing pressure back-flushing and/or harsh pH cleaning 

conditions with high operation cost and limited efficiency. These conventional protocols 

are generally employed to counteract a reversible type of fouling due to particles/residues 

loosely attached to the porous matrix (Figure 95).  

However, a severe challenge comes from what is considered strongly irreversible 

fouling.
[242–247] 

This type of fouling is attributed to pore constriction/blocking caused by 

solid particles whose morphology and dimensions are comparable with the material pores, 

that eventually precipitate or deposit inside the porous network. This is one major obstacle 

to a long-term efficiency and function of the porous interface.
[242–246]
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Figure 95. Fouling and cleaning cycle of the membranes. 

To prevent this phenomena, antifouling strategies are currently being explored by a 

tailored modification of the surface morphology via the grafting of polymer brushes, 

polypeptides, enzymes, antimicrobial agents, or photocatalytic agents as TiO2 particles, 

that can induce a self-cleaning action.
[242–247]

 These “smart” coatings can exhibit a stimuli-

responsive dynamics/function to actively prevent fouling via a mechanical sweeping or 

decontamination of the local areas. Indeed, while the “on-surface” approach is meant to 

counteract the initial stages of the fouling mechanism, it fails to deal with a deeper pore 

constriction by particles whose size approaches the pore dimensions eventually blocking 

the pore access toward the inner structure.
[242–247]

 

When the level of fouling causes a too marked decrease of the filtered flow is necessary a 

cleaning operation and also, if the latter is not able to return the membrane to optimal 

conditions, is required a replacement of the same. The costs associated with the 

regeneration and replacement of the membrane are the main limiting factor to the 

development of this type of technologies.  

The goal to pursue is to get membrane more resistant to this phenomenon and easily 

cleanable so as to enhance the life times. 
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5.3 Polyoxometalates (POMs) 

The polyoxometalates (POMs) are a class of compounds based on discrete anionic oxides 

of variable sizes (from Ångstrom to 10 nm), which have significant potential for use in 

various fields such as catalysis, materials science and medicine.
[248]

  

Early studies of these compounds date back to the XIX century, when it was discovered 

that some of the metals belonging to the first periods of the transition series (such as Nb, 

V, Ta, Mo, W) in their highest oxidation state (d
0
 configuration or d

1
) are able to form in 

aqueous solution at controlled pH, temperature and concentration discrete polyoxoanions 

of variable size.
[60,249–251]

  

Two are the fundamental parameters to have got these structures: 

1. Cationic radii able to host an octahedral coordination; 

2. Empty d orbitals able to form terminal double bond metal oxygen. 

Commonly they are formed by octahedral MO6 (sometimes pentahedral MO5 or tetrahedral 

MO4) where one or at least two oxygen (Lipscomb’s principle)
 
form a double bond with 

the metal. Terminal oxygens are essential for the formation of discrete structures and avoid 

the formation of widespread structures like in metal oxides.
[252]

  

Polyoxometalates could be divided in isopolyanions (A) or heteropolyanions (B) 

depending on chemical composition: 

A. [MmOy]
p-

  

B. [XxMmOy]
q-

  

Where M is the transition metal in high oxidation state and X is another d-group metal or a 

non-metal atom (P, Si, As, Sb, Bi). 

One of the most studied and famous class of these compounds is the α-Keggin, with a 

general formula [X
n+

M12O40]
(8-n)-

 with M= Mo
VI

 or W
VI

 and X= Si
IV

, Ge
IV

, P
V
, As

V
 and 

Sb
V
. The heteroatom is in the center of the structure with a tetrahedral coordination XO4 

surrounded by 12 octahedral metal centers MO6 of molybdenum or tungsten that are 

usually divided in triplets M3O13 in which each octahedral unit shares the edges. These 

triplets are linked by the corner of octahedral units, the particular disposition gives a Td 

symmetry to the POMs structure (Figure 96). 
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Figure 96. Polyhedric structure of α-Keggin polyanion [PW12O40]
3-

. Octahedra WO6 in blue and internal 

tetrahedral heteroatom P(orange). 

The structure described is the most stable and is labeled as α form, many isomers less 

stable, are characterized by the rotation of 60° of one (β isomer), two (γ isomer), three (δ 

isomer) or four (ε isomer) triplets M3O13 around their symmetry axes.
[253]

 These 

compounds are called saturated because of their low anionic charge, high stability and high 

symmetry. It is possible to synthesize lacunary structures in which one or more tetrahedral 

units MO
4+

 are removed from the saturated structure, generating monovacant (XM11O39), 

divacant (XM10O36) and trivacant (XM9O34) structures (Figure 97).
[253]

 

 

Figure 97. Formation of α-SiW11 and α-SiW9 starting from α-SiW12. 

Exploiting the nucleophilic oxygens of the lacuna it is possible to insert different 

functionalities, for example other metal centers such as Fe
II/III

, Mn
II/III

, Co
II/III

, Ru
II/III/IV

.
[254–

256]
 These compound are synthesized starting from the lacunary POMs and metal 

precursors (M-L) and are called Transition Metals-Substituted Polyoxometalates (TMSPs) 

(Figure 98).
[257]
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Figure 98. Example of transition metal substituted polyoxometalates. 

The simplest case of TMSP is when a single metal M is coordinated in the lacunary site of 

a monovacant POM (Figure 98). The lacunary polyoxometalates can also act as an 

inorganic polydentate ligand coordinating more metal atoms usually stabilized by 

sandwich-like or dimeric/trimeric structures.
[258]

 The resulting TMSPs display coordination 

analogies with porphyrins and enzymes, and in some cases, a biomimetic activity has also 

been recorded. This feature, coupled with a high robustness to oxidative conditions is of 

great interest for catalytic applications.
[259,260]

  

Due to their redox properties, POMs can oxidize several organic substrates, including 

biological targets.
[261]

 These features, coupled with the possibility to interact with 

positively charged domains of proteins and enzymes, makes POMs interesting inorganic 

nanodrugs candidates with antitumoral, antiviral, antibacterial activity. There are also 

evidences of POM containing Lewis acid sites acting as proteases, so they are able to cut 

and disassemble complex proteins.
[262–266] 

In particular a tetraruthenium substituted polyoxometalate, firstly synthesized in our 

research group, shows an interesting oxygenic activity: indeed it is able to oxidize water 

and also to dismutate hydrogen peroxide.
[64,267,268]

 Its molecular formula is 

Na10[Ru4O4(OH)2(H2O)4(γ-SiW10O36)2] (Ru4(SiW10)2) and it is characterized by an 

adamantane-like tetraruthenium core that can perform multi-electronic reactions, stabilized 

by two dilacunary decatungstosilicate anions [SiW10O36]
8-

 (Figure 99). 
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Figure 99. Synthesis  and structure of [{Ru4O4(OH)2(H2O)4}(γ-SiW10O36)2]
10-

 (Ru4(SiW10)2). 

The oxidation state of the ruthenium atoms in the core is Ru
IV

, while during the catalytic 

cycle all ruthenium atoms are supposed in the oxidation state (+V).
[267]

 It has a high 

negative charge (-10) and is resistant to oxidative and hydrolytic conditions. For the aim of 

this thesis, the H2O2 dismutation ability is an added value that characterize this POM.  

Ru4(SiW10)2 can act as artificial catalase, in particular in phosphate buffer (50 mM) it can 

reach a TON of 2200 with a bimolecular rate constant k = 36.8M
-1

s
-1

.
[136] 

The properties of this POM have been already exploited for the construction of composite 

materials, in which the Ru4(SiW10)2 was associated with carbon nanotubes or to positively 

charged polymers.
[136,269]

 

One goal of this thesis is to assess if this oxygenic activity can be maintained and even 

exploited for a POM inserted into the membrane. The possibility to develop oxygen 

directly inside the pores of the membranes in the presence of H2O2 could in fact be an 

innovative method to obtain the self-cleaning of the membranes and reducing the fouling. 
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5.4 Catalytic Pores Armed with Oxygenic Polyoxometalates 

Porous interfaces, that regulate key phenomena at solid–liquid contacts, are a pillar 

technology with the unique potential of coupling high surface area, separation/recognition 

processes with site confinement phenomena.
[270,271]

 This is a key strategy to control 

selectivity and performance in one integrated function. As such, the porous interface is 

pivotal for functional material design with a widespread use in catalysis, sensoring, 

biotechnology and biomedical applications.
[242–247] 

 

In this chapter is shown a novel chemo-mechanical strategy to arm the surface pores with 

an oxygen evolving catalysts that is known to liberate nascent oxygen gas when exposed to 

aqueous H2O2 as chemical trigger.
[136,267,268,272,273]

 Analogous catalytic machines are found 

at the heart of oxygenic enzymes as the natural catalases (CAT) or the photosynthetic II 

complex (PSII).
[136,267,268,272,273]

 The core concept of this approach is the “in-pore” 

generation of oxygen bubbles, resulting in a definite propulsion force and turbulence 

phenomena, thus inducing an active fluid mixing in the pore proximity and the mechanical 

displacement of solid foulant particles. This strategy builds on our recent study which 

identifies nanodimensional, molecular metal oxides as the inorganic functional analogues 

of CAT enzymes.
[136,267,268,272,273]

 In particular, the catalase-like behaviour of the tetra-

ruthenium substituted polyoxometalate with formula [Ru4(H2O)4(μ-O)4(μ-OH)2(γ-

SiW10O36)2]
10−

 (Ru4(SiW10)2), has been assessed in the presence of H2O2, both in solution, 

on heterogeneous supports, or within a confined environment, resulting in quantitative and 

continuous oxygen evolution.
[136,267,268,272,273]

 Moreover, Ru4(SiW10)2 is stable in a broad 

pH range, from very acidic to neutral solutions, and in the presence of concentrated saline 

buffers, which guarantees its functional response in aqueous phase under diverse 

environmental conditions.
[136,267,268,272,273]

 We have shown that catalytic production of 

“nascent oxygen” by Ru4(SiW10)2 works as a chemomechanical effector to induce the 

autonomous movement of nano/micromotors, useful in applications involving trafficking 

and fluid displacement in synthetic circuits.
[272,273]

 The present study includes: (i) the 

fabrication of polymeric films with porous architecture, (ii) the pore embedding of 

Ru4(SiW10)2 as oxygen evolving catalyst, (iii) remediation of pore occlusion with mild 

antifouling protocols employing aqueous H2O2 as chemical effector. Under the conditions 

adopted, the through pore catalytic oxygen evolution yields >85% removal of model 

foulant particles, carrying a fluorescent tag, as probed by direct imaging of the polymeric 

surface with confocal fluorescence microscopy (CFM). 
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Polyoxometalate affinity toward the polymeric environment can be tuned by hydrophobic 

cations, namely, long-chain alkyl ammonium salts, to produce the so called surfactant 

encapsulated polyoxometalates (SEPs) which are readily obtained after cation 

metathesis.
[274–276]

 Tailored SEPs are thus optimized to be dissolved in the casting solution 

of various polymeric blends, giving rise to nanocomposites that retain the catalytic 

function of the polyoxometalate additive.
[274–276]

 With this aim, Ru4(SiW10)2 has been 

obtained according to literature protocols, and isolated as dimethyldioctadecylammonium 

(DODA) salt after extraction from a biphasic H2O/CHCl3 system (see Experimental 

Section). The resulting (DODA)10/Ru4(SiW10)2 , (DODA–SEP), turns out to be soluble in 

CHCl3 , as required for the dissolution of amorphous PEEK-WC (polyether ether ketone 

with “cardo” groups), being the polymer of choice for the preparation of composites with 

excellent mechanical and chemical resistance.
[277] 

The casting solution of the polymer blend is prepared at room temperature upon 

dissolution of PEEK-WC (10% wt) in CHCl3 , together with the DODA-SEP (0.5% wt), 

and in the presence of 1,4-butanediol (4 wt%) and i-propanol (6 wt%) as porogenic 

solvents. The solution is then casted on a glass plate inside a glovebox kept under 

controlled humidity (U = 75%), to allow solvent evaporation (Scheme 16).
[278] 

 

Scheme 16. Molecular components and membrane fabrication scheme: blending of a CHCl3 solution 

containing the surfactant encapsulated catalyst (SEP catalyst) DODA10/Ru4(SiW10)2, the PEEK-WC polymer, 

and porogens (i -propanol and 1,4-butanediol) was followed by casting and the solvent evaporation under 

controlled humidity ( U = 75%). A porous texture is obtained with embedded oxygenic catalysts. The catalyst 

structure, Ru4(SiW10)2 , is highlighted in the box. 

 



Anti-fouling Membranes 

140 

 

Under the conditions adopted (see the Experimental Section), the combined effect of 

porogens with templating water droplets turns out to yield a 3D pore array structure within 

the polymeric film inner and surface layers as indicated by environmental scanning 

electron microscopy (ESEM) images collected over selected surface and section areas.
[279–

282]
 In particular, the resulting membrane exhibits an air-exposed front-side with average 

pore diameter in the range 0.5–5.0 μm, an overall thickness of about 70 μm, and the back-

side with pore diameter up to 5.0 μm (Figure 100). 

 

Figure 100. Environmental scanning electron microscopy (ESEM) images of PEEK-WC 2 membrane top 

surface a), back surface b), cross section c) showing a bulk porous structure. Confocal fluorescence 

microscopy (CFM, laser at 488 nm) of PEEK-WC 2 membrane top surface image d), back surface e), and 3D 

reconstructed image of the bulk material f). 

The associated energy dispersive X-ray analysis (ESEM/EDX) has been used to map the 

tungsten content, the W element accounts for 60% of the catalyst weight, and gives a direct 

evidence of the equal dispersion of the catalyst on surface areas and inner layers of the 

bulk material (see Appendix). The overall catalyst loading (in the range 1.4%–2.0% wt%, 

see Table 15) has been determined by thermogravimetric analysis (TGA) (see Appendix). 

Noteworthy, the templating effect of water droplets during film formation is expected to 

foster localization of the DODA–SEP domains on the pore walls and their periphery. The 

reason is that the hydrophilic SEPs can stabilize the on surface condensation of water 

droplets, which then evolve to catalytic pores upon solvent evaporation.
[283] 
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Table 15. Catalytic performance of oxygenic membranes embedding Ru4(SiW10)2 

Membrane 
a)

 
Ru4(SiW10)2 

loading, 
[% wt]

b)
 

Pore size, 
[µm]

 c)
 

Contact Angle 

vs H2O
 d)

 

O2 evolution 

rate, [µmol/h]
 e)

 

O2 Yield, [%] 

(TON)
 f)

 
TOF, 

[h
-1

]
 g)

 

PEEK-WC 1 1.7 ± 0.3 dense 82.0° ± 2.0 2.65 ± 0.09 11 (1915) 80 

PEEK-WC 2 1.7 ± 0.1 0.5÷5.0 79.0° ± 1.6 5.88 ± 0.12 24 (4450) 185 

a) in all reactions, a flat membrane disk (d=22 mm, about 20 mg) has been incubated with aqueous H2O2 (12 ml, 0.1 M) 

at 25°C; PEEK-WC 1 and PEEK-WC 2 have been isolated upon film casting respectively in dry atmosphere and under 

humidity controlled environment (see experimental part); b) determined by TGA analysis; c) range of pore size 

distribution on the top membrane surface, determined by ESEM analysis; d) determined for the top membrane surface; e) 

initial rate of oxygen evolution monitored by differential pressure variation up to 10% H2O2 conversion; f) based on H2O2 

conversion after 24h, turnover number (TON) is calculated on the embedded catalyst amount resulting from the 

experimental %wt loading; g) turnover frequency (TOF) is defined as the TON per hour, based on the evolution of 

oxygen after 24 h reaction. 

 

Imaging of catalytic clusters on the pore mouth and inner walls is obtained by ESEM 

microscopy with back-scattered electron detection mode, showing the polyoxometalate 

domains within bright areas. A magnification of the catalytic pores (ESEM BSD mode) 

shows small catalyst clusters localized in the pore walls and periphery (inset in Figure 

101).  

The porous morphology of the resulting polymeric film is further assessed by CFM, which 

exploits the luminescent properties of the PEEK-WC polymer with λmax (ex) = 400 nm and 

λmax (em) = 460 nm (see Appendix). CFM allows for a rapid, non invasive, 3D inspection of 

the porous structure, mapping the first 5 μm depth from the membrane surface (Figure 100 

d–f, Supporting Information). The oxygen evolving activity of the polymer embedded 

catalyst has been evaluated in the presence of aqueous H2O2 (0.1 M) by monitoring the 

pressure variation over time, using a differential pressure transducer (see the Experimental 

Section).  

The impact of the porous morphology on the catalytic activity stems from the oxygen 

evolution kinetics recorded for a dense, nonporous membrane (Figure 102 , PEEK-WC 1) 

as well as for the analogous porous film (Figure 100 , PEEK-WC 2 ), and compared to the 

catalyst free polymer as the control reaction (Figure 101, blank). The membrane PEEK-

WC 1 was prepared using the same procedure reported in the experimental section but the 

casting was performed under atmospheric conditions (Evaporation induced phase 

separation, EIPS).  
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Figure 101. Oxygen evolution kinetics at 25 °C stemming from a dense, nonporous membrane surface 

(PEEK-WC 1, red line), and the porous analogue (PEEK-WC 2, blue line) during incubation with aqueous 

H2O2 (0.1 M ). In both membranes the Ru4(SiW10)2 loading is calculated to be 1.7% wt. In the absence of the 

catalytic additive PEEW-WC membranes do not display oxygen evolution activity. Images on the right show 

the fouled state and pore constriction by fluorescent polystyrene beads (0.5 μm) upon visualization with CFM 

a) and ESEM analysis b). 

The membrane obtained is asymmetric, as shown in Figure 102, and presents a dense air-

exposed skin, due to the rapid evaporation of the solvent, that does not allow the formation 

of a porous layer. The porous structure of the rear and the bulk, generated by the porogens 

templating action, is still present. Comparing the top side of the membrane PEEK-WC 1 

with the membrane PEEK-WC 2, the effect of the humidity on the porosity is 

conspicuous. 

 

Figure 102. Environmental Scanning Electron Microscopy (ESEM) images of PEEK-WC 1 membrane top 

surface (a), back surface (b), cross section (c) showing a bulk porous structure obtained by evaporation 

induced phase separation. 

The relative catalytic performance can be evaluated in terms of the O2 evolution rate, % 

yield, total turnover number (TON), and turnover frequency (TOF). Inspection of data in 
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Table 15 shows that the wettability and interfacial behaviour of both membranes (contact 

angle ≈80°) are dictated by the moderate hydrophilic properties of the PEEK-WC polymer, 

and that the key factor to boost reactivity is associated to the porous texture of the 

membrane surface, which fosters a favourable H2O2 diffusion through the catalyst sites and 

a continuous oxygen evolution over 24 h (Table 15). 

Oxygen evolution through the catalytic pores offers a dynamic trigger against irreversible 

fouling, a type of fouling for which actually there are no remediation. The self-cleaning 

potential of the oxygenic pores has been assessed in the presence of polystyrene latex 

beads, carrying an orange-fluorescent label (λabs = 475 nm, λem = 540 nm). These 

fluorescent beads have been chosen to serve as standard foulants of the PEEK-WC 2 

membrane, by virtue of: (i) a sub-pore diameter size (0.5 μm), (ii) selective excitation 

wavelength with respect to the polymer matrix (λexc = 400 nm), and (iii) robustness against 

H2O2-induced bleaching. Visualization of pore occlusion is readily achieved by CFM, with 

488 nm CW Ar laser excitation, upon treating the membrane surface with increasing bead 

concentration in aqueous suspension followed by solvent removal. As expected, the fouled 

membrane shows an extensive localization of the fluorescent beads within the surface 

pores, which is also confirmed by ESEM analysis (Figure 103 a,b). With this protocol, 

fouling by solid particles models an irreversible pore constriction (Figure 103 a).  

The confinement of particles within the pore walls hampers an efficient removal of 

foulants by simple washing cycles. Indeed, an extensive washing treatment of the 

membrane surface, under tangential water flow, does not produce any major modification 

of the fouled state (Figure 103 b). Remarkably, the efficient removal of the solid particles 

is instead obtained by applying aqueous H2O2 (2.0 M, 24 h incubation) which acts as the 

chemical stimulus for through-pore oxygen evolution.  

The developed pressure and the propulsion force exerted by the liberated gas are such 

enough to enable beads ejection from the pores. This cleaning effect is readily visualized 

by CFM which witnesses a major reduction of the fluorescent spots on the membrane 

surface (Figure 103 c). 
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Figure 103. CFM (488 nm excitation): visualization of the fouled membrane surface obtained by deposition 

of fluorescent beads from a 0.3 mg mL
−1

 aqueous solution a), after washing with water b), and after 24 h 

incubation in H2O2 2.0 M c). The efficiency of the antifouling oxygenic treatment is highlighted by the 

histogram plot where the modification of the membrane surface obtained after deposition of latex beads at 

increasing concentration is quantified as normalized % coverage in its initial state and after H2O and H2O2 

antifouling treatment. 

Computer-aided image analysis (ImageJ software) allows quantifying the antifouling effect 

up to 88% of bead removal. In particular oxygenic antifouling is effective for pore 

occlusion in the 20%–30% surface area (initial state) with a remediation outcome that 

reduces the fouled state below 5% of the overall surface (Table 16).  

Table 16. Self-cleaning properties of the membrane. 

 
latex beads 

concentration a) 
(mg/ml) 

Fouled  
(A%) b) 

Area after H2O 
cleaning  
(A%) b) 

Area after H2O2 
cleaning (A%) b) 

Fouling after  
H2O cleaning 

(%) c) 

Fouling after 
H2O2 cleaning 

(%) c) 

test (a) 0.2 18.8 18.4 4.5 98 24 

test (b) 0.3 26.2 24.7 3.1 94 12 

a) latex fluorescent beads (diameter 0.5 µm, λex= 475 nm, λem= 540);  b) A% is the area of the images covered by 

fluorescents beads; c) the % fouling was evaluation by the ratio from the A % before and after the cleaning. 

The stability of the beads was tested to verify the robustness of the fluorophore embedded 

into the polystyrene matrix under the same experimental conditions. To this aim 0.2 mg/ml 
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latex beads dispersion was incubated for 24 h with a 2.0 M hydrogen peroxide solution and  

of Ru4(SiW10)2 (60 nmol) (corresponding to the overall membrane loading). The 

fluorescence data of the beads were collected before and after the test, irradiating the 

sample at 480 nm. As shown in Figure 104 the fluorescence of the beads is unmodified. 

 

Figure 104. Fluorescence of the latex beads collected before (red line) and after (black line) 24 h incubation 

in a solution of H2O2 2.0 M containing Ru4(SiW10)2 (60 nmol). 

In summary, functional pores with oxygenic activity offer an unprecedented strategy for 

the autonomous cleaning of porous materials and surfaces under mild conditions. 

Noteworthy, H2O2 dismutation to O2 provides the chemical stimulus to trigger the catalytic 

antifouling response of the material. The “in-pore” self-cleaning activity guarantees a long-

term efficiency of the material, removing foulant particles from the inner structure 

reaching out to the surface of the porous architecture. The engineering of the organic–

inorganic texture of the pore walls exploits a straightforward self-assembly protocol, based 

on the strong inclusion of the nanodimensional SEP clusters within the polymeric matrix. 

The generality of the synthetic method has been demonstrated with different polymeric 

phases, as well as with hydrogels and carbon nanostructures including graphene 

composites.
[269,284,285]

 Control experiments have shown a negligible leaching of the 

polyoxometalate cores in aqueous solution. 
[269,284,285] 

The proposed innovation offers a definite advantage with respect to recent strategies based 

on the stepwise modification of the surface by covalent chemistry, and/or of the coating 

morphology, to elicit foulant–repellent properties. The complexity of such methods are 

exposed to a high risk of long-term failure, due to the possible degradation of the coating 

architecture under prolonged function.
[242,243]

 On the contrary, totally inorganic 
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polyoxometalates as additives exhibit an exceptional robustness and stability both under 

homogeneous and heterogeneous catalysis conditions, coupling a recognized antimicrobial 

activity.
[269,284,285] 

A further benefit of these catalytic pores is their antioxidant behaviour, 

mimicking the catalase enzymes, which offers a protection barrier against hydroxyl 

radicals and reactive oxygen species (ROS), to enhance the material stability under 

operating conditions.
[135,136]
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6. Conclusions 

The core concept of  the Thesis project deals within a main effort to mimic the functional 

metallo-biosites as artificial models of fundamental enzymes that activate small and vital 

molecules including: H2O, O2, H2, H2O2. 

Our approach is based on the use of polydentate ligands, including: (i) non-heme mono and 

di-nucleating N,O-donors; (ii) heme-macrocycles (porphyrins); (iii) totally inorganic 

polyoxotungstates (POMs). A synthetic strategy has been adopted to investigate the 

formation metallocomplexes of Mn, Cu, Fe, Co and Ru, providing a functional mimicry of  

natural enzymes including superoxide dismutase (SOD), catalase (CAT),  hydrogenases 

and the oxygen evolving center of the photosynthetic protein (OEC-PSII). Their reactivity 

have been evaluated for the application as ROS scavengers in biological environments and 

in water splitting for sustainable energy systems.  

With this aim, the Thesis project has tackled one key challenge of artificial enzymes that is 

to learn from nature and advance beyond its limits. In all catalytic systems presented 

herein, we have zoomed into structure-reactivity relationships to map the competent 

species and their mechanistic specificity according to generally accepted bio-inspired 

guidelines. However, we have moved one a step-forward, by overarching the typical 

enzyme specificity and looking to a multi-faceted performance to optimize the functional 

target. With this scope, we present herein novel bio-inspired catalytic cores that display a 

unique “dual” enzyme mimicry.  

In particular we have addressed a combined SOD/CAT antioxidant  catalysis by merging 

heme and non-heme Mn-cofactors (Mn2L2P1 and Mn2L2P2, Chapter 2) and by a unique 

Cu2L2 manifold (Chapter 3). Moreover a dual water oxidation/reduction electrocatalysis 

has been achieved at neutral pH by a Fe2L2 and Co2L2 analog that responds to the applied 

potential and enables both oxygen and hydrogen evolution on reversible scans (Chapter 4). 

Worth of notice is the application of the bio-inspired catalysis concept to the production of 

self-cleaning, anti-fouling, porous membranes integrating the highly stable catalase analog, 

known as Ru4(SiW10)2 (Chapter 5). The Thesis results are summarized below: 
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I. Dinuclear manganese complex Mn2(II,II)L2 coupled with polycationic Mn(III)-

porphyrins.  

 

The co-localization of the Mn-based SOD/CAT mimetics provides a novel anti-

oxidant di-functional system with an outstanding CAT and SOD activities coupled 

with a self-protection mechanism (Table 17). The in vivo tests to evaluate the effect 

on H2O2 accumulation in photosynthetic algae (Chlamydomonas reinhardtii) 

exposed to high-light illumination conditions provide a remarkable abatement of 

H2O2. 

II. Dinuclear copper complexes Cu2(II,II)L2.  

 

These complexes are the first reported examples of a dinuclear copper species 

showing a dual SOD/CAT activity in water under physiological-like conditions, 

with up to date, the highest SOD-like activity reported for a copper complex and a 

parallel CAT-like activity, which is unprecedented for a Cu2-based catalysts (Table 

17). These activities are also coupled with no external prooxidant effects thanks to 

the intra-molecular sacrificial scavenger. Thus it was demonstrated that a proper set 

of ligand it is able to tune the reactivity of an harmful metal centre like free copper 

to a benign catalytic antioxidant. 
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III. Iron complexes (Fe(III)L and Fe(III)2L2) and dinuclear cobalt complexes 

Co2(II)L2.  

 

Preliminary tests show that the dinuclear Fe and Co complexes present a dual 

activity in water splitting processes being able to perform both the water oxidation 

than the proton reduction reactions in water at neutral pH, (Table 18) a key feature 

to obtain sustainable energy sources from water.   

IV. Polymeric membrane with embedded polyoxometalate Ru4(SiW10)2.  

 

This system is based on the molecular design of catalytic pore walls that foster a 

chemo-mechanical, self-cleaning behaviour under neutral pH and mild conditions 

of pressure and temperature. This approach built on bioinspired remediation 

mechanisms involving H2O2 dismutation offer an unprecedented strategy for the 

autonomous cleaning of porous materials and surfaces from irreversible fouling. 

The tests on “in-pore” self-cleaning activity show an high efficiency in removing 

foulant particles from the inner structure of the material. 
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Table 17. Collection of relevant results, obtained for the complexes with dual SOD/CAT activities in water 

under physiological conditions (pH 7.8). 

Compound 
SOD CAT 

IC50 (M) logkcat(  
  ) k (M

-1
s

-1
) TON 

Mn2L2Ac 1.04 6.40 1245 200 

Mn2L
1
2Ac 0.38 6.84 nd 65 

Mn2L2P1 0.60 6.64 nd 200 

Mn2L2P2 0.23 7.05 1890 200 

Cu2L2 0.40 6.80 0.26 52 

Cu2L
1

2 0.14 7.27 0.58 60 

Cu2L
2

2 0.07 7.55 0.57 60 

 

 

Table 18. Collection of relevant results, obtained for the complexes in water splitting (PBS pH 7). 

Compound 
Water Oxidation Proton Reduction 

Overpotential (V) Overpotential (V) 

Fe2L2 0.58 1.1 

Co2L2 nd 1.0 

Co2L2Ac 0.46 1.0 
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7.  Experimental Section 
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7.1 Materials  

All commercially available reagents and solvents were used without further purifications. 

MilliQ-deionized water (Millipore) was used for the reactions, buffers preparation and for 

spectrometric measurements. 

Solvents and deuterated (d) solvents:  

- diethyl ether, methanol, 2-propanol, chloroform, dichloromethane, N,N-

dimethylformamide, acetone, chloroform-d, acetonitrile-d3, methanol-d4, DMF-d7, 

DMSO-d6, D2O, dichloromethane-d2 (Sigma-Aldrich); 

- ethanol (Fluka) 

- DMSO, acetonitrile (VWR ); 

- 1,2-dichloroethane, pyridine (Carlo Erba). 

Reagents: 

- meso-tri(N-methyl-4-pyridyl)mono(4-carboxyphenyl)porphine trichloride, 

5,10,15,20-tetra(N-methyl-4-pyridyl)-21H,23H-porphine and meso-tetra(4-

pyridyl)porphine (Frontier Scientific).  

- Manganese(II) chloride hydrate, potassium carbonate, potassium chloride, boric 

acid, (Farmitalia Carlo Erba).  

- Manganese(II) perchlorate hydrate, Copper (II) perchlorate hydrate, ruthenium 

chloride, 4-(bromomethyl)benzoate, methyl iodide, morin, di-2-pyridyl ketone, 

hydroxylamine hydrochloride, pyridine, ammonium acetate, zinc powder, 

salicylaldehyde, 2-hydroxy-5-nitrobenzaldehyde, sodium borohydride, sodium 

triacetoxyborohydride, formaldehyde aqueous solution 37 % wt, xanthine, xanthine 

oxidase from bovine milk, cytochrome c from horse heart, catalase from bovine 

liver, DNA sodium salt from calf thymus, acetic acid, triethylamine, Amberlite
®

 

IRA-410 chloride form, potassium bromide, potassium nitrate, ammonium chloride, 

magnesium sulphate, sodium dihydrogen phosphate, sodium metasilicate, sodium 

tungstate dihydrate, tetrabutylammonium chloride, tetrabutylammonium 

perchlorate, dimethyldioctadecylammonium chloride, cesium chloride, 1,4-

butanediol, latex beads fluorescent orange, Sephadex-G50™ (Sigma Aldrich). 

- Silica gel (particle size 0.040-0.064 mm, 230-400 mesh) (Machery-Nagel). 

- Ammonium hexafluorophosphate  (Fluka). 

- PEEK WC (224 kDa) from Institute of Applied Chemistry of Changchun (CN). 
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7.2 Instrumentation  

1
H-NMR and 

13
C-NMR spectra were recorded with a Bruker 300 spectrometer operating at 

300 MHz. Chemical shift were determined using solvent residual peaks as reference. For 

the protonic spectra, the following symbols have been used: s: singlet, d: doublet, t: triplet, 

q: quartet, m: multiplet. 

 

1
H-NMR analysis of porphyrins were performed on a Bruker AVIII 500 MHz with probe 5 

mm BBI z gradient. 

 

FT-IR spectra were recorded with a Nicolet 5700-Thermo Electron Corporation 

instrument. For FT-IR spectra following symbols have been used: w: weak signal, m: 

medium signal, s: strong signal, b: broad signal. 

 

UV-Vis spectra were recorded with a Varian Cary 50 and Varian Cary 100 

spectrophotometer.  

 

Fluorescence measurements were performed with a Perkin Elmer LS50B instrument with a 

cell length of 1cm. 

 

ESI-MS spectra have been obtained with a Agilent LC/MSD Trap SL spectrometer. 

Solvent used: MeOH, ACN, H2O 

 

Environmental scanning electron microscopy (ESEM) measurements were obtained using 

a FEI QUANTA 200 + modulo EDAX at CUGAS University of Padova. 

 

Thermogravimetric analysis were performed using a TGA Q5000, working in air with 

heating ramp of 10°C/min until 700°C. 

 

Porosity was measured using a perporometer PMI. 

 

Contact angle where measured using a CAM100.  
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For catalytic experiments of hydrogen peroxide dismutation a home-made pressure 

transducer, with a septum for sample injection was used.   

 

pH measurements were performed with a pH-meter HI 223 Hanna Instrument with a glass 

electrode. Calibration was carried out with Sigma-Aldrich buffers (pH 7-10). 

 

7.3 Synthetic procedures  

-Synthesis of: di-2-pyridy-ketoxime
[286]

 

 

Di-2-pyridyl ketone (2.00 g, 10.7 mmol) and hydroxylamine hydrochloride (1.57 g, 22.2 

mmol) were dissolved in 5 ml of pyridine and heated at 110° C for 4-5 hours. After cooling 

to 0° C, 10 ml of water were added and  a white precipitate appeared (if it necessary, 

scratch with a glass rod help the precipitation). Product was filtered on a gootch and 

washed abundantly with water and dried under vacuum. Yield: 2.13 g (10.4 mmol, 97 %). 

FT-IR (KBr, cm
-1

): 3395 (s, br), 2996 (s, br), 2801 (s, br), 1621 (w), 1593 (s), 1566 (s), 

1475 (s), 1432 (s), 1337 (m),1282 (m), 1153 (m), 1096 (m), 1050 (w), 1017 (s), 999 (s), 

949 (s), 904 (w), 791 (s),758 (m), 690 (m), 659 (m), 622 (m), 580 (m), 495 (w). 

1
H-NMR (300 MHz, MeOD) δ: 8.60 (d, J = 4.4 Hz, 1H), 8.44 (d, J = 4.3 Hz, 1H), 7.96 (t, J 

= 7.1 Hz, 1H), 7.87 (s, 2H), 7.63 (d, J = 7.8 Hz, 1H), 7.52 – 7.42 (m, 1H), 7.42 – 7.28 (m, 

1H). 

 

-Synthesis of: di-2-pyridyl-methylamine
[287]

 

 

Di-2-pyridyl-ketoxime (2.0 g, 10.0mmol) was dissolved in a mixture of 17 ml of ethanol, 

10 ml of water and 11 ml of 28% aqueous NH3. NH4OAc (1.92 g, 25.0mmol) was added 

and solution was heated to 80°C. Zinc powder (2.95g, 45.0mmol) was added in 30 
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minutes, then reaction was left refluxed for 4.5 hours. Solution was then filtered on paper, 

to remove residual solid, and concentrated under vacuum, until a white-yellow precipitate 

appeared. The resulting aqueous solution (~5ml) was basified with NaOH 10 M, solid 

disappeared and solution turned to yellow color. Basification continued until solution 

turned reddish-pink and a white precipitate appeared, then it was extracted with 

dichloromethane (5 ml x 3). Organic fraction was washed with  brine (5 ml x 3) and water 

(5 ml x 3), dried with MgSO4 and solvent was evaporated under reduced pressure. A 

yellowish oil was obtained. Yield: 0.69 g (3.75 mmol, 42 %) 

1
H-NMR (300MHz, CD3OD) δ: 8.50 (dd, J = 3.6, 1.3 Hz, 2H), 7.77 (td, J = 7.8, 1.7 Hz, 

2H), 7.48 (d, J = 7.9 Hz, 2H), 7.35 – 7.16 (m, 2H), 5.27 (s, 1H). 

 

-Synthesis of:  2-({[Di(2-pyridyl)methyl]imino}methyl)phenol
[149] 

 

To a stirred solution of di-2-pyridyl-methylamine (0.65 g, 3.4 mmol) in 5 mL of methanol 

was added neat salicylaldehyde (0.42g, 3.4 mmol). The solution immediately turned 

yellow. After stirring for about 5 min a yellow crystalline material appeared. The reaction 

mixture was cooled to 0º C and stirred for other 30 minutes. The solid was isolated by 

vacuum filtration, washed with ice-cold methanol and dried under vacuum. A yellow 

powder was obtained. Yield: 0.85 g (3.0 mmol, 88%).  

FT-IR (KBr, cm
-1

): 3441 (w, br), 3046 (w), 3009 (w), 1626 (s), 1585 (s), 1498 (m), 1463 

(s), 1431 (s), 1382 (w), 1312 (w), 1280 (s), 1216 (w), 1201 (w), 1152 (m), 1058 (m), 988 

(m), 876 (w), 857 (w), 775 (s), 760 (s), 666 (w),610 (m), 541 (m), 464 (m), 436 (w). 

1
H-NMR (300 MHz, CD2Cl2) δ: 13.34 (s, 1H), 8.63 (s, 1H), 8.54 (d, J = 4.2 Hz, 2H), 7.70 

(t, J = 7.7 Hz, 2H), 7.44 (d, J = 7.8 Hz, 2H), 7.33 (t, J = 6.8 Hz, 2H), 7.20 (t, J = 6.8 Hz, 

2H), 6.91 (dd, J = 16.4, 8.5 Hz, 2H), 5.89 (s, 1H). 
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-Synthesis of:  2-({[Di(2-pyridyl)methyl]amino}methyl)phenol (L
1
)
[149] 

 

To a stirred solution of 2-({[di(2-pyridyl)methyl]imino}methyl)phenol (0.800 g, 2.8 mmol) 

in 15 ml methanol at 0º C NaBH4
 
(107 mg, 2.8 mmol) was added in 3 portions during 15 

min. The reaction mixture was stirred for 4 h. The mixture was then  acidified with 2 M aq. 

HCl to pH 1 and stirred for 15 min. Subsequently the reaction was neutralized with 2 M aq. 

NH3
 
and 30 ml water was added (pH ~8), methanol was removed under reduced pressure 

and the mixture extracted with ethyl acetate (5ml x 3). The combined organic layers were 

dried with Na2SO4 filtered and solvent was removed under vacuum to yield a reddish oil (it 

turned into a glass after few weeks). Yield: 0.77 g (2.6 mmol, 95%). 

FT-IR (KBr, cm
-1

): 3229 (w), 3049 (w), 3011 (w), 2901 (w), 2876 (w), 2855 (w), 2780 

(w), 2732 (w), 2710 (w), 1612 (m), 1587 (s), 1567 (s), 1488 (s), 1468 (s), 1433 (s), 1411 

(s), 1331 (m), 1289 (m), 1256 (s), 1211 (m), 1147 (m), 1096 (m), 1036 (m), 984 (m), 934 

(m), 850 (w), 813 (w), 777 (m), 749 (s), 679 (w),647(w), 606 (w),  549 (w), 540 (w). 

1
H-NMR (300 MHz, CD2Cl2) δ: 11.06 (s, 1H), 8.58 (d, J = 4.2 Hz, 2H), 7.65 (t, J = 7.6 Hz, 

2H), 7.45 (d, J = 7.8 Hz, 2H), 7.24 – 7.04 (m, 4H), 6.93 (d, J = 7.4 Hz, 1H), 6.81 (d, J = 

8.0 Hz, 1H), 6.70 (t, J = 7.3 Hz, 1H), 4.91 (s, 1H), 3.60 (s, 3H).  

 

-Synthesis of: 2-{[Di(2-pyridyl)methyl](methyl)amino]methyl}phenol (L)
[149] 

 

To a solution of 2-({[di(2-pyridyl)methyl]amino}methyl)phenol (0.75 g, 2.58 mmol) in 25 

mL of ClCH2CH2Cl was added aqueous 30% formaldehyde (300 µl, 5.1 mmol) and after 
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15 min of stirring NaBH(OAc)3
 
(1.18 g, 5.1 mmol) was added in small portions during 20 

minutes. Subsequently the reaction was vigorously stirred overnight. Dichloromethane
 
(20 

mL) was added and the organic layer was washed consecutively with 2 M aq. NH3 (10 ml 

x 3), and twice with water (10 ml x 3). After drying with MgSO4, filtration and evaporation 

of the solvents under reduced pressure, the product was obtained as a sticky oil which was 

purified by chromatography on silica using diethyl ether. A white solid was obtained. 

Yield: 0.64 g, (2.1 mmol, 81%).  

FT-IR (KBr, cm
-1

): 3048 (m), 3007 (m), 2970 (m), 2924 (m), 2849 (m), 2712 (m), 1607 

(m), 1586 (s), 1490 (m), 1466 (s), 1432 (s), 1379 (w), 1330 (m), 1287 (m), 1257 (s), 1199 

(m), 1149 (m), 1120 (m), 1102 (w), 1025 (m), 993 (m), 931 (m), 869 (w), 857 (w), 785 

(m), 748 (s), 722 (m), 679 (w),617 (m), 540 (w), 448 (w). 

1
H-NMR (300 MHz, CD2Cl2) δ: 8.62 (d, J = 4.1 Hz, 2H), 7.70 (t, J = 7.7 Hz, 2H), 7.50 (d, 

J = 7.9 Hz, 2H), 7.33 – 7.09 (m, 3H), 6.98 (d, J = 7.2 Hz, 1H), 6.87 (d, J = 7.9 Hz, 1H), 

6.75 (t, J = 7.4 Hz, 1H), 4.98 (s, 1H), 3.66 (s, 2H), 2.20 (s, 3H). 

-Synthesis of: 2-({[Di(2-pyridyl)methyl]imino}methyl)-4-nitrophenol 

 

To a stirred solution of di-2-pyridyl-methylamine (350 mg, 1.8 mmol) in 5 mL of methanol 

was added neat 2-hydroxy-5-nitrobenzaldehyde (300 mg, 1.8 mmol). The solution 

immediately turned dark yellow. After stirring for about 5 min a dark yellow crystalline 

material appeared. The reaction mixture was cooled to 0º C and stirred for other 30 

minutes. The solid was isolated by vacuum filtration, washed with ice-cold methanol and 

dried under vacuum. A dark yellow powder was obtained. Yield: 550 mg (1.65 mmol, 

91%). 

1
H-NMR (300 MHz, CD2Cl2) δ 8.65 (s, 1H), 8.59 (d, J = 4.1 Hz, 1H), 8.28 (d, J = 2.7 Hz, 

1H), 8.19 (dd, J = 9.3, 2.8 Hz, 1H), 7.73 (t, J = 7.7 Hz, 2H), 7.41 (d, J = 7.9 Hz, 2H), 7.25 

(t, J = 9.5, 2H), 6.99 (d, J = 9.2 Hz, 1H), 6.03 (s, 1H). 
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-Synthesis of: 2-({[Di(2-pyridyl)methyl]amino}methyl)-4-nitrophenol (L
2
) 

 

Same procedure for L
1
 starting from 2-({[Di(2-pyridyl)methyl]imino}methyl)-4-

nitrophenol (550 mg, 1.65 mmol) there was obtained a brown oil which turned into a glass 

after several days. Yield: 545 mg (1.6 mmol, 99%).  

1
H-NMR (300 MHz, CD2Cl2) δ 8.58 (d, J = 4.3 Hz, 2H), 8.05 (dd, J = 8.9, 2.7 Hz, 1H), 

7.87 (s, 1H), 7.67 (td, J = 7.7, 1.6 Hz, 2H), 7.33 – 7.18 (m, 4H), 6.85 (d, J = 9.0 Hz, 1H), 

5.13 (s, 1H), 4.00 (s, 2H). 

FT-IR (KBr): ν (cm
-1

) 3422(w), 3296(w), 3056(w), 3010(w), 2920(w), 2853(w), 1615(m), 

1589(s), 1572(m), 1511(m), 1479(s), 1434(s), 1337(s), 1287(s), 1171(m), 1150(m), 

1090(s), 1050(m), 995(m), 931(m), 904(m), 831(w), 752(m), 670(w), 640(w), 613(w), 

551(w), 449(w). 

-Synthesis of: Mn2L2Ac 

360 mg (1 mmol) of Mn(ClO4)2∙6H2O and ligand 2-{[[di(2-

pyridyl)methyl](methyl)amino]methyl}phenol (305 mg, 1 mmol) were dissolved in 10 mL 

of methanol under N2 atmosphere. Subsequently, acetic acid (24 µL, 0.5 mmol) was added. 

After all solids were dissolved, triethylamine was added (21 µL, 1.5 mmol) and the 

solution turned pale green. After stirring, a formation of a solid precipitate occurred. The 

solution was heated until boiling and gradually acetonitrile was added until complete 

dissolution of the solid. The solution was then let cool down. After a week pale green 

crystals were obtained, washed with methanol and ether and finally dried under vacuum. 

Yield: 246 mg, 56 %.  

UV-Vis (CH3CN): λmax/nm  (ε/M
-1 

cm
-1
) 243.8 (3.2∙10

4
), 256.7 (2.0∙10

4
), 267.0 (2.1∙10

4
) 

and 271.5 (2.1∙10
4
).   
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FT-IR (KBr): ν (cm
-1

) 3064(w), 3028(w), 3007(w), 2977(w), 2936(w), 2882(w), 2857(w), 

2846(w), 2806(w), 1605(s), 1599(s), 1575(s), 1564(s), 1479(s), 1452(s), 1446(s), 1422(s), 

1341(w), 1291(s), 1280(s), 1112(s), 1096(s), 1075(s), 1001(m), 884(m), 790(m), 761(s), 

730(m), 624(s), 558(m), 531(m).  

ESI(+)-MS m/z calcd. for C40H38N6O4Mn2
+ 

(M) 777.2, found 777.1.  

Elemental Analysis, calcd. for C40H38N6O8Mn2Cl: C = 50.78, H = 4.48, N = 9.58; found C 

= 50.46, H = 4.62, N = 9.78. 

-Synthesis of: Mn2L
1

2Ac 

70 mg (0.2 mmol) of Mn(ClO4)2∙6H2O and ligand 2-({[di(2-

pyridyl)methyl]amino}methyl)phenol (60 mg, 0.2 mmol) were dissolved in 5 mL of 

ethanol under N2 atmosphere. Subsequently, acetic acid (5 µL, 0.1 mmol) was added. After 

all solids were dissolved, triethylamine was added (4 µL, 0.3 mmol). After stirring, the 

formation of a solid precipitate occurred. The solution was heated until boiling and 

gradually DMF was added until complete dissolution of the solid. The solution was then let 

cool down at 0° C. After a couple of days white crystals were obtained, washed with 

ethanol and ether and finally dried under vacuum. Yield: 44 mg, 52 %.  

UV-Vis (CH3CN): λmax/nm  (ε/M
-1 

cm
-1
) 243.9 (2.7∙10

4
), 264.2 (1.5∙10

4
), 269.1 (1.5∙10

4
) 

and 287.9 (6.7∙10
3
).   

FT-IR (KBr): ν (cm
-1

) 3281(m), 3062(w), 3024(w), 2926(w), 2860(w), 1600(s), 1572(s), 

1563(s), 1481(s), 1470(m), 1445(s), 1422(m), 1340(w), 1289(s), 1277(s), 1121(s), 1108(s), 

1090(s), 1013(m), 983(w), 905(m), 864(w), 779(m), 759(s), 732(w), 687(w), 626(m). 

ESI(+)-MS m/z calcd. for C38H35N6O4Mn2
+ 

(M) 749.2, found 749.1. 
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-Synthesis of: Mn(III)-meso-tri(N-methyl-4-pyridyl)mono(4-carboxyphenyl)porphine 

trichloride (P1) 

 

41.8 mg (50 µmol) of meso-tri(N-methyl-4-pyridyl)mono(4-carboxyphenyl)porphine were 

dissolved in 15 ml of water and the pH was adjusted to 11.5 with 0.5 M NaOH, MnCl2 ∙6 

H2O (256,4 mg, 700 µmol) was then added. Metallation was accomplished in 1 h  

monitoring the reaction by UV-Vis spectroscopy until disappearing of the Soret band (422 

nm) of the free base porphyrin. Upon completion of metallation the solution was filtered, 

the product was precipitated by adding a 2-propanol:diethyl ether (1:1) solution and 

thoroughly washed with the 2-propanol:diethyl ether solution to remove the excess of 

metal. Yield: 28.5 mg, 55 %.  

UV-Vis (H2O): λmax/nm (ε/M
-1 

cm
-1
) 379.7 (4.3∙10

4
), 402.1 (4.6∙10

4
), 464.9 (1.2∙10

5
) (Soret 

bands), 561.9 (1.2∙10
4
) (Q bands).  

FT-IR (KBr): ν (cm
-1

) 3093(w), 3039(w), 1640(s), 1584(m), 1539(m), 1506(m), 1458(w), 

1373(s), 1343(m), 1279(w), 1211(w), 1186(w), 1092(w), 1028(m), 1011(s), 866(w), 

806(m), 777(w), 712(w), 564(w).  

ESI(+)-MS m/z calcd. for C45H32MnN7O2
3+ 

(M-H
+
) 252.9, found 253.1 and for 

C45H34MnN7O3
3+

 (M
 
- H

+ 
+ H2O) 258.9 found 258.7.  

Elemental Analysis, calcd. for C45H33MnN7NaO2•6H2O: C = 52.39, H = 4.40, N = 9.50; 

found C = 52.23, H = 4.61, N = 9.28. 
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-Synthesis of: meso-tri(4-pyridyl)mono(N-4-methoxyformylbenzyl-4-pyridyl)porphine 

chloride  

 

1.60 g (4.8 mmol) of methyl 4-(bromomethyl)benzoate were added to 5,10,15,20-tetra(4-

pyridyl)-21H,23H-porphine (1.50 g, 2.4 mmol) in 180 ml of refluxing CH2Cl2:CH3OH 

(2:1). After 60 h, the solvent was removed under vacuum. The crude material was then 

purified by flash column chromatography on silica gel using CH2Cl2:CH3OH (70:30) 

NH4Cl saturated as eluent. The  purified material  was  collected after solvent removal 

under vacuum, washed with water to remove the NH4Cl and silica, and dried under 

vacuum. Yield: 363 mg, 19 %. Rf = 0.50 (CH2Cl2:CH3OH 70:30 on silica gel).  

UV-Vis (CH3OH): λmax/nm (ε/M
-1 

cm
-1
) 415.4 (1.6∙10

5
) (Soret bads); 512.9 (1.2∙10

4
), 550.2 

(5.3∙10
3
), 588.9 (4.3∙10

3
), 645.9 (1.8∙10

3
) (Q bands).  

ESI(+)-MS m/z calcd. for C49H35N8O2
+ 

(M) 767.3, found 767.3.  

1
H NMR (500 MHz, CD3OD): δ (ppm) 9.51 (d, 2H, J = 10.6 Hz), 9.02 (m, 14H), 8.30 (m, 

8H), 7.95 (d, 2H, J = 13.6 Hz), 6.30 (s, 2H), 3.98 (s, 3H). 
13

C NMR (300 MHz, CD3OD): δ 

(ppm) 175.7, 172.3, 166.9, 166.0, 153.9, 153.4, 148.5, 142.7, 141.8, 140.3, 140.0, 139.8, 

139.5, 125.6, 125.5, 125.3, 62.2, 57.8. 

-Synthesis of: meso-tri(N-methyl-4-pyridyl)mono(N-4-methoxyformylbenzyl-4-

pyridyl)porphine tetraiodine 
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1.164 ml (18.7 mmol) of CH3I were added to meso-tri(4-pyridyl)mono(N-4-

methoxyformylbenzyl-4-pyridyl)porphine chloride (300 mg, 375 µmol) in 80 ml of DMF 

at 42° C. After 8 h the product was precipitated by adding CH2Cl2 and the precipitated was 

thoroughly washed with CH2Cl2. Yield: 447 mg, 97%. Rf = 0.30 (1:1:8= 

KNO3(sat):H2O:acetonitrile on silica gel).  

UV-Vis (H2O): λmax/nm (ε/M
-1 

cm
-1
) 423.8 (2.0∙10

5
) (Soret bands); 519.6 (1.3∙10

4
), 555.8 

(5.4∙10
3
), 585.5 (6.0∙10

3
), 639.6 (1.3∙10

3
) (Q bands).  

ESI(+)-MS m/z calcd. for C52H43N8O2
3+ 

(M-H
+
) 270.5, found 270.6 and calcd. for 

C52H42N8O2
2+

 (M-2H
+
) 405.2, found 405.1.  

1
H NMR (500 MHz, DMSO-d6): δ 9.66 (d, 2H, J = 10.0 Hz), 9.48 (d, 6H, J = 10.0 Hz), 

9.28 (d, 2H, J = 7.0 Hz), 9.19 (s, 6H), 9.06 (d, 2H, J = 10.5 Hz), 8.99 (d, 2H, J = 10.0 Hz), 

8.21 (d, 2H, J = 14.0 Hz), 8.04 (d, 2H, J = 13.5 Hz), 6.32 (s, 2H), 4.73 (s, 9H), 3.93 (s, 

3H),-3.10 (s,2H). 
13

C NMR (300 MHz, DMSO-d6): δ (ppm) 160.0, 159.3, 159.2, 145.6, 

144.8, 137.0, 134.7, 134.0, 131.8, 130.4, 117.1, 117.1, 116.9, 65.5, 35.4. 

-Synthesis of: meso-tri(N-methyl-4-pyridyl)mono(N-4-carboxybenzyl-4-pyridyl)porphine 

tetrachloride 

 

400 mg (330 µmol) of meso-tri(N-methyl-4-pyridyl)mono(N-4-methoxyformylbenzyl-4-

pyridyl)porphine were dissolved in 160 ml of HCl 0.5 M and heated under reflux. After 8 h 

the product was precipitated by adding a 2-propanol:diethyl ether (1:1) solution and the 

precipitate was washed with a 2-propanol:water (9:1) solution. This procedure was 

repeated three times to completely remove the acid. Finally the counter anion of the 

porphyrin was exchanged with chloride by using an anionic exchange resin IRA-410 and 

dried under vacuum. Yield : 100%, 310 mg.  Rf = 0.10 (1:1:8 =KNO3(sat) :H2O: acetonitrile 

on silica gel).  
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UV-Vis (H2O): λmax /nm (ε/M
-1 

cm
-1
) 423.8 (1.8∙10

5
) (Soret bands); 519.6 (1.3∙10

4
), 555.8 

(6.2∙10
3
), 585.5 (6.4∙10

3
), 639.6 (2.4∙10

3
) (Q bands).  

ESI(+)-MS m/z calcd. for C51H42N8O2
3+ 

(M-H
+
) 265.8, found 265.8 and calcd. for 

C51H42N8O2
2+

 (M-2H
+
) 398.2, found 398.1.  

1
H NMR (500 MHz, DMSO-d6): δ 9.77 (d, 2H, J = 6.5 Hz), 9.57 (d, 6H, J = 6.0 Hz), 9.27 

(s, 2H), 9.19 (s, 6H), 9.07 (d, 2H, J = 6.0 Hz), 9.00 (d, 6H, J = 6.0 Hz), 8.13 (d, 2H, J = 7.5 

Hz), 7.95 (d, 2H, J = 7.5 Hz) 6.34 (s, 2H), 4.75 (s, 9H), -3.10 (s, 2H). 
13

C NMR (300 MHz, 

CD3OD): δ (ppm) 166.2, 157.4, 156.5, 156.4, 144.5, 144.0, 139.0, 133.3, 132.4, 130.8, 

130.3, 130.0, 116.1, 116.0, 115.8, 63.2, 52.8, 48.3. 

-Synthesis of: Mn(III)-meso-tri(N-methyl-4-pyridyl)mono(N-4-carboxybenzyl-4-

pyridyl)porphine  pentachloride (P2) 

 

1.26 g (3.5 mmol) of MnCl2 ∙6 H2O  were added to 30 ml of a water solution containing 

meso-tri(N-methyl-4-pyridyl)mono(N-4-carboxybenzyl-4-pyridyl)porphine (200mg, 210 

µmol) previously set at pH = 11.5 by adding NaOH 0.5 M solution. Metallation was 

accomplished in 1 h monitoring the reaction by UV-Vis spectroscopy until disappearing of 

the Soret band (424 nm) of the metal free porphyrin. Upon completion of metallation the 

solution was filtered and the product was precipitated as a PF6
-
 salt by the addition of an 

aqueous solution of NH4PF6. The precipitate was filtered off and thoroughly washed with 

water. The dried precipitate was dissolved in acetone and precipitated as a chloride salt by 

the addition of a saturated acetone solution of tetrabutylammonium chloride and the 

precipitate was thoroughly washed with acetone. This procedure repeated three times 

allows a complete removal of the free metal. Finally, the precipitate was dissolved in water 

and precipitated with 2-propanol:diethyl ether (60:40) solution and thoroughly washed 

with the same solution to remove the excess tetrabutylammonium chloride arising from the 

previous step. Yield: 200 mg, 61 %.  
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UV-Vis (H2O): λmax/nm (ε/M
-1 

cm
-1
) 377.3 (4.0∙10

4
), 398.9 (4.1∙10

4
), 462.5 (1.3∙10

5
) (Soret 

bands), 563.0 (1.2∙10
4
) (Q bands).  

FT-IR (KBr): ν (cm
-1

) 3113(w), 3080(w), 3037(w), 1639(s), 1557(m), 1539(m), 1505(w), 

1457(m), 1379(w), 1347(w), 1276(w), 1211(w), 1186(w), 1095(w), 1028(m), 1011(s), 

863(w), 807(m), 770(w), 714(w), 559(w), 526(w).  

ESI(+)-MS m/z calcd. for C51H40MnN8O2
3+ 

(M
 
- H

+ 
+ e

-
) 283.4, found 283.3, calcd. for 

C51H40ClMnN8O2
3+

 (M
 
- H

+ 
+ Cl

-
) 295.2, found 295.4 and for C51H40ClMnN8O2

2+
 (M

 
- H

+ 

+ Cl
- 
+ e

-
) calcd. 442.8 found 442.6.  

Elemental Analysis, calcd. for C51H39Cl5MnN8NaO2∙10 H2O: C = 50.49, H = 4.74, N = 

9.24; found C = 50.71, H = 4.85, N = 9.09. 

-Synthesis of: [Mn2L2P1)](ClO4)5 

12.7 mg (33 µmol) of Mn(ClO4)2∙6H2O  and ligand 2-{[[di(2-

pyridyl)methyl](methyl)amino]methyl}phenol (10.3 mg, 33 µmol), were dissolved under 

N2 atmosphere in 2 mL of methanol and the solution was heated until its boiling point. 

Subsequently, P1 (16.2 mg, 16 µmol) was added. After all solids were dissolved, 

triethylamine was added (7.0 µL, 50 µmol). After stirring, a solid precipitated so the 

mixture was let cool down. The precipitate was filtered and thoroughly washed with cold 

methanol and  with ether and finally dried under vacuum. Yield: 19.2 mg, 58 %.  

UV-Vis (H2O): λmax/nm  (ε/M
-1 

cm
-1
) 257.0 (6.8∙10

4
), 379.9 (4.3∙10

4
), 401.9 (4.6∙10

4
), 

464.7 (1.2∙10
5
) (Soret bands), 561.7 (1.2∙10

4
) (Q band).  

FT-IR (KBr): ν (cm
-1

) 3120(w), 3079(w), 3055(w), 2976(w), 2952(w), 2881(w), 2858(w), 

2808(w), 1640(s), 1599(m), 1568(w), 1541(w), 1479(m), 1451(m), 1402(w), 1373(w), 

1345(w), 1280(w), 1144(m), 1108(s), 1090(s), 1011(m), 887(w), 868(w), 806(w), 787(w), 

762(m), 628(m), 560(m), 527(m).  

Elemental Analysis, calcd. for C83H69Cl5Mn3N13O24 • 6 H2O: C = 47.87, H = 3.92, N = 

8.74; found C = 47.63, H = 3.94, N = 8.82. 

-Synthesis of: [Mn2L2P2]Cl2(ClO4)4  

21.6 mg (60 µmol) of Mn(ClO4)2∙6H2O and ligand 2-{[[di(2-

pyridyl)methyl](methyl)amino]methyl}phenol (18.3 mg, 60 mmol), were dissolved in 2 

mL of methanol and the solution was heated until its boiling point. Subsequently, P2 (40.0 

mg, 30 µmol) was added. To completely dissolve the porphyrin, 1 ml of H2O was added. 
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After all solids were dissolved, triethylamine was added (15 µL, 110 µmol). After 2 h, the 

solvent was removed under vacuum. The solid obtained was washed three times with small 

aliquots of water to remove the triethylammonium chloride formed during the reaction. 

Finally the product was dissolved in methanol, filtered and the solvent was removed under 

vacuum. Yield: 33.0 mg, 54 %.  

UV-Vis (H2O): λmax/nm  (ε/M
-1 

cm
-1
) 257.6 (6.3∙10

4
), 378.2 (3.9∙10

4
), 399.6 (3.9∙10

4
), 

462.9 (1.3∙10
5
) (Soret bands), 562.7 (1.2∙10

4
) (Q band). 

 FT-IR (KBr): ν (cm
-1

) 3117(w), 3091(w), 3059(w), 2977(w), 2923(w), 2854(w), 2810(w), 

1640(s), 1599(s), 1570(w), 1560(w), 1478(s), 1454(m), 1445(m), 1289(m), 1275(m), 

1095(vs), 1012(m), 887(w), 865(w), 806(w), 790(w), 762(m), 622(m), 561(w), 528(w). 

Elemental Analysis, calcd for C89H75Cl6Mn3N12O22 • 2H2O: C = 51.54, H = 3.84, N = 9.45; 

found C = 51.45, H = 3.52, N = 9.15. 

-Synthesis of: Cu2L2 

185 mg (0.5 mmol) of Cu(ClO4)2∙6H2O and ligand 2-{[[di(2-

pyridyl)methyl](methyl)amino]methyl}phenol (150 mg, 0.5 mmol) were dissolved in 10 

mL of methanol. After all solids were dissolved, an excess of triethylamine was added (15 

µL, 1.0 mmol) and the solution turned dark green. After stirring, the formation of a green 

precipitate occurred. The solution was heated until boiling and gradually acetonitrile was 

added until complete dissolution of the solid. The solution was then let cool down. After a 

week green crystals were obtained, washed with methanol and ether and finally dried under 

vacuum. Yield: 153 mg, 56 %.  

UV-Vis (H2O): λmax/nm  (ε/M
-1 

cm
-1

) 269 (2.1∙10
4
), 410 (1.0∙10

3
).   

FT-IR (KBr): ν (cm
-1

) 3089(w), 3024(w), 3005(w), 2926(w), 2906(w), 2867(w), 2855(w), 

2819(w), 1614(m), 1603(m), 1598(sh), 1574(w), 1480(s), 1453(s), 1448(sh), 1426(w), 

1292(m), 1264(m), 1246(m), 1234(m), 1093(s), 984(m), 893(m), 885(m), 781(m), 768(s), 

758(s), 623(s), 554(w), 543(w).  

ESI(+)-MS m/z calcd. for (C38H36Cu2N6O2
2+

+HCOO
-
)
 
(M+HCOO

-
) 779.1, found 779.0 

and (C38H36Cu2N6O2
2+

+ClO4
-
)
 
(M+ ClO4

-
) 833.1, found 833.0.  

Elemental Analysis, calcd. for C38H36Cl2Cu2N6O10: C = 48.83, H = 3.88, N = 8.99; found 

C = 48.65, H = 3.92, N = 8.85. 
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-Synthesis of: Cu2L
1
2 

75 mg (0.2 mmol) of Cu(ClO4)2∙6H2O and ligand 2-({[di(2-

pyridyl)methyl]amino}methyl)phenol (60 mg, 0.2 mmol) were dissolved in 5 mL of 

ethanol. After all solids were dissolved, an excess of triethylamine was added (6 µL, 0.4 

mmol) and the solution turned dark green. After stirring, the formation of a green 

precipitate occurred. The solution was heated until boiling and gradually DMF was added 

until complete dissolution of the solid. The solution was then let cool down. After a week 

green crystals were obtained, washed with methanol and ether and finally dried under 

vacuum. Yield: 50 mg, 55 %.  

UV-Vis (H2O): λmax/nm  (ε/M
-1 

cm
-1

) 265.1 (2.3∙10
4
), 397.4 (3.6∙10

3
), 667.5 (6.2∙10

2
).   

FT-IR (KBr): ν (cm
-1

) 3239(w), 3094(w), 3070(w), 3034(sh), 2925(w), 2870(w), 1680(sh), 

1658(s), 1610(s), 1597(s), 1573(m), 1482(s), 1471(s), 1452(s), 1441(s), 1389(m), 1291(w), 

1273(w), 1248(m), 1098(s), 1002(m), 928(w), 882(m), 868(w), 791(w), 778(m), 758(m), 

699(w), 640(w), 625(m), 598(w), 551(w), 473 (w).  

ESI(+)-MS m/z calcd. for (C36H32Cu2N6O2
2+

-H
+
) (M-H

+
) 705.1, found 705.0  

(C36H32Cu2N6O2
2+

+HCOO
-
)
 
(M+HCOO

-
) 751.1, found 751.0 and (C36H32Cu2N6O2

2+
+ClO4

-

)
 
(M+ ClO4

-
) 805.1, found 805.0.  

Elemental Analysis, calcd. for C36H32Cl2Cu2N6O10·DMF: C = 47.81, H = 4.01, N = 10.01; 

found C = 47.62, H = 4.23, N = 10.24. 

-Synthesis of: Cu2L
2
2 

68 mg (0.18 mmol) of Cu(ClO4)2∙6H2O and ligand 2-({[Di(2-

pyridyl)methyl]amino}methyl)-4-nitrophenol (60 mg, 0.18 mmol) were dissolved in 5 mL 

of ethanol. After all solids were dissolved, an excess of triethylamine was added (6 µL, 0.4 

mmol) and the solution turned dark green. After stirring, the formation of a green 

precipitate occurred. The solid was filtered and washed with ethanol and ether and finally 

dried under vacuum. Yield: 80 mg, 45 %.  

UV-Vis (H2O): λmax/nm  (ε/M
-1 

cm
-1

) 255.9 (2.1∙10
4
), 375.8 (2.3∙10

3
), 652.1 (2.4∙10

2
).   

FT-IR (KBr): ν (cm
-1

) 3228(w), 3089(w), 2971(w), 2921(w), 1599(s), 1575(m), 1504(sh), 

1478(s), 1442(m), 1332(s), 1297(s), 1263(s), 1119(sh), 1096(s), 1056(m), 1006(w), 

934(w), 903(w), 840(w), 789(w), 760(w), 652(w), 624(m), 559(w), 467(w).  
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ESI(+)-MS m/z calcd. for   (C36H31Cu2N7O4
2+

+HCO2
-
)
 
(M+HCO2

-
) 841.1, found 841.1 and 

(C36H31Cu2N7O4
2+

+ClO4
-
)
 
(M+ ClO4

-
) 895.1, found 895.0.  

Elemental Analysis, calcd. for C36H31Cl2Cu2N7O12: C = 43.38, H = 3.03, N = 11.24; found 

C = 43.09, H = 3.16, N = 10.92. 

-Synthesis of: FeL(Cl)2 

27 mg (0.1 mmol) of FeCl3∙6H2O and ligand 2-{[[Di(2-

pyridyl)methyl](methyl)amino]methyl}phenol (30 mg, 0.1 mmol) were dissolved in 5 mL 

of methanol. After all solids were dissolved, an excess of triethylamine was added (3 µL, 

0.2 mmol) and the solution turned dark blue. After stirring, the formation of a blue 

precipitate occurred. The solution was heated until boiling and gradually acetonitrile was 

added until complete dissolution of the solid. The solution was then let cool down. The 

dark blue crystals obtained upon ether addition were washed with methanol and ether and 

finally dried under vacuum. Yield: 22 mg, 51 %.  

UV-Vis (CH3CN): λmax/nm  (ε/M
-1 

cm
-1
) 261.7 (1.3∙10

4
), 357.8 (7.0∙10

3
), 580.0 (1.7∙10

3
). 

FT-IR (KBr): ν (cm
-1

) 3105(w), 3064(w), 3052(w), 3029(w), 2940(w), 2920(w), 2906(w), 

2883(w), 2849(w), 2810(w), 1604(s), 1600(s), 1569(m), 1477(s), 1454(s), 1445(s), 

1420(m), 1335(w), 1284(s), 1270(s), 1246(s), 1237(m), 1156(w), 1107(w), 1022(w), 

987(w), 889(m), 788(m), 781(m), 765(m), 748(m), 633(m), 558(m), 512(m).  

ESI(+)-MS m/z calcd. for (C38H36Fe2N6O3
2+

+HCOO
-
)
 
(M+HCOO

-
) 781.1, found 781.0 and 

(C38H36Fe2N6O3
2+

+ClO4
-
)
 
(M+ ClO4

-
) 835.1, found 835.0.  

-Synthesis of: Fe2(L)2(OH)(H2O)2 

45 mg (0.1 mmol) of Fe(ClO4)∙xH2O and ligand 2-{[[di(2-

pyridyl)methyl](methyl)amino]methyl}phenol (30 mg, 0.1 mmol) were dissolved in 5 mL 

of methanol. After all solids were dissolved, an excess of triethylamine was added (3 µL, 

0.2 mmol) and the solution turned dark blue. After stirring, the formation of a blue 

precipitate occurred. The solution was heated until boiling and gradually acetonitrile was 

added until complete dissolution of the solid. The solution was then let cool down. The 

dark blue crystals obtained upon ether addition were washed with methanol and ether and 

finally dried under vacuum. Yield: 29 mg, 55 %.  

UV-Vis (CH3CN):  λmax/nm  (ε/M
-1 

cm
-1
) 258.3 (2.6∙10

4
), 345.4 (7.4∙10

3
), 604.2 (3.4∙10

3
) 
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FT-IR (KBr): ν (cm
-1

) 3101(w), 3083(w), 3061(w), 3014(w), 2987(w), 2927(w), 2866(w), 

2814(w), 1608(s), 1598(m), 1541(s), 1478(s), 1455(s), 1450(s), 1420(w), 1270(s), 1107(s), 

1022(m), 982(w), 887(m), 789(m), 779(m), 765(s), 649(w), 635(m), 624(m), 560(w), 

525(w), 493(w). 

ESI(+)-MS m/z calcd. for (C38H36Fe2N6O3
2+

+HCOO
-
)
 
(M+HCOO

-
) 781.1, found 781.0 and 

(C38H36Fe2N6O3
2+

+ClO4
-
)
 
(M+ ClO4

-
) 835.1, found 835.0.  

Elemental Analysis, calcd. for C38H36Cl2Fe2N6O11·3H2O: C = 46.13, H = 4.28, N = 8.49; 

found C = 46.04, H = 4.31, N = 8.16. 

-Synthesis of: Co2L2Ac 

37 mg (0.1 mmol) of Co(ClO4)2∙6H2O and ligand 2-{[[Di(2-

pyridyl)methyl](methyl)amino]methyl}phenol (30 mg, 0.1 mmol) were dissolved in 5 mL 

of methanol. Subsequently, acetic acid (5 µL, 0.1 mmol) was added. After all solids were 

dissolved, triethylamine was added (4 µL, 0.3 mmol) and the solution turned pale pink. 

After stirring for 1 h, the formation of a precipitate occurred. The solution was heated until 

boiling and gradually acetonitrile was added until complete dissolution of the solid. The 

solution was then let cool down. After a week dark pink crystals were obtained, washed 

with methanol and ether and finally dried under vacuum. Yield: 26 mg, 60 %.  

UV-Vis (CH3CN): λmax/nm  (ε/M
-1 

cm
-1

) 245.5 nm (2.4∙10
4
), 265.8 (1.6∙10

4
), 289.9 

(8.4∙10
3
). 

FT-IR (KBr): ν (cm
-1

) 3064(w), 3029(w), 3004(w), 2977(w), 2923(w), 2891(w), 2852(w), 

2813(w), 1602(s), 1572(s), 1480(s), 1447 (s), 1424(m), 1448(s), 1289(s), 1276(m), 

1107(s), 1089(s), 1018(w), 994(w), 889(m), 789(w), 764(m), 729(w), 684(w), 666 (w), 

624(m), 572(w), 544(w).  

ESI(+)-MS m/z calcd. for C40H38N6O4Co2
+ 

(M) 785.2, found 785.1.  

-Synthesis of: Co2L2 

37 mg (0.1 mmol) of Co(ClO4)2∙6H2O and ligand 2-{[[di(2-

pyridyl)methyl](methyl)amino]methyl}phenol (30 mg, 0.1 mmol) were dissolved in 5 mL 

of methanol. After all solids were dissolved, triethylamine was added (4 µL, 0.3 mmol) 

and the solution turned pale pink. After stirring for 1 h, the formation of a precipitate 

occurred. The solution was heated until boiling and gradually acetonitrile was added until 

complete dissolution of the solid. The solution was then let cool down. After a week dark 
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pink crystals were obtained, washed with methanol and ether and finally dried under 

vacuum. Yield: 23 mg, 50 %.  

UV-Vis (CH3CN): λmax/nm  (ε/M
-1 

cm
-1

) 242.3 nm (2.0∙10
4
), 266.6 (1.6∙10

4
), 290.3 

(8.9∙10
3
).   

FT-IR (KBr): ν (cm
-1

) 3066(w), 3033(w), 3017(w), 2982(w), 2920(w), 2894(w), 2852(w), 

2811(w), 1606(s), 1602(s), 1573(m), 1484(s), 1470 (m), 1455(s), 1448(s), 1422(w), 

1291(m), 1272(m), 1018(w), 994(w), 888(m), 791(w), 767(m), 756(m), 737 (w), 684(w), 

624 (m), 580(w), 542(w).  

ESI(+)-MS m/z calcd. for (C38H36N6O4Co2
+ 

+ HCOO)(M+HCOO) 771.2, found 771.3 and  

for (M+ClO4) 825.1, found 825.2.  

-Synthesis of: K8[β2-SiW11O39] 

 

Sodium metasilicate (3.0g, 24,7mmol) was dissolved in 50 ml of water. In a separated 

becher sodium tungstate dihydrate (90.9g, 0.276 mol) was dissolved in about 150 ml of 

water and immersed in an ice/water bath at 5°C. To this solution 40 ml of 4.1 M HCl 

(0.16mmol) were added dropwise in about 40 minutes under vigorous stirring, in order to 

dissolve tungstic acid. When the solution returned to room temperature, metasilicate 

solution was added and pH was adjusted at 5.5 with 4.1 M HCl. The pH was maintained by 

small addition of 4.1 M HCl for 100 minutes than solid KCl (44.2g, 0.6mol) was added. 

After 15 minutes of stirring the white precipitate was collected by filtration through a 

sintered glass filter. Product was dissolved in 420 ml of water filtered and precipitated 

again with KCl (39.4g, 0.5mol), filtered and washed with 2 M KCl solution (15ml x 2) and 

dried under vacuum. Yield: 34.0g (11.4mmol, 46%) 

FT-IR (KBr, cm
-1

): 3423 (s, br), 1611 (s), 991 (s), 947 (s), 878 (s), 809 (s), 713 (s), 535 

(m). 

-Synthesis of: K8[γ-SiW10O36] 

 

This synthesis required an accurate control of the pH. 
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The fresh prepared potassium salt K8[β-SiW10O36] (34.0 g, 11.4mmol) was dissolved in 

530 ml of water and filtered to eliminate impurities. The pH of the solution was quickly 

adjusted to 9.1 by addition of 2 M aqueous K2CO3 solution and kept stable for 15 minutes. 

KCl (91.0g, 1.2mol) was then added to precipitate the potassium salt of γ-decatungstate. 

Solution was stirred for 10 minutes maintaining the pH at 9.1 by addition K2CO3 solution. 

The solid was filtered, washed with 1 M KCl solution and dried under vacuum.  

Yield: 20.0g (7.6mmol, 66%) 

FTIR (KBr, cm
-1

): 3461 (s, br), 1635 (m), 989 (m), 942 (s), 863 (s), 813 (s), 742 (s), 658 

(m), 532 (w). 

-Synthesis of: Na10[Ru4(-O4)(-OH)2(H2O)4(γ-SiW10O36)2] 

 

In a round bottom flask, K8[γ-SiW10O36]·12H2O (1.0 g,  0.38 mmol) was dissolved in 16 

ml of water, then RuCl3·xH2O (0.153 g, 0.74 mmol) was added and solution was heated at 

70° C for 1 hour (pH drop to 1.6). After cooling excess of CsCl (4.4 g, 25 mmol) was 

added to precipitate the cesium salt. Product was recovered by centrifugation and washed 

three time with cold water, then it was dissolved in about 100 ml of water to prepare the 

sodium salt after cation exchange by eluting it through a cation exchange resin, charged 

with Na
+
. Solvent was evaporated under reduced pressure and the black solid was 

dissolved in 5ml of water. Product was purified on a size exclusion column charged with 

Sephadex-G50
®
 resin (10 g). Solvent was evaporated and the purified sodium salt was 

obtained as a black solid. Yield: 0.8 g (0.28 mmol, 74%). 

FT-IR (KBr, cm
-1

): 3434 (s, br), 2923 (w), 2853 (w), 1622 (m), 1044 (w), 999 (w), 950 (s), 

876 (s), 804 (s), 539 (w). 

UV-Vis (H2O) λmax/nm  (ε/M
-1 

cm
-1

): 278 (6.96∙10
4
), 453 (1.91∙10

4
). 

-Synthesis of: DODA10/(Ru4(SiW10)2 

DODA10/(Ru4(SiW10)2 was synthesized from a biphasic system consisting in DODACl (10 

eq) in CHCl3 and Ru4(SiW10)2 (1 eq) in water. The two phases were stirred overnight and 

the SEP, soluble in the organic phase, was obtained upon solvent removal under vacuum 

with a yield of 93%. 
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FT-IR (KBr): ν = 2966 (sh), 2925 (s), 2853 (s), 1467 (m), 1381 (w), 1043 (w), 1001 (m), 

950 (m), 919 (sh), 876 (s), 812 (s), 766 (s), 543 (w).  

1
H-NMR (300 MHz, CDCl3 , δ): 3.43 (10H, m), 1.60 (4H, s), 1.26 (60H, s), 0.88 (6H, t). 

Elemental Analysis, calculated for C38H802N10O78Ru4W20Si2 : C = 42.0%, H = 7.5%, N = 

1.5%; found C = 42.43%, H = 7.72%, N = 1.39%. 

-Preparation of: PEEK WC membrane  

PEEK-WC 2 membrane was prepared from a casting solution made of 10 wt% of PEEK-

WC, 4 wt% of 1,4-butanediol, 6 wt% of i-propanol, and 0.5 wt% of DODA10/Ru4(SiW10)2 

in CHCl3 , at room temperature. The blend obtained was let under vigorous stirring for 24 

h. The dark solution was then casted on a glass plate with a casting knife of 0.45 mm in 

glovebox under controlled atmosphere (relative humidity 75%). The membrane 

characterization was then performed by environmental scanning electron microscopy 

(ESEM), TGA analysis, and EDX. PEEK-WC 1 membrane was prepared by standard 

evaporation casting technique. 

7.4 Methods 

-X-Ray Diffraction Analysis 

Crystals of compounds were analyzed by single-crystal X-ray diffraction. Data collection 

was carried out at the Elettra synchrotron (Trieste, Italy), by using cryo-cooling techniques. 

Diffraction images were integrated by using the software MOSFLM and scaled by 

AIMLESS.
[288–290]

 The crystal structure was solved in the P31 space group by Direct 

Methods with the SIR2014 software and refined with SHELX-13.
[291,292]

 Thermal 

parameters of all non-hydrogen atoms were refined anisotropically and hydrogen atoms 

were placed at the geometrically calculated positions and refined using the riding model. 

 

-FT-IR analysis 

FT-IR of KBr pellets were recorded on a Nicolet 5700 FT-IR instrument and FT-IR of thin 

solutions film were recorded on a Nicolet Nexus 670 using a cell with CaF2 windows and 

an optical path of 0.05-1 mm, resolution 2 cm
-1

, 25 scans. Deuterated solvents were 

employed to not interfere with the analytes peaks. The residual solvent signals were 

removed by solvent background subtraction. 
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-Cyclic Voltammetry 

Cyclic voltammetry experiments were performed using a BAS Cell C3 EC-epsilon 

potentiostat. A standard three-electrode electrochemical cell was used. Glassy carbon 

electrode (3 mm diameter, geometric surface area = 7 mm
2
) from BAS and a Pt wire were 

used respectively as working and auxiliary electrode. Potentials were referred to an 

Ag/AgCl/(3 M NaCl) reference electrode. Prior to each experiment, the electrode was 

polished with 1 µm alumina, rinsed with deionised water and wiped with a paper tissue. 

-ESI-MS analysis 

ESI-MS measurements were carried out by using an Agilent Technologies MSD SL Trap 

mass spectrometer with ESI source. Sample solutions in acetonitrile or water were injected 

into the ion source without the addition of any other solvent at a flow rate of 50 µL/min. 

For electrospray ionization, the drying gas (nitrogen) was heated at 325 °C. Each species is 

indicated with the m/z value of the first peak of its isotopic cluster. The peaks in ESI-MS 

spectra were assigned by comparing the experimental isotopic patterns with the 

corresponding simulated profiles. 

-Hydrogen peroxide dismutation 

Screening of the catalase activity was performed according to the following protocol: to a 

solution of H2O2 in BBS 50 mM (pH=7.8) or Krebs-Henseleit (KH) buffer (pH=7.4) (12 

ml), 300 µL of a 2-8 mM solution of the selected complex was added with a syringe to 

start the dismutation reaction. The reactor was maintained at 25 °C by a circulating 

thermostat, and the progress of reaction was determined by monitoring the pressure 

developed by molecular oxygen generated from dismutation of hydrogen peroxide into a 

closed vessel. The amount of O2 was determined by continuous detection of pressure 

variation, through a pressure transducer. Initial rates were calculated by linear regression of 

data within 10 % H2O2 conversion. Kinetic runs were performed in triplicate. Control 

experiments performed without the catalyst, confirmed that no oxygen evolution is 

detected from the buffer solution in presence of H2O2.
[135] 

-SOD test  

Screening of catalysts as SOD-mimicking systems was performed by spectrophotometric 

analysis of the inhibition of the superoxide-dependent reduction of the cyt c chromophore 

to ferricytochrome. The superoxide radical anions were generated by the xanthine/xanthine 

oxidase system. In all experiments, the reaction mixture was prepared with 40 µM 
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xanthine, 10 µM cyt c, catalase 15 µg/ml, 50 mM phosphate buffer (pH=7.80) and 

xanthine oxidase 0.0053 U/ml.  

Catalyst solutions were prepared upon dilution of a stock solution in water. Possible 

interference through inhibition of the xanthine/xanthine oxidase reaction by test 

compounds was examined by following the rate of urate accumulation at 295 nm in the 

absence of cyt c. The concentration of the stock catalyst solutions was chosen in order to 

obtain approximately an inhibition interval of the superoxide-dependent reduction of the 

cyt c between 30-60 %. The inhibition (%) is given by the ration v/v0, where v0 is the rate 

of cyt c reduction without catalyst and v in presence of it. Catalyst solutions were prepared 

upon dilution of a stock solution in water. 

Since IC50 values are dependent upon the screening/detection conditions, apparent kinetic 

rates were calculated by the equation proposed by McCord and Fridovich with kcyt c= 2.6 x 

10
5
 M

-1
s

-1
. The following equation was used for the calculated values of kcat(O2

•–
) : 

kcat(O2
•–

) = kcyt c ∙ [cyt c] / IC50 

-Michealis-Menten Analysis  

To evaluate the Michaelis-Menten parameters, 60 µL of 2 mM solution of catalyst were 

added to degassed solution of BBS 50 mM (pH=7.8) (12 ml) at different H2O2 

concentration (0.1-10 mM). The reactor was maintained at 25 °C by a circulating 

thermostat, and the progress of reaction was determined by monitoring the dissolved 

oxygen concentration into a closed vessel with a Clark electrode. Initial rates were 

calculated by linear regression of data within 10 % H2O2 conversion. Kinetic runs were 

performed in triplicate. The initial rates vs substrate concentration were fitted by non-linear 

curve fit with the Michaelis-Menten equation to determine kcat and KM.  

-Bleaching stability test 

The bleaching stability of the porphyrin residue was tested using a commercial 

tetracationic porphyrin, meso-tetra(N-methyl-4-pyridyl)porphine upon Mn metallation, 

(Mn(III)-TM-4-PyP
5+

). Kinetics of the porphyrin degradation were obtained by UV-Vis 

monitoring of the Soret absorbance (λmax=463 nm, ε = 128825), upon incubation of 

Mn(III)-TM-4-PyP
5+

 (10 µM, phosphate buffer 50 mM, pH=7.8)  with  50-500 H2O2 µM 

(5, 10, 20 or 50 equivalents).
[87,111]

 The porphyrin concentration was estimated from the 

Lambert-Beer law. Analog experiments were conducted with the Mn2L2P2
6+

 di-zyme (10 
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µM) in phosphate buffer (50 mM, pH=7.8). Pseudo-first-order linear plots of experimental 

rate constants vs [H2O2] were obtained.
[87] 

- DNA interaction 

The test was conducted using calf-thymus DNA (CT-DNA). A stock solution of CT-DNA 

was prepared dissolving in phosphate buffer by gentle stirring overnight (pH 7.8, 1mM 

EDTA, stored at 4°C) the DNA. The CT-DNA concentration was obtained from its 

absorption intensity at 260 nm (ε=1.31∙M
-1

cm
-1 

in base pairs).
[89]

 The ratio from the UV 

absorbance at 260 and 280 nm, A260/A280>2.0, indicated that the DNA was sufficiently free 

from proteins.
[293]

 All experiments were run in the phosphate buffer at pH 6.8. The buffer 

consisted of 10 mM phosphate, 1 mM EDTA and NaCl to obtain ionic strength µ=0.2 M, 

dissolved in the Milli-Q quality water. The experiments were performed at 25° C by 

adding to H2TM-4-PyP
4+ 

(DNA intercalator), Mn(III)-TM-4-PyP
5+ 

(non-intercalator) or 

Mn2L2P2
6+ 

solutions (4-6 µM) aliquots of few microliters of CT-DNA solution.
[89]

 

- In vivo test on H2O2 accumulation in Chlamydomonas reinhardtii 

The strains used in this study is a wild type and the cell wall deficient strain, cw15
-
, both 

derived from the wild-type 137c strain of the green algae Chlamydomonas reinhardtii. 

Cells were routinely grown at 25°C in a Tris-acetate phosphate medium (TAP) with 50 

μmol photons m
-2

 sec
-1

 illumination. Wt and cw15
-
 strains were incubated with both 

molecules (Mn2L2P2, Mn2L2Ac) in different concentrations to assess the cytotoxicity of 

molecules. Concentrations with no effects on growth when then used for further analyses 

(0.5 μM for Mn2L2Ac and 0.1 μM for Mn2L2P2 and P2) and the cw15
- 
strains used for 

further analysis. Equal amounts of cells were incubated in presence / absence of Mn2L2P2, 

Mn2L2Ac for 48 hours in TAP medium. They were later harvested, washed and incubated 

in with medium containing 5 mM 3,3-diaminobenzidine-HCl and exposed to strong 

illumination 800 μE m
-2

 sec
-1

  for 1 hour. Following staining and light treatments, pigments 

were extracted from the cells using methanol. Oxidized 3,3-diaminobenzidine in reaction 

with H2O2 is a color brown compound that was assessed quantitatively by spectrometric 

measurement at 465 nm.
[294,295] 

- Pro-oxidant activity  test 

Pro-oxidant activity of the complexes was measured by following the oxidative 

degradation of morin in the presence of hydrogen peroxide by UV-Vis spectroscopy.
[186]

 

The reactions were carried out in borate buffer (50 mM, pH 7.8) at 25°C over a period of 3 
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hours. A freshly prepared morin solution (30 mM) in DMSO was diluted in BBS to obtain 

a morin solution of 0.12 mM in all the experiments. To this mixture, a stock catalyst 

solution (1 mM) was added in order to obtain the desired catalyst concentration (50 μM). 

Finally, a commercial H2O2 stock solution (30% w/w) was added to get a concentration 

between 10-30 mM. The change in the absorption maximum of morin at 390 nm was 

monitored at intervals of 10 min, to evaluate the peroxidase-like activity of the complexes. 

Considering the excess of hydrogen peroxide employed in the experiments we can 

extrapolate a pseudo first order kinetic constant kobs, where v = kapp∙[morin]. The value of 

kobs was obtained by linear regression of the initials rate of morin degradation at different 

hydrogen peroxide concentrations (10-30 mM). Second-order rate constant was determined 

from linear regression of the observed pseudo-first-order rate constants vs [H2O2]. 

- Oxygen evolution from membrane 

A reactor with a differential pressure transducer was employed. The membranes were cut 

in the shape of disks with a diameter of 22 mm and fixed on the reactor bottom by using a 

circular gasket. In the reactor, 12 mL of 0.1 M H2O2 were added and the variation of 

pressure was monitored for 24 h keeping constant the temperature at 25 °C. 

- Measurement of self cleaning ability  

The membrane was incubated with a water solution containing fluorescent beads, at 

different concentration (0.2 and 0.3 mg mL
−1

). After solvent evaporation, membrane 

fouling was verified by surface analysis using a laser scanning confocal microscope 

(Olympus BX51WI-FV300, λ exc = 488 nm, λ em ≥ 510 nm). Cleaning protocols had been 

initially attempted through washing cycles with water, including a 24 h immersion in 

water. The membrane was examined again with CFM and the images, recorded before and 

after the cleaning protocols, were compared to quantify the removal of the fouling beads. 

Effective removal of the fluorescent beads was obtained after a 24 h immersion in aqueous 

H2O2 (2.0 M ). 

- Determination of coverage area 

CFM images were elaborated with the image processing program ImageJ for statistically 

comparing fluorescence spots distributions and intensity. All the images were processed 

and the results were averaged to obtain the values reported for the self-cleaning tests. 
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UV-Vis Spectra 

 

Figure 105. UV-Vis spectrum of Mn2L2Ac
+
 (10 µM) in acetonitrile, λmax/nm  (ε/M

-1 
cm

-1
) 243.8 (3.2∙10

4
), 

256.7 (2.0∙10
4
), 267.0 (2.1∙10

4
) and 271.5 (2.1∙10

4
). 

 

Figure 106. UV-Vis spectrum of Mn2L
1

2Ac
+
 (10 µM) in acetonitrile, λmax/nm  (ε/M

-1 
cm

-1
) 243.9 (2.7∙10

4
), 

264.2 (1.5∙10
4
), 269.1 (1.5∙10

4
) and 287.9 (6.7∙10

3
). 
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Figure 107. UV-Vis spectrum of Mn(III)-meso-tri(N-methyl-4-pyridyl)mono(4-carboxyphenyl)porphine 

tetrachloride (P1, 8 µM) in phosphate buffer 50 mM pH = 7.8,  λmax/nm (ε/M
-1 

cm
-1
) 379.7 (4.3∙10

4
), 402.1 

(4.6∙10
4
), 464.9 (1.2∙10

5
) (Soret bands), 561.9 (1.2∙10

4
) (Q band). 

 

 
Figure 108. UV-Vis spectrum of meso-tri(4-pyridyl)mono(N-4-methoxyformylbenzyl-4-pyridyl)porphine (5 

µM) in methanol, λmax/nm (ε/M
-1 

cm
-1
) 415.4 (1.6∙10

5
) (Soret band); 512.9 (1.2∙10

4
), 550.2 (5.3∙10

3
), 588.9 

(4.3∙10
3
), 645.9 (1.8∙10

3
) (Q bands). 
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Figure 109. UV-Vis spectrum of meso-tri(N-methyl-4-pyridyl)mono(N-4-methoxyformylbenzyl-4-

pyridyl)porphine  (5 µM) in phosphate buffer  50 mM pH = 7.8, λmax/nm (ε/M
-1 

cm
-1
) 423.8 (2.0∙10

5
) (Soret 

band), 519.6 (1.3∙10
4
), 555.8 (5.4∙10

3
), 585.5 (6.0∙10

3
), 639.6 (1.3∙10

3
) (Q bands). 

 

 

Figure 110. UV-Vis spectrum of meso-tri(N-methyl-4-pyridyl)mono(N-4-carboxybenzyl-4-pyridyl)porphine  

(5 µM) in phosphate buffer 50 mM pH = 7.8, λmax /nm (ε/M
-1 

cm
-1
) 423.8 (1.8∙10

5
) (Soret band); 519.6 

(1.3∙10
4
), 555.8 (6.2∙10

3
), 585.5 (6.4∙10

3
), 639.6 (2.4∙10

3
) (Q bands). 
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Figure 111. UV-Vis spectrum of Mn(III)-meso-tri(N-methyl-4-pyridyl)mono(N-4-carboxybenzyl-4-

pyridyl)porphine (P2, 8 µM) in phosphate buffer 50 mM pH = 7.8, λmax/nm (ε/M
-1 

cm
-1
) 377.3 (4.0∙10

4
), 

398.9 (4.1∙10
4
), 462.5 (1.3∙10

5
) (Soret bands), 563.0 (1.2∙10

4
) (Q band). 

 

 

Figure 112. UV-Vis spectrum of Mn2L2P1
5+

 (10 µM) in phosphate buffer  50 mM pH = 7.8, λmax/nm  (ε/M
-1 

cm
-1
) 257.0 (6.8∙10

4
), 379.9 (4.3∙10

4
), 401.9 (4.6∙10

4
), 464.7 (1.2∙10

5
) (Soret bands), 561.7 (1.2∙10

4
) (Q 

band). 
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Figure 113. UV-Vis spectrum of Mn2L2P2
6+

 (10 µM) in phosphate buffer  50 mM pH = 7.8, λmax/nm  (ε/M
-1 

cm
-1
) 257.6 (6.3∙10

4
), 378.2 (3.9∙10

4
), 399.6 (3.9∙10

4
), 462.9 (1.3∙10

5
) (Soret bands), 562.7 (1.2∙10

4
) (Q 

band). 

 

 
Figure 114. UV-Vis spectrum of Cu2L2 (200 µM) in borate buffer  50 mM pH = 7.8, λmax/nm  (ε/M

-1 
cm

-1
) 

410 (2.9∙10
3
) (LMCT band) and 675 (3.8∙10

2
) (d-d band). 
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Figure 115. UV-Vis spectrum of L

1
 (70 µM) in H2O, λmax/nm  (ε/M

-1 
cm

-1
) 261.5 (1.5∙10

4
), 266.7 (1.4∙10

4
). 

 

 
Figure 116. UV-Vis spectrum of L

2
 (150 µM) in H2O, λmax/nm  (ε/M

-1 
cm

-1
) 261.9 (3.3∙10

3
), 410.9 (4.7∙10

3
). 
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Figure 117. UV-Vis spectrum of FeL (140 µM) in acetonitrile, λmax/nm  (ε/M
-1 

cm
-1

) 261.7 (1.3∙10
4
), 357.8 

(7.0∙10
3
), 580.0 (1.7∙10

3
). 

 

 

Figure 118. UV-Vis spectrum of Fe2L2 (75 µM) in acetonitrile, λmax/nm  (ε/M
-1 

cm
-1

) 258.3 (2.6∙10
4
), 345.4 

(7.4∙10
3
), 604.2 (3.4∙10

3
) 
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Figure 119. UV-Vis spectrum of Fe2L2 (70 µM) in ACN:H2O(H
+
), λmax/nm  (ε/M

-1 
cm

-1
) 258.9 (2.4∙10

4
), 327.8 

(1.1∙10
4
), 499.3 (3.8∙10

4
). 

 

 

Figure 120. UV-Vis spectrum of Ru4(SiW10)2 in phosphate buffer  50 mM pH = 7.8 
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Infrared Spectra 

 

 

Figure 121. FT-IR spectrum (KBr pellet) of di-2-pyridy-ketoxime. 

 

Figure 122. FT-IR spectrum (KBr pellet) of 2-({[Di(2-pyridyl)methyl]amino}methyl)phenol (L
1
). 



Appendix 

196 

 

 

Figure 123.  FT-IR spectrum (KBr pellet) of HL= 2-{[[Di(2-pyridyl)methyl](methyl)amino]methyl}phenol. 

 

 
Figure 124. FT-IR spectrum (KBr pellet) of [Mn2L2Ac](ClO4). 
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Figure 125. FT-IR spectrum (KBr pellet) of [Mn2L
1
2Ac](ClO4). 

 

 

Figure 126. FT-IR spectrum (KBr pellet) of Mn(III)-meso-tri(N-methyl-4-pyridyl)mono(4-

carboxyphenyl)porphine tetrachloride (P1). 
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Figure 127. FT-IR spectrum (KBr pellet) of Mn(III)-meso-tri(N-methyl-4-pyridyl)mono(N-4-carboxybenzyl-

4-pyridyl)porphine  (P2) pentachloride. 

 

 

Figure 128. FT-IR spectrum (KBr pellet) of [Mn2L2P1](ClO4)5. 
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Figure 129. FT-IR spectrum in KBr pellet of the complex [Mn2L2P2](Cl)2(ClO4)4. 

 

 
Figure 130. FT-IR spectrum in KBr pellet of the complex [Cu2L2](ClO4)2. 
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Figure 131. FT-IR spectrum in KBr pellet of the complex [Cu2L

1
2](ClO4)2. 

 

 
Figure 132. FT-IR spectrum (KBr pellet) of 2-({[Di(2-pyridyl)methyl]amino}methyl)-4-nitrophenol (L

2
). 
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Figure 133. FT-IR spectrum in KBr pellet of the complex Cu2L

2
2. 

 

 

Figure 134. FT-IR spectrum in KBr pellet of the complex FeL(Cl)2. 
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Figure 135. FT-IR spectrum in KBr pellet of the complex Fe2(L)2(OH)(H2O)2. 

 

 

Figure 136. FT-IR spectrum in KBr pellet of the complex [Co2L2Ac](ClO4). 



Appendix 

 

203 

 

 

Figure 137. FT-IR spectrum in KBr pellet of the complex [Co2L2](MeOH)2(ClO4)2. 

 

 

 

Figure 138. FT-IR spectrum in KBr pellet of β2-SiW11O39. 
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Figure 139. FT-IR spectrum in KBr pellet of  K8[γ-SiW10O36]. 

 

 
Figure 140. FT-IR spectrum in KBr pellet of Na10[Ru4(SiW10)2]. 

 



Appendix 

 

205 

 

 
Figure 141. FT-IR spectrum in KBr pellet of DODA10/Ru4(SiW10)2. 

 

 
Figure 142. FT-IR spectra in KBr pellet of PEEK-WC (red line) and PEEK-WC+DODA10/ Ru4(SiW10)2 

(black line), the signal of the Ru4(SiW10)2 are undetectable because are overlapped with the signal of the 

polymer. 
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NMR spectra 

 

Figure 143.  
1
H NMR of di-2-pyridyl-methylamine in CD3OD. 

 

Figure 144. 
1
H NMR of di-2-pyridyl-methylamine in CD3OD. 
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Figure 145. 
1
H NMR of 2-({[Di(2-pyridyl)methyl]imino}methyl)phenol in CD2Cl2. 

 

Figure 146. 
1
H NMR of  2-({[Di(2-pyridyl)methyl]amino}methyl)phenol (L

1
) in CD2Cl2, peaks under 2.5 

ppm are attributable to residual solvents. 
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Figure 147. 

1
H NMR of  2-{[Di(2-pyridyl)methyl](methyl)amino]methyl}phenol (L) in CD2Cl2, peaks under 

2.5 ppm are attributable to residual solvents. 

 

Figure 148. 
1
H NMR of 2-({[Di(2-pyridyl)methyl]imino}methyl)-4-nitrophenol in CD2Cl2. 
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Figure 149. 

1
H NMR of 2-({[Di(2-pyridyl)methyl]amino}methyl)-4-nitrophenol in CD2Cl2. 

  

 

Figure 150. 
1
H NMR of meso-tri(4-pyridyl)mono(N-4-methoxyformylbenzyl-4-pyridyl)porphine in CD3OD. 
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Figure 151. 

13
C NMR of meso-tri(4-pyridyl)mono(N-4-methoxyformylbenzyl-4-pyridyl)porphine in 

CD3OD. 

 

 

Figure 152. 
1
H NMR of meso-tri(N-methyl-4-pyridyl)mono(N-4-methoxyformylbenzyl-4-pyridyl)porphine 

in (CD3)2SO, (*) indicate DMF residual peaks. 
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Figure 153. 
13

C NMR of meso-tri(4-pyridyl)mono(N-4-methoxyformylbenzyl-4-pyridyl)porphine in 

(CD3)2SO. 

 

 

Figure 154. 
1
H-NMR of meso-tri(N-methyl-4-pyridyl)mono(N-4-carboxybenzyl-4-pyridyl)porphine in 

(CD3)2SO. 
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Figure 155. 
1
H-NMR of meso-tri(N-methyl-4-pyridyl)mono(N-4-carboxybenzyl-4-pyridyl)porphine in 

CD3OD. 

 

 
Figure 156. 

1
H-NMR of DODA10/ Ru4(SiW10)2  in CDCl3. 
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ESI-MS analysis  

 
Figure 157. ESI-MS spectrum of Mn2L2Ac in acetonitrile, where 777.1 m/z correspond to the molecular ion 

Mn2L2Ac
+
. 

 
Figure 158. ESI-MS spectrum of Mn2L2Ac in BBS 50 mM pH = 7.8, where 777.1 m/z correspond to the 

molecular ion Mn2L2Ac
+
 , 753.1 to [Mn2L2(OH)(H2O)]

+
 and 359.1 m/z to [Mn2L2]

2+
. 
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Figure 159. ESI-MS spectrum of Cu2L2 in acetonitrile, where 833.0 m/z correspond to the molecular ion 

[Cu2L2+ClO4]
+
  and 367.1 m/z to the fragment [CuL]

+
. 

 

 
Figure 160.  ESI-MS spectrum of Cu2L2 in water, where 779.0 correspond to the molecular ion 

[Cu2L2+HCO2]
+
, 751.1 to [Cu2L2+OH]

+
 and 833.0 m/z [Cu2L2+ClO4]

+
  and 367.1 m/z to the fragment 

[CuL]
+
. 
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Figure 161. ESI-MS spectrum of Cu2L2 + H2O2 30 mM in BBS 50 mM after 50 min, where 657.0 m/z 

correspond to the dinuclear copper specie [Cu2L*2]
+
 and 384.0 to the inactive mononuclear copper(III) 

specie [CuL]
+
. 

 

 
Figure 162. ESI-MS spectrum of Cu2L2 + H2O2 30 mM in BBS 50 mM after 240 min where 384.0 

correspond to the inactive mononuclear copper(III) specie[CuL]
+
. 
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Figure 163. ESI-MS spectrum of Cu2L2 + H2O2 30 mM + NaBr 50 mM in BBS 50 mM, where 813.0 m/z 

correspond to the molecular ion [Cu2L2+Br]
+
 and 367.1 m/z to the fragment [CuL]

+
. 

 

 
Figure 164. ESI-MS spectrum of Cu2L2 + H2O2 30 mM + NaBr 50 mM in BBS 50 mM, where 786.9 m/z 

correspond to the molecular ion [Cu2L*2(Br)(H2O)]
+
 and 420.9 m/z to the inactive specie [CuL(Br)(H2O)]

+
. 
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Figure 165. ESI-MS spectrum of Cu2L

1
2 in acetonitrile, where 805.0 m/z correspond to the molecular ion 

[Cu2L
1

2+ClO4]
+
, 705.0 m/z to [Cu2L

1
2-H

+
]

+
 and 353.1 m/z to the fragment [CuL

1
]

+
. 

 

 
Figure 166. ESI-MS spectrum of Cu2L

1
2 in water, where 805.0 m/z correspond to the molecular ion 

[Cu2L
1

2+ClO4]
+
, 751.0 m/z to [Cu2L

1
2+HCOO]

+
 and 353.1 m/z to the fragment [CuL

1
]

+
. 
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Figure 167. ESI-MS spectrum of Cu2L

2
2 in acetonitrile, where 895.0 m/z correspond to the molecular ion 

[Cu2L
2
2+ClO4]

+
, 841.1 m/z to [Cu2L

2
2+HCO2]

+
 and 398.1 m/z to the fragment [CuL

2
]

+
. 

 

 
Figure 168. ESI-MS spectrum of Cu2L

2
2 in water, where 895.0 m/z correspond to the molecular ion 

[Cu2L
2
2+ClO4]

+
, 841.1 m/z to [Cu2L

2
2+HCO2]

+
 and 398.1 m/z to the fragment [CuL

2
]

+
. 
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Figure 169. ESI-MS spectrum of FeL in acetonitrile where 795 m/z is attributed to [Fe2L2+H2O+ACN]

+
 

molecular  ion. 

 

 
Figure 170. ESI-MS spectrum of Fe2L2 in acetonitrile where 795.1 and 835.0 m/z that are respectively 

attributed to [Fe2L2+H2O+ACN]
+
 and [Fe2L2+ClO4]

+
, 368.1 and 398.1 m/z attributed to [Fe2L2]

2+
, 

[Fe2L2+H
+
+H2O+ACN]

+
, 377.1 and 419.1 attributed to monomeric fragment [FeL+OH

-
]

+
 and 

[FeL+H2O+ACN]
+
. 
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Figure 171. ESI-MS spectrum of FeL in water at pH = 3 where 377.1 and 395.1 m/z are attributed 

respectively to monomers [FeL+OH
-
]

+
 and [FeL+Cl

-
]

+
. 

 

 
Figure 172. ESI-MS spectrum of Fe2L2 in water at pH = 3 where 377.2 and 459.1 m/z are attributed 

respectively to monomers [FeL+OH
-
]

+
 and [FeL+ClO4

-
]

+
. 
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Figure 173. ESI-MS spectrum of FeL in water at pH = 5 where 377.1 is attributed to monomer fragment 

[FeL+OH
-
]

+
 and 753.1, 771.1 and 781.1 are attributed respectively to dimer [Fe2L2]

2+
 plus OH

-
, Cl

-
 and 

HCOO
-
. 

 

 
Figure 174. ESI-MS spectrum of Fe2L2 in water at pH = 5 where 377.1 and 459.1 m/z are attributed 

respectively to monomer fragment [FeL+OH
-
]

+
 and [FeL+ClO4

-
]

+
, 753.3 and 835.2 are attributed 

respectively to dimer [Fe2L2]
2+

 plus OH
- 
and ClO4

-
. 
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Figure 175. ESI-MS spectrum of Fe2L2 in water at pH = 9 where 1331.6, 1004.6, 677.4 and 350.2  m/z are 

attributed to ligand-sodium cluster [Na5L4]
+
, [Na4L3]

+
, [Na3L2]

+
, [Na2L]

+
. 

 

 
Figure 176. ESI-MS spectrum of Co2L2 in acetonitrile, where 771.3 correspond to the molecular ion 

[Co2L2+HCOO]
+
, 825.2 m/z to [Co2L2+ClO4]

+
  and 363.2 m/z to the fragment [CoL]

+
. 
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Figure 177. ESI-MS spectrum of Co2L2Ac in acetonitrile, where 785.0 correspond to the molecular ion 

[Co2L2Ac]
+
, 825.2 m/z [Co2L2+ClO4]

+
  and 363.2 m/z to the fragment [CoL]

+
. 

  

Cyclic Voltammetry 

 
Figure 178.  CV of 1 mM 2-{[[Di(2-pyridyl)methyl](methyl)amino]methyl}phenol (L) in CH3CN 

(TBAClO4 0.1 M); E
2
c = -772 mV, E

2
a = -599 mV, E

3
a = 197 mV and E

1
a = 1133 mV. 
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Figure 179.  CV of 0.5 mM Mn2L2Ac

+
 in CH3CN (TBAClO4 0.1 M); The anodic peak E

1
a is ascribed to 

monoelectronic Mn2
II,II

 → Mn2
II,III

 oxidation. The second Mn2
II,III

→ Mn2
III,III 

oxidation overlaps with the 

ligand features.
[S6]

 The reduction waves in red are attributed to the ligand. E
1

a = 1022 mV, E
2
a = 1402 mV, 

E
2
c = 1299 mV, E

1
c = 516 mV, E

3
c = -749 mV and E

3
a = -563 mV and E

4
a = 220 mV. The inset show the 

wave of the the Mn2
II,III

/ Mn2
II,II

 couple. Addition of water results in a steady shift of the Mn2
II,III

/ Mn2
II,II

  

redox potentials. 

 
Figure 180. CV of 0.5 mM Mn2L2Ac

+
 in 50 mM phosphate buffer (pH = 7.8, NaCl 0.1 M); E

1
a = 559 mV, 

E
2
a = 879 mV, E

2
c = 747 mV and E

1
c = 515 mV. 
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Figure 181. CV of 1 mM 2-({[Di(2-pyridyl)methyl]amino}methyl)phenol (L

1
) in CH3CN (TBAClO4 0.1 M); 

E
2
c = -758 mV, E

2
a = -573 mV, E

3
a = 231 mV, E

1
a = 1079 mV and E

1
c = 621 mV. 

 

 
Figure 182. CV of 0.5 mM Mn2L

1
2Ac

+
 in acetonitrile (TBAClO4 0.1 M); E

1
a = 920 mV, E

2
a = 1335 mV, E

2
c 

= 1220 mV and E
1

c = 820 mV. 
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Figure 183. CV of 0.5 mM Mn2L
1

2Ac
+
 in 50 mM borate buffer (pH = 7.8, NaCl 0.1 M); E

1
a = 498 mV, E

2
a = 

664 mV and E
1

c = 392 mV. 

 

 
Figure 184. CV of 0.5 mM Mn(III)-meso-tri(N-methyl-4-pyridyl)mono(4-carboxyphenyl)porphine (P1) in 

50 mM phosphate buffer (pH = 7.8, NaCl 0.1 M); for Mn
III

/Mn
II
 couple E1/2 = -32 mV, ∆E = 65 mV. 
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Figure 185. CV of 0.5 mM Mn(III)-meso-tri(N-methyl-4-pyridyl)mono(N-4-carboxybenzyl-4-

pyridyl)porphine (P2) in 50 mM phosphate buffer (pH = 7.8, NaCl 0.1 M); for Mn
III

/Mn
II
 couple E1/2 = 10 

mV, ∆E = 76 mV. 

 

 
Figure 186. CV of the oxidation of Cu2L

1
2 (0.5 mM) in CH3CN (TEABF4 0.1 M) with increasing  aliquots of 

water. 
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Figure 187. CV of 1 mM 2-({[Di(2-pyridyl)methyl]amino}methyl)-4-nitrophenol (L

2
) in CH3CN (TEABF4 

0.1 M); E
4
c = -1600 mV, E

4
a = -1499 mV, E

1
c = -916 mV, E

1
a = 1299 mV, E

2
a = 1452 mV and E

3
a = 1727 

mV. 

 

 
Figure 188. CV of the oxidation of Cu2L

2
2 (0.5 mM) in CH3CN (TEABF4 0.1 M) with increasing aliquots of 

water. 
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Figure 189. CV of the oxidation of Cu2L

2
2 (0.5 mM) in PBS 50 mM (pH 7.8, TEABF4 0.1 M), E

1
a = 1.31 V 

and E
2
a = 1.71 V (vs NHE). 

 

 
Figure 190. CV of the reduction of Fe2L2 (0.5 mM) in CH3CN (TBAClO4 0.1 M). In black are reported the 

metal based processes E1/2 = 257  is ascribed to monoelectronic Fe2
III,III

 → Fe2
III,II

 reduction, the second E1/2 = 

-28 mV to Fe2
III/II

-Fe2
II,II

 reduction and peak Ec
5
 = -360 mV ascribed to the complex reduction to the Fe2

II/II
-

Fe2
II,I

 redox state. In red is reported the full reduction CV including the ligand based processes. 
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Figure 191.  CV of FeL (0.5 mM) in ACN:PBS (0.1 M, pH = 7) 50:50. 

 

 

Bleaching Stability 

 
Figure 192.  Bleaching kinetics of Mn(III)-meso-tetra(N-methyl-4-pyridyl)porphine (Mn(III)-TM-4-PyP

5+
, 

10 µM), obtained by plotting the residual porphyrin amount (%) over a time window of 10 minutes, in the 

presence of increasing H2O2 equivalents: 5 eq (black), 10 eq (red), 20 eq (blue) and 50 eq (purple) in 

phosphate buffer solution (50 mM, pH=7.8). 
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Figure 193.  Heme bleaching kinetics registered for Mn2L2P2

6+
 (10 µM) di-zyme, and obtained by plotting 

the residual heme absorbance (%)  over a time window of 10 minutes, in the presence of increasing H2O2 

equivalents: 5 eq (black), 10 eq (red), 20 eq (blue) and 50 eq (purple) in phosphate buffer solution (50 mM, 

pH=7.8). 

 

 
Figure 194. Heme bleaching kinetics registered for Mn2L2P2

6+
 (8 µM) di-zyme, obtained by plotting the 

residual heme concentration (over a time window of 120 s), in the presence of increasing [H2O2]: 50 µM 

(black), 100 µM (red), 150 µM (blue) and 200 µM (purple) in phosphate buffer solution (50 mM, pH 7.8). 
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DNA interaction 

 

 
Figure 195. Spectrophotometric titration of H2TM-4-PyP

4+
 (4 µM) with nucleic acids (CT-DNA): phosphate 

buffer 10 mM pH 6.8, 1 mM EDTA , µ = 0.2 M, 25 °C. 

 

Hydrogen peroxide dismutation 

 

 
Figure 196. O2 evolution kinetics by Cu

2+
 (400 µM) upon incubation with H2O2 (30 mM) at 25°C in BBS 

(50 mM pH=7.8). 
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Figure 197. O2 evolution kinetics by Cu2L2 (240 µM) upon incubation with H2O2 (30 mM) at 25°C in 

acetonitrile. 

 

 
Figure 198. O2 evolution kinetics by incubation of H2O2 (30 mM) at 25°C in BBS (50 mM pH=7.8) with 

different concentration of NaBr. 
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Figure 199. Kinetics profile of Cu2L2 degradation with 30 mM H2O2 in BBS 50 mM pH = 7.8.  

 

 

 
Figure 200. Effect of the H2O2 concentration on the rate of H2O2 disproportionation at 25 °C in a BBS buffer 

pH=7.8, [Cu2L2]= 200 μM. 
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Figure 201. O2 evolution kinetics by Cu2L2 (200 µM) upon incubation with H2O2 (10 mM) at 25°C in BBS 

(50 mM pH=7.8). 

 

 

 
Figure 202. O2 evolution kinetics by Cu2L2 (200 µM) upon incubation with H2O2 (60 mM) at 25°C in BBS 

(50 mM pH=7.8). 
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Figure 203. O2 evolution kinetics by Cu2L2 (200 µM) upon incubation with H2O2 (120 mM) at 25°C in BBS 

(50 mM pH=7.8). 

 

 
Figure 204. O2 evolution kinetics by Cu2L2 (200 µM) upon incubation with H2O2 (360 mM) at 25°C in BBS 

(50 mM pH=7.8). 
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Figure 205. Comparison between the O2 evolution kinetics by Cu2L2 (200 µM) upon incubation with H2O2 

(360 mM) (black) and free copper (400 M) upon incubation with H2O2 (30 mM) (red) at 25°C in BBS (50 

mM pH=7.8). 

 

 
Figure 206. Linear dependence of pseudo-first-order rate constants kobs on [H2O2], determined for hydrogen 

peroxide dismutation by Cu2L
1

2 (200 µM) at 25°C in borate buffer (50 mM, pH 7.8). The second-order rate 

constants were determined from linear plots of the observed kobs vs [H2O2], kobs = k[H2O2]. 
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Figure 207. Linear dependence of pseudo-first-order rate constants kobs on [H2O2], determined for hydrogen 

peroxide dismutation by Cu2L
2

2 (200 µM) at 25°C in borate buffer (50 mM, pH 7.8). The second-order rate 

constants were determined from linear plots of the observed kobs vs [H2O2], kobs = k[H2O2]. 

 

 

 

Figure 208. Pictures showing the oxygen evolved for the membrane PEEK-WC 2 incubated in 0.1 M H2O2. 
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TGA analysis  

 

 
Figure 209.  TGA analysis in air of the membrane PEEK-WC 2, the green line represent the weight profile 

(%) and the blue line the first derivate of weight (%). 

 

 

EDX analysis 

 

 

 
Figure 210.  EDX analysis of the membrane PEEK-WC 2. In the table are reported the %wt of tungsten 

obtained on different areas of the membrane. 
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Fluorescence spectra 

 
Figure 211.  Excitation and emission spectra of PEEK-WC membrane,  λmax(exc) = 400 nm and λmax(em) = 

460 nm. 
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