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Chapter 1  

General Introduction 

1.1 Global Energy Concern 

Energy is affirmatively the lifeline for modern productivity and living. Our 

sustainable development of economic, social and physical welfare cannot be guaranteed 

without an abundant, uninterrupted supply of energy, so the security of energy supply is 

therefore being of major concern for the whole world. It is expected that the energy 

efficiency will be greatly improved to generate a single unit of gross domestic product 

(GDP). However, the larger world’s population (estimated over 9 billion) and 2.5 times 

bigger economic scale in 2050 than 2015 impel the global energy demand continues to 

massively grow by 6,142 Mtoe (Figure 1.1).1 Currently, fossil fuels such as coal, oil, and 

natural gas provide about 85% of world’s energy needs.2 As a result of combusting these 

non-renewable energy resources, the significantly increased CO2 concentration in Earth's 

atmosphere along with the emissions of other greenhouse gases (GHG, including CH4, 

N2O, fluorinated gas, etc.) is causing a planet-warming effect and large-scale climate 

changes, e.g. the progressive melting of the planet ice crust and the shutdown of the ocean 

circulation system.3,4 Also, the huge quantities of pollutants produced are harmful to both 

the environment and the human health. 

 

Figure 1.1 World population, real GDP and primary energy consumption during the 
period 1990 to 2050.1 

1 
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Therefore, there is a strong impetus to replace fossil fuels by sustainable and 

environmentally-friendly alternative sources of energy. Both political and scientific 

communities have been putting efforts in rising the contribution of renewable energy in 

the overall energy consumption. Renewable energy, in the sense that the reserves are 

functionally inexhaustible or can be supplemented at the same rate as consumption, 

includes forms of solar, hydroelectric power, biomass, wind, ocean thermal, tidal, and 

geothermal energy. Although each type of these sources contributes to energy supply, the 

limitless sunlight is especially appealing because it is by far the largest exploitable 

resource, providing the Earth with more energy than all that consumed by humans 

throughout an entire year in one hour.5 To accomplish the task of developing renewable 

energy technologies, huge amounts of capital is invested into this field, solar energy 

representing 35% of the total investment (Figure 1.2). 

 

Figure 1.2 Renewable power investments under Remap (2015–2020, by technology).6 

Scientific studies of photovoltaics or photoelectrochemical solar cells that can 

convert sunlight to electricity or fuels, respectively, has been an attractive area in the past 

decades. However, solar energy suffers an innate limitation: its intermittent nature.6 The 

energy flux of sunlight that arrives at the earth's surface is not constant and varies 

significantly along the day, season of the year, weather conditions, and location. If this 

intermittency is particularly important when sunlight is converted into electric power, 

which cannot be stored, the problem can be overcome when this energy is stored in the 

chemical bonds of a fuel (i.e. hydrogen gas), from which can be recovered on demand. 
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1.2 Hydrogen 

Hydrogen is the most abundant element in the Earth’s crust (accounting for about 

15 mol%), but is not readily found in its molecular gaseous form given its low molecular 

weight. Instead, hydrogen is vastly found combined with other elements in hydrocarbons 

and water.7 As a fuel, and when produced from renewable resources, hydrogen is an 

available renewable energy carrier; its combustion only generates water as byproduct 

(thus, zero greenhouse gas emission) and its high energy density (140 MJ/kg) is three 

times higher than that of petroleum (47 MJ/kg).8,9 However, given the unavailability of its 

molecular form in our planet, it needs to be produced from any primary energy source 

prior to its consumption as the fuel. 

1.2.1 Hydrogen production 

Nowadays, about 0.1 GT of molecular hydrogen are produced annually,9 being 

mainly consumed in oil refining and metallurgy, with a small portion already utilized as a 

fuel in different types of vehicles. There are several different technologies to generate 

dihydrogen, but those dominant still rely on fossil fuels (48% from natural gas, 30% from 

heavy oils and naphtha, 18% from coal), renewable H2 being still only about 4% of the 

overall production of this gas.10 The following subsections describe the main methods 

currently employed to produce H2, including the renewable alternatives tackled in this 

PhD Thesis. 

1.2.1.1 Steam reforming 

Steam reforming (SR) is the process that converts catalytically hydrocarbons and 

steam to H2. The process consists on the following steps: remove impurities, reforming or 

synthesis gas (syngas) generation, water gas shift (WGS), and methanation or gas 

purification. Generally, the reforming reaction (eq. 1) is controlled at high temperatures, 

700–850 °C, pressures up to 3.5 MPa and steam to carbon ratios of 3.5, so as to obtain the 

desired purified H2 and prevent coke from forming on the catalyst surface (which is 

usually based on nickel).11 Additional H2 may be produced via a WGS reactor (eq. 2), by 

passing the gases to react with steam over a cobalt or iron oxide catalyst. Finally, the gas 

mixture passes either through a CO2-removal followed by methanation (eq. 3) or a 

1 
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pressure swing adsorption (PSA) step to remove residual traces of carbon oxides, leaving 

H2 near to be 100% pure. Among all raw materials, methane is the most common one used 

for large scale hydrogen production in the chemical process industries, with conversion 

efficiencies in the 74–85% range at an estimated cost of around $1.8 kg−1.10 

Reforming:            CnHm + n H2O → n CO + (n + m/2) H2       (1) 

Water gas shift reaction:  CO + H2O → CO2 + H2                 (2) 

Methanation:           CO + 3 H2 → CH4 + H2O               (3) 

1.2.1.2 Hydrocarbon pyrolysis 

Hydrocarbon pyrolysis has been widely studied since the 1900s in the fields of 

aerospace, fuel cells, and hydrogen production. Unlike the steam reforming process (see 

above), in this method the hydrocarbon undergoes thermal decomposition and self-

generates H2 with no other reactants involved, as shown in Eq. 4. For instance, the direct 

thermo-catalytic decomposition of methane is carried out at temperature up to 980 °C and 

atmospheric pressure. By this technology, the energy consumed to produce H2 (37.6 

kJ/mol) is less than that consumed in steam methane reforming (63.3 kJ/mol).12 Besides, 

the absence of CO2 in the pyrolysis process eliminates the WGS and CO2 removal steps, 

simplifying the requirements for handling by-products, i.e., elemental carbon. Therefore, 

the economic cost of hydrogen production from pyrolysis is more than thirty percent lower 

than that from SR. From the perspective of environmental protection, it would be more 

beneficial to generate H2 through this catalytic dissociation of hydrocarbons, only 

accompanied by carbon and without emission or sequestration of CO2. 

CnHm → n C + m/2 H2                  (4) 

1.2.1.3 Water electrolysis 

The major concern associated with the above methods for H2 production is the 

necessity of depleting fossil fuels to drive the processes, rendering the perceived status of 

hydrogen as a clean fuel questionable. So, a very appealing feedstock for the purpose of 

getting hydrogen in a renewable manner would be water, which is carbon-neutral, 
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abundant and nearly costless. Based on scientific principles demonstrated in the early 

1800s,13 water electrolysis become an effective and well-known method to produce H2. 

The splitting of water is thermodynamically disfavored and therefore the overall reaction 

is driven by supplying electrical energy in the form of potential. Then hydrogen is 

produced at the cathode while oxygen is evolved on the anode via the reaction in Eq.5. 

The half reactions of the process are shown below (Eq.12 and 13).  

H2O → H2 + 1/2 O2              (5)  

The minimum amount of reaction enthalpy that has to be electrically applied is 

the change in Gibbs energy, ΔG, which is shown in terms of enthalpy of reaction (∆H), 

temperature (T) and entropy of reaction (∆S) in Eq.6. At standard temperature and 

pressure under theoretical conditions, the reversible voltage (Vrev) of water splitting is –

1.23 V according to Eq.7, where n is the number of electrons transferred and F is Faraday’s 

constant.  

                   ∆G ° = ∆H ° − T∆S °            (6) 

    𝑉𝑟𝑒𝑣 =  −
∆G °
nF

                (7) 

Therefore, the energy theoretically consumed for the production of 1 m3 of H2 is 2.94 kWh 

when the current efficiency is 100%.13 Noticeably, –1.23 V is the calculated value with 

the condition that all components are in the gas phase, i.e., the water consumed in the 

reaction is vaporized. In reality, the cell voltage of an operating electrolysis cell is 

considerably higher than the theoretical reversible voltage derived from thermodynamics 

so as to accelerate the prohibitive slow reaction to a practical rate. This extra voltage is 

known as overpotential, and it is always due to mass transportation, charge transfer and 

resistance of electrolyte and electrodes in the electrolysis process.13 Together with the use 

of electrolytes, the use of efficient electrocatalysts is key to minimize overpotentials when 

splitting water.  

To date, the main electrolysis technologies are alkaline electrolysis (AEL), proton 

exchange membrane electrolysis (PEMEL) and solid oxide electrolysis (SOEL) on the 

basis of the electrolyte used in the electrolysis cell.14   

1 
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1.2.2 Hydrogen storage, transportation 

At room temperature and atmospheric pressure, hydrogen gas has a very low mass 

density (1 kg of hydrogen fills a volume of 11 m3), making its storage and transportation 

in a safe, reliable and cost-effective way a challenging matter.15 The most common and 

mature method is high pressure gaseous hydrogen storage by compressing H2 in high 

pressure gas cylinders up to 77 MPa.16 Another developed technique is the liquefaction of 

H2 below its boiling point at −253 °C and its storage in cryogenic tanks. However, despite 

the higher density of liquid H2 that increase its storage efficiency, this method needs of 

intensive energy supply and is highly time consuming if compared with compressed 

hydrogen gas.  

The capacity of certain materials to chemically store H2 in a reversible manner 

has been extensively studied.17,18 Metal hydrides, formed through the reaction of 

molecular hydrogen with metals or their alloys, are well known for their ability to absorb 

hydrogen and later release it, either at room temperature or through a heating process. 

Metal-hydrogen compounds (M-H) produced from light metals such as Na, Li, Be, Mg 

and Al received great attention due to their high capacity of hydrogen storage at relatively 

low costs. Thus, for instance, Mg2FeH6 and Al(BH4)3 show extremely high volumetric 

densities (about 150 kg/m3) at ambient temperature and pressure.16 Alanates (MAlH4) and 

borohydrides (MBH4) (M = Li, Na, Mg) have also received much attention. Among them, 

LiBH4 is the hydride compound possesses the highest gravimetric hydrogen density (up 

to 18 wt%) at room temperature.15 The chemical storage of H2 can also be achieved in 

liquid organic hydrogen carriers such as cycloalkane, methanol and formic acid, with a 

gravimetric density of 6–8 wt%, 12.6 wt% and 4.3 wt%, respectively. In addition, liquid 

inorganic hydrides such as ammonia borane, hydrous hydrazine and hydrazine borane can 

also be carriers, having volumetric hydrogen capacities of 19.6 wt%, 12.5 wt% and 15.4 

wt%, respectively.19 

Alternatively, H2 storage can be obtained by physisorption in which hydrogen is 

weakly adsorbed at the material surface and released reversibly. Due to the weak 

interaction formed, significant physisorption is only observed at low temperatures (<273 

K). The most widely studied carriers are porous materials including carbon-based 
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materials (carbon nanotubes, fullerenes), zeolites and metal organic frameworks 

(MOFs).20–23 

1.3 Natural photosynthesis and artificial photosynthesis 

1.3.1 Natural photosynthesis 

Natural photosynthesis plays an extremely important role in green plants and 

other organisms which utilize sunlight, water and CO2 to synthesize energy-rich 

carbohydrates, storing solar energy in chemical fuels, as depicted in Eq.8.24  

6 CO2 + 6 H2O + 48 hv → C6H12O6 + 6 O2               (8)  

In photosynthesis, the light-harvesting occurs by means of two large protein complexes 

called photosystem I (P700, PS I) and II (P680, PS II), which consist on a light-harvesting 

antenna (chlorophyll a and b) and catalytic metal clusters inlaid in proteins (Figure 1.3). 

When PS II is excited by absorbing a photon, the reaction center chlorophyll molecule 

transiently loses an electron, becoming after oxidation a very strong oxidizing agent which 

is able to accept electrons from water, resulting (after the absorption of 4 photons) in 

oxygen and protons production in the lumen (Eq. 9). This water oxidation reaction (WOR) 

is catalyzed by a water oxidation catalyst (WOC), a Mn4CaO5 cluster with cubane-like 

structure which mediate catalysis upon four-photon excitation to the highest oxidation 

state.25,26 The photoexcited electrons from PS II are transmitted to the plastoquinone pool 

(PQ) and further transferred through several electron relays, such as cytochrome b6/f (Cyt 

b6/f) and plastocyanin (PC), to terminus PS I. In sunlight-excited PS I and after further 

electron transfer induced by the participation of ferredoxin (Fd) and ferredoxin NADP 

reductase (FNR), the cofactor NADP+ (nicotinamide adenine dinucleotide phosphate) is 

reduced to NADPH (nature’s form of hydrogen, Eq. 10). The latter is later on able to 

transform CO2 to carbohydrates in the dark process (Calvin cycle).  

            2 H2O + 4 hv → O2 + 4 H+ + 4 e                (9) 

            2 NADP+ + 4 H+ + 4 e + 4 hv → 2 NADPH       (10) 

1 
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Figure 1.3 The photosynthetic electron transfer chain in the thylakoid membrane 
containing photosystem II reaction centers P680 and photosystem I reaction centers P700. 
Adapted from literature.27 

On the other hand, hydrogenase (H2ase) enzymes present in many green algae and 

bacteria are competent to reduce protons to H2. These enzymes can be classified in three 

different types ([FeFe], [NiFe], and [Fe] hydrogenases, Figure 1.4)28 according to the 

metal ion present in the catalytically active sites. [Fe]-H2ase (or H2-forming 

methylenetetrahydromethanopterin dehydrogenases, Hmd hydrogenase) catalyzes the 

dehydrogenation of methylene-tetrahydromethanopterin (methylene-H4MPT) to form H2 

and methenyltetrahydromethanopterin (Eq.11).29 On the other hand, [FeFe]- and [NiFe]-

H2ases have been shown to mediate at high rates the simplest reversible reaction H2 ↔ 

2H+ + 2e‒, functioning to either oxidize H2 in the energy-producing processes or reduce 

protons to dihydrogen during fermentative growth.30 The direction of this reaction (H2 

uptake vs. production) depends on cellular location of H2ases, and the redox potential of 

the components interacting with the enzyme. In the presence of H2 and an electron 

acceptor, hydrogenases located in the periplasm or the membrane are generally associated 

with H2 uptake, that is converting H2 into protons and electrons which are transferred from 

the hydrogenase into the quinone pool and forming part of the bacterial respiratory chain. 

Conversely, H2ases located in the cytoplasm are associated with H2 evolution. Generally 

speaking, [FeFe]-H2ase exhibits better activity than [NiFe]-H2ases to produce 

dihydrogen.31 

  H+ + methylene-H4MPT ↔ H2 + methenyl-H4MPT+     (11) 
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Figure 1.4 Structural representation of the active sites of [FeFe]-H2ase (left), [NiFe]-
H2ase (center), and [Fe]-H2ase (right) in Nature.32 

1.3.2 Artificial photosynthesis  

Originated from the desire to mimic natural photosynthesis to store solar energy 

in chemical bonds, artificial photosynthesis is dealing with issues like reducing CO2 to 

carbon-based fuels (methane, methanol or formic acid), nitrogen to ammonia, and very 

importantly split water to H2 (and O2) as a clean renewable energy carrier. The generation 

of H2 from water undergoes two catalytic steps: (i) the oxidation of two water molecules 

into O2 and four protons (WOR, Eq. 12) and (ii) the subsequent reduction of protons to 

molecular H2 (hydrogen evolution reaction (HER), Eq.13).  

      2 H2O → O2 + 4 H+ + 4 e‒   E = 1.23 V ‒ 0.059 pH V vs. NHE   (12) 

      4 H+ + 4 e‒ → 2 H2         E = 0 V ‒ 0.059 pH V vs. NHE       (13) 

Upon decades of development, sustainable solar hydrogen production systems 

have been evolved mainly to three different types of devices as schematically depicted in 

Figure 1.5: photovoltaic–electrolysis (PV-EC) systems, particulate photocatalytic (PC) 

systems, and photoelectrochemical (PEC) cells.33  

A PV-EC (Figure 1.5a) is a system that couples a PV device with a standard water 

electrolyzer, in which the power generated from an independent solar cell is transferred 

to an EC cell in order to trigger the HER and the WOR. Since in the PV-EC device the 

light absorber is kept completely out from water electrolyte, the PV cell could be fairly 

stable without corrosion. The other major advantage of this system is that both PV and 

water electrolysis are mature and commercialized technologies, achieving high solar to 

hydrogen (STH) conversion efficiencies (above 10%).34 However, PV–EC systems suffer 

1 
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from the highest complexity in PV designs. Moreover, although the electricity from PV 

devices is competitive with the grid, the hydrogen produced from this approach has a 

considerably high price relative to steam reforming (due to the cost of coupling both PV 

and EC systems), which discourages its wide application.35  

In contrast, PC water splitting devices depicted in Figure 1.5b require the smallest 

complexity, with the only involvement of sunlight, water and PC particles dispersed in the 

medium. In such a kind of systems, the photogenerated charge diffuses to the active sites 

on the surface of a semiconductor light absorber, which generally assemble separate WOR 

and HER catalysts together. Thus, a mix of H2 and O2 gases is produced from each PC 

particle. Combining light absorbers of appropriate band gap and stability with efficient 

HER and WOR catalysts and efficiently transfer electrons among them all in a single 

particle is of upmost complexity. Thus, the obtained STH efficiencies are typically far 

from those required for practical commercial application.  

A PEC cell (Figure 1.5c) is a device category with compromised complexity, 

available materials, and generally overall efficiency between PV-EC and PC systems. A 

prototypical type of PEC cell is composed of two photoelectrodes: a photoanode and a 

photocathode, each with a semiconductor/electrolyte junction.36 The photoanode usually 

have a configuration of WOC/protection layer/dopant:light absorber/substrate, while the 

photocathode is represented as HEC/protection layer/dopant:light absorber/substrate.  
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Figure 1.5 Schematic diagrams of different solar to hydrogen systems by splitting water. 
(a) PV-EC cell. (b) Particulate PC system and illustration of a PC particle. (c) Two- 
photoelectrode PEC cell and illustration of n-type photoanode and p-type photocathode.36 

In a PEC, the water splitting reaction can be summarized to four steps: light 

absorption by a photo-absorber, charge separation in the photo absorber, charge transfer 

to an electrocatalyst (WOC or HEC), catalyst-mediated WOR or HER at surface of 

electrode. Thus, photo-absorber and electrocatalyst are key components for 

manufacturing an effective PEC. Photo-absorber could be not only inorganic materials, 

like semiconductors TiO2, BiVO4 and CdTe,37,38 but also molecular dye sensitizers, 

[Ru(bpy)3]2+ and [Ir(ppy)2(bpy)]+ for instance.39  

Like mentioned in the previous subsection 1.2.1.3 Water Electrolysis extra 

voltage is needed in the water splitting process, both half reactions WOR and HER require 

significant overpotentials. Therefore, anodic and cathodic compartments of above devices 

are usually equipped with proper WOCs and HECs, respectively, to accelerate the multiple 

electron/proton transfers in the reactions. In many studies, the two kind of electrocatalysts 

are separately investigated in a specific half reaction by using a sacrificial electron donor 

(in WOR) or acceptor (in HER).40 Since the opening work on water splitting by utilizing 

TiO2 photoanode under UV light irradiation in 1970s, lots of solid materials have been 

actively developed as catalysts to perform this photoelectrocatalytic reaction.41 Besides, 

homogeneous catalysts that mimic the photosynthetic reaction center in natural 

photosynthesis are also under extensive investigation, such as various complexes of Ru, 

Ir, Ni and Co.42–44 Compared with inorganic catalysts, molecular catalysts exhibit many 

advantages, for example, the environment and redox property of catalysts can be tuned 

through ligand design; clear structures are favorable for mechanistic analysis and 

experimental repeatability; outstanding metal-atom economy of molecular catalysts when 

1 
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they are dissolved in solution of sacrificial reactants, or immobilized onto the surface of 

semiconductor or dye-sensitized semiconductor.45 Due to the focus of this PhD Thesis in 

the use of molecular complexes as electrocatalysts for the HER, the following subsections 

will focus on the details of such a kind of systems. 

1.4 Evaluation and benchmarking of hydrogen evolution electrocatalysts 

During the study of the HER mediated by homogenous catalysts, some typical 

catalytic parameters are essential to evaluate their activity and to compare (benchmark) 

their catalytic performance with previously reported systems. 

A) Overpotential  It is defined as the difference between the potential at which the 

catalyst reduces protons under the operating conditions (Ecat) and the standard reduction 

potential (E°HA/H2). The Ecat can be presented in three variable forms, onset potential (Eon), 

half-wave potential (Ecat/2) and potential at the maximum current (EP). Ecat/2 is the value 

recommended to calculate overpotential for catalysis in acidic media,8 and it is used for 

our calculation in later Chapter. The value of E°HA/H2 varies depending on the acid and 

solvent used for catalysis. The expressions to calculate overpotential and E°HA/H2 in 

aqueous media are shown in Eq.14 and Eq.15, respectively. 

                 𝜂 =  |𝐸cat/2  − 𝐸HA/H2
0 |                   (14) 

       𝐸HA/H2
0

 
= 𝐸H+/H2

0 − 
2.303𝑅𝑇

𝐹
𝑝𝐾𝑎  + 𝜖D −  

𝑅𝑇

2𝐹
ln

𝐶0

𝐶H2

       (15) 

Where 𝐸H+/H2

0 is the standard potential for the reduction of protons, 𝐶0  is the acid 

concentration, 𝐶H2
is the concentration of dissolved H2, 𝜖D  is the diffusion rate of 

products vs. reactants,46 R is ideal gas constant = 8.314 JK-1 mol-1, T = 298 K, and F is the 

Faraday constant (96485.33 A/mol). 

B) Turnover number (TON) and turnover frequency (TOF): TON is the number of moles 

of hydrogen generated per mole of homogeneous catalyst used (Eq.16) directly related to 

the overall stability of the complex.  

                  TON = nH2/ncat                    (16) 
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But TOF, the turnover number per time unit, is generally used to measure the kinetics in 

homogeneous catalysis. TOFs values for HER electrocatalysts can be determined either 

from bulk electrolysis or cyclic voltammograms, the second being the option of choice in 

this manuscript. Its specific calculation is described in the Experimental Section of 

Chapter 3.  

C) Faradaic efficiency: The Faradaic efficiency is the efficiency of electrons transferred 

in a system for an electrochemical reaction, specifically, in the case of the HER, it is a 

measure of the percentage of electrons effectively used in the conversion of H+ to H2. This 

value is calculated by comparing the measured amount of hydrogen, measured by a Clark-

type H2 microsensor device for headspace analysis in this Thesis, to the total amount of 

charge passed during controlled potential electrolysis. The calculation of Faradaic 

efficiency is reported in Chapter 3. 

1.5 Hydrogen evolution catalysis 

Compared to the WOR, which involves four electron transfers from water to form 

an O2 molecule, the HER is a simpler process, requiring two electrons and two protons to 

produce a molecule of H2. However, the kinetic barriers for generating H2 in the absence 

of a catalyst are high, that promoting the investigation of a large variety of catalysts for 

this reaction. The most efficient materials known for the electrochemical production of 

H2 by the HER are Pt group metals which operate at low overpotential through well-

established mechanistic steps.47 However, platinum is rather expensive (average price 

$845.4 per ounce in 2019)48 and rare, providing a strong impetus for developing cheap 

alternatives based on earth-abundant catalysts. In nature, proton reduction occurs at 

homogenous Fe-Fe, Ni-Fe and Fe sites within hydrogenase enzymes as described above 

(see Section 1.3.1). These natural catalysts employ Earth-abundant metals to catalyze the 

HER at thousands of turnovers per second and overpotentials lower than 100 mV. Thus, 

considerable efforts are currently focused to develop robust molecular catalysts based on 

non-noble metals.49–51  

As shown in Scheme 1.1, a reducible metal complex, LnM, may undergo a variety 

of different pathways to catalyze the HER via a monometallic mechanism.32 Following 

1 
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the standard electrochemical notation, the electron transfer and chemical transfer 

processes are denoted as E and C, respectively. Generally, the two-electron two-proton 

transfers of electrocatalytic hydrogen evolution can differ to five possible modes; ECEC, 

EECC, ECCE, CECE, and CCEE.52 Which specific mechanistic route the catalyst adopts 

is jointly determined by different factors such as the pKa of the metal complex at each 

oxidation state and the pKa of acid used in the catalytic system. Thus, for complexes 

containing electron-donating ligand and a very strong HA acidity, the initial protonation 

of the catalyst would be more favorable than the corresponding reduction.  

 

Scheme 1.1 Possible proton and electron transfers involved in the HER catalyzed by a 
reducible molecular complex.32 

1.5.1 Nickel catalysts for HER 

Nickel is a group 8 transition metal with electron configurations [Ar] 3d8 4s2. Its 

redox-active nature, from Ni0 to NiIV, and its cheapness (average price 13.7 $/kg in 2019)53 

make Ni an appropriate alternative to noble platinum or palladium in the design of 

molecular catalysts. HER mediated by Ni complexes normally involve the reduction from 

NiII to NiI, accompanied by the corresponding geometrical transformation from a square 

planar to a tetrahedral environment.54,55 In this section, a selection of the most relevant 

dinuclear and mononuclear HER electrocatalysts based on Ni is presented. 

1.5.1.1 Bioinspired dinuclear complexes based on Ni for HER 

https://en.wikipedia.org/wiki/Electron_configuration
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The presence of nickel in the active site of natural [NiFe]-H2ases inspired 

chemists to prepare model complexes. Initial reports of those models, even if structurally 

similar to  the biological systems, did not show HER catalytic activity until a trinuclear 

Ni2Fe complex, [(‘S2’){Ni(PMe3)}2Fe-(CO)(‘S2’)2] (‘S2’2‒ = 1,2-benzenedithiolate(2‒)) 

(1, Figure 1.6), was reported by Sellman in 2004. H2 production rates were very low, with 

TOF values smaller than 0.1 h‒1.56–58 Significant improvements for functional NiFe 

models were obtained by Artero59 and coworkers by replacing the Fe center by a Ru center 

(the Fe center in the enzyme is a redox inactive low-spin Fe(II) species), leading to NiRu 

complexes. The novel complex [Ni-(xbsms)Ru(CO)2Cl2] (2) synthesized in 2006 bearing 

the tetradentate S4-donor ligand xbsms (1,2-bis(4-mercapto-3,3-dimethyl-2-

thiabutyl)benzene) was the primal example of active heterodinuclear catalyst for HER.59  

Table 1. Catalytic hydrogen evolution by NiFe models. 

Entry Complex Ep (V)a  (V) TOF (h‒1)b acid Ref. 

2 [Ni-(xbsms)Ru(CO)2Cl2] ‒ 1.66  0.88 3 Et3NH+ 57 

3 [Ni(xbsms)Ru(p-cymene)Cl]+ ‒ 1.65 0.87 6.5 Et3NH+ 58 

4  [Ni(emi)Ru(p-cymene)Cl]‒ ‒ 1.60 0.82 6.6 Et3NH+ 58 

5  [Ni(emi)Ru(CO)2Cl2]2‒ ‒ 1.57 0.79 1.6 Et3NH+ 58 

6 [Ni(xbsms)Ru(DMSO)Cp]+ ‒ 1.44 0.66 4.3 Et3NH+ 59 

7 [Ni(xbsms)Ru(CO)Cp]+ ‒ 1.65 0.87 5.3 Et3NH+ 59 

8 [Ni(xbsms)Ru(MeCN)Cp*]+ ‒ 1.40 0.62 9.3 Et3NH+ 60 

9 [Ni(xbsms)Ru(CO)Cp*]+ ‒ 1.60 0.82 2.2 Et3NH+ 60 

10 [Ni(xbsms)Fe(CO)Cp]+ ‒ 1.20 0.73 5 CF3COOH 61 

 Complex Ecat/2 (V)c  (V) d TOF (s‒1) e acid  

11 [(dppe)Ni(pdt)(μ-H)Fe(CO)3]+ ‒1.20 0.50 20 CF3CO2H 64 

12 [(dppe)Ni(pdt)(μ-H)Fe(CO)2PPh3]+ ‒1.30 0.60 50 CF3CO2H 64 

13 [(dppe)Ni(pdt)(μ-H)Fe(CO)2PPh2(2-
Py)]+ ‒1.30 0.60 50 CF3CO2H 64 

1 
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14 [(dppe)Ni(pdt)(μ-H)Fe(CO)2P(OPh)3]+ ‒1.32 0.62 50 CF3CO2H 64 

15 [(dcpe)Ni(pdt)(μ-H)Fe(CO)3]+ ‒1.46 0.59 50 ClCH2CO2H 65 

16 [(dppe)Ni(edt)(μ-H)Fe(CO)3]+ ‒1.23 0.49 240‒310 CF3CO2H 65 

17 [(dcpe)Ni(edt)(μ-H)Fe(CO)3]+ ‒1.45 0.59 20 ClCH2CO2H 65 

18 [(dppe)Ni(edt)(μ-H)Fe(CO)2PPh3]+ ‒1.45 0.54 60‒120 ClCH2CO2H 65 

19 [(dppe)Ni(pdt)(μ-H)Fe(dppe)CO]+ ‒1.61 0.85 23 ClCH2CO2H 32 

20 [(dppe)Ni(pdt)(μ-H)Fe(dppbz)CO]+ ‒1.61 0.85 30 ClCH2CO2H 32 

Abbreviations: xbsms = 1,2-bis(4-mercapto-3,3-dimethyl-2-thiabutyl)benzene; p-cymene 
= 1-Methyl-4-(propan-2-yl)benzene; emi = N,N-ethylenebis(2-mercaptoisobutyramide); 
Cp = cyclopentadiene; Cp* = pentamethylcyclopentadienyl; dppe = 1,2-
bis(diphenylphosphino)-ethane; pdt = 1,3-propanedithiolate; dcpe = 1,2-
bis(dicyclohexylphosphino)ethane; edt = 1,2-ethylenedithiolate; dppbz = 1,2-
bis(diphenylphosphino)benzene. a Catalytic peak potential measured in the presence of 
three equivalents of acid vs. Ag/AgCl in DMF. b TOF were determined by bulk electrolysis 
experiments in DMF solution. c Potential at icat/2 determined in CH2Cl2. d Overpotentials 
calculated from |Ecat − E(H2/HA)| in MeCN solution. e Estimated from acid-independent 
region of ic/ip vs. [acid] plot.  

Later on, dinuclear NiRu complexes bearing the xbsms ligand or the N2S2 ligand 

emi N,N-ethylenebis(2-mercaptoisobutyramide) (3-9) were prepared and 

electrochemically applied to catalyze the HER at higher rates (TOF > 2 h‒1, see Table 

1).60–62 The introduction of the Cp* anion in the series of complexes (6-9) allowed 

somehow reducing the observed overpotentials. This reduction is explained by the 

electron-donating nature of the anionic Cp‒ or Cp*‒ ligand that increases the electron 

richness of the metal centers in the dinuclear complexes. Besides, the binuclear NiFe 

complex 10 (similar to 7 but replacing Ru by Fe accompanying the Ni site) was reported 

in 2010 showing overpotential and stability values comparable to those of functional NiRu 

models. The catalytic mechanism for this complex was proposed to be similar to that of 

the NiRu counterpart, involving bridging hydride species.63,64 
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Figure 1.6 Trinuclear and binuclear functional [NiFe]-hydrogenase models.  

In 2009, the nickel-iron thiolato hydride complex [(dppe)Ni(pdt)(μ-H)Fe(CO)3]+ 

(dppe = 1,2-bis(diphenylphosphino)ethane; pdt = 1,3-propanedithiolate, 11, Figure 1.7) 

was reported to be HER‒active.65 From this starting point, the group of Rauchfuss 

developed a series of hydride‒containing NiIIFeII compounds (12-20, Figure 1.7) to 

structurally mimic the Ni-R state intermediate of the NiFe enzymes (see Scheme 1.2 

left).65–67 Thanks to the variable stability of the formed radical hydride complex, the initial 

one electron reduction couple exhibits different reversibility. For these compounds 

bearing di- and tricarbonyl groups the reduction is irreversible, except for 14 whose free 

radical is believed to be stabilized on the P(OPh)3 ligand by spin delocalization. 

Complexes 11-20 were investigated by using CF3CO2H or ClCH2CO2H as proton source 

in organic media (CH2Cl2), resulting all of them were catalytically active in the HER 

(Table 1). Complexes 12-14 were obtained from complex 11 through substitution of CO 

groups by phosphine or phosphite ligand, this increasing the catalytic rate by about 2 times. 

Analogous substitution of CO by PPh3 ligands in the ethanedithiolate complex 16 resulted 

in complex 18, which operates at a slower rate due to catalyst decomposition. Compared 

with 1,3-propanedithiolate derivatives 11 and 12, both 1,2-ethylenedithiolate derived 

complexes 16 and 18 exhibit faster kinetics (higher TOF values) (see kinetic data from 

corresponding entries of 11, 12, 16, 18 in Table 1), demonstrating the strong effect of the 

the nature of the dithiolate in the observed catalytic rates. 

1 
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Figure 1.7 Hydride containing NiFe hydrogenase models for HER. 

Unlike biological [NiFe]-H2ases where the FeII oxidation state is kept along the 

catalytic cycle (Scheme 1.2, left), the mechanism of hydrogen evolution by these 

[(diphosphine)-Ni(dithiolate)(μ-H)FeL3]+ models involves FeI intermediates (Scheme 1.2, 

right). It starts with a 1 e‒ reduction of the NiIIFeII hydride to give a mixed-valent complex. 

Instantaneously, the reduced species reacts with acid probably with S acting as proton 

relay, then releasing H2, affording mixed-valent NiIIFeI species (for di- and tricarbonyls) 

or NiIFeII complexes (for monocarbonyls). Reduction of the mixed-valent species 

provides neutral intermediates without the hydride. The form of the reduced hydride-free 

species differ in the geometry of the Ni center, i.e., the reactive NiIIFe0 form in which the 

geometry around the Ni center is square planar and the NiIFeI form where the Ni center 

adopts a tetrahedral arrangement. But the NiIFeI species easily convert to the NiIIFe0 form, 

the latter state with enhanced basicity easing the final protonation step of the catalytic 

cycle.67,68 
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Scheme 1.2 Proposed mechanistic pathways for [NiFe]-H2ase69 (left) and NiFe dithiolato 
hydrides32 (right). 

1.5.1.2 Mononuclear complexes based on Ni for HER 

Despite numerous works on biomimetic multinuclear complexes, the most 

extensive research on catalytically active proton reduction compounds is allocated to 

mononuclear complexes, yielding a large amount of this kind of catalysts in the past 

decades. Given its d8 electronic configuration as mentioned above, NiII tends to adopt a 

tetradentate square planar geometry. Thus, tetraaza-macrocyclic planar ligands having 

four N atoms as coordination sites can provide a favorable environment for NiII and offer 

stable Ni complexes. The report of tetraaza macrocyclic nickel complexes that catalyze 

the HER can be traced back to the groundbreaking work of Fisher and Eisenberg.70 

Pursuing the electrocatalytic reduction of CO2 by using complex 21 (depicted in Figure 

1.8) in H2O/MeCN solution, H2 was found in the gas product mixture together with CO 

at a 2:1 CO/H2 ratio. The analogue complex 22 yielded predominantly H2 from proton 

reduction in acidic (pH < 2) aqueous solution when studying the CO2 reduction reaction.71 

In 1992, the macrocyclic Ni complex 23 [Ni(CR)]2+ ((CR = 2,12-dimethyl-3,7,11,17-

tetraazabicyclo(11.3.1)-heptadeca-1(17),2,11,13,15-pentaene) reported by Crabtree was 

capable of reducing protons in a pH 2 phosphate buffer solution. The authors evidenced 

that the macrocyclic ligand is redox active in the catalytic processes as the radical species 

1 
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[NiIIL•−]+ after a first one-electron reduction was characterized by EPR spectroscopy.72 

The ligand-assisted HER aroused other complexes to appear such as those based on 

glyoxime ligands (24-25), for which one-electron redution also leads to [NiIIL•]+ and two-

electron reduced species were assigned to [NiIL•−] or [NiIIL••] by transient UV-vis 

spectra and X-band EPR.73  

 

Figure 1.8 Nickel tetraaza macrocyclic complexes for the HER.   

Ligands with electron-rich and  acidic sulfur donors are attractive as well for 

designing molecular catalysts given their proven capacity to stabilize metals at typically 

unstable low-oxidation-states. To mimic the active site of functional [NiFe]-H2ases, where 

the nickel center is ligated by four cysteinate residues (Figure 1.4), Ni complexes 

containing four S donors were developed. One of the first complexes of such a kind was 

the Ni thiolate electrocatalyst 26 depicted in Figure 1.9 reported by Sarkar and 

coworkers,74 which exhibits radical nature and presents as [NiII(L2−)(L−•)][PPh4] according 

to various characterization techniques. In a MeCN solution of p‐toluene sulfonic acid (p-

TsOH), 26 electrocatalyzes the HER at unprecedented low potential Ep = −0.69 V vs. 

Ag/AgCl in water. Moreover, the S atoms protonate upon addition of p-TsOH before 

proton reduction, which means that the dithiolene ligand could play the role of proton 

relay. This role was also proved in the case of complexes 27-29 (Figure 1.9) by Artero 

and co-workers by studying the HER activity of Ni aryldithiolene complexes.75 In addition 

to protonation at S donor sites, theoretical investigations indicated that the two electrons 

reduction occurs on the ligand scaffold, involving a dianion and retaining the NiII 

oxidation state throughout the whole catalytic cycle. The non-innocent nature of the 

dithiolene ligand framework was observed again in later reported Ni complexes 30-31, 

among which 31 possesses a remarkable TON of 2×104 at 410 mV overpotential.76,77 By 
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structurally modifying the peripheral  system of the dithiolene ligand scaffold, the group 

of Sakai developed other catalysts (32-33) featuring even lower overpotential.78 In 

aqueous borate buffer solutions at pH = 9.0, overpotential of 32 and 33 were measured to 

be 227 mV and 173 mV, respectively. Based on the obtained Pourbaix diagrams and DFT 

calculations, the authors attribute the low HER overpotential of these complexes (31-33) 

to the involvement of ligand-centered proton-coupled electron transfer pathways.  

 

Figure 1.9 Nickel thiolate complexes employed in the electrocatalytic HER. 

Phosphine donors are also  back-donating and are therefore widely utilized in 

the ligand scaffold for HER catalysts. Nickel bis(diphosphine) complexes with pendant 

amines normally as proton relay are prominent examples developed by DuBois and 

coworkers.79,80 The first DuBois-type electrocatalyst for proton reduction is 

[Ni(P2
PhN2

Ph)2(CH3CN)](BF4)2 (34, P2
PhN2

Ph = 1,3,5,7-tetraphenyl-1,5-diaza-3,7-

diphosphacyclooctane, Figure 1.10) reported in 2006, evaluated in HER in MeCN 

solution of 1:1 [H+-DMF]OTf/DMF, showing a TOF of 350 s‒1 (slightly higher than the 

130 s‒1 observed in triflic acid). As shown in Scheme 1.3, two potential pathways (EECC 

and ECEC)81 affording either the endo or the exo intermediate isomers after the transfer 

of two electrons and two protons were proposed. Though the exo isomer is kinetically 

favored in the equilibrium of the two isomers, the endo isomer is the only transition state 

favorable to release dihydrogen, because HER occurs only when the proton at the endo 

position with respect to Ni is close enough to the catalyst metal center.80,82  

1 
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Figure 1.10 Ni tetraphopshine electrocatalysts for HER. 

 

Scheme 1.3 Proposed pathways of hydrogen evolution by DuBois-type nickel catalyst.81 

The activity of hydrogen generation of the DuBois-type of catalysts can be tuned 

by modifying the substituents on the N and P atoms of the ligands. Thus, for instance, 

exchanging the phenyl by a benzyl group on the N atom of complex 34, leading to 

complex 35 (Figure 1.10), reduces the TOF in the HER in almost three orders of 

magnitude (TOF 350 s‒1 and < 0.5 s‒1 for 34 and 35, respectively). This loss of activity is 
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related to forming the inactive exo-protonated isomer when 35 reacts with a proton before 

reduction.83 The introduction of other substituents at the para position of the amine phenyl 

moiety was also assessed. Thus, in complexes 36-40 (Figure 1.10), the introduction of 

more electron-withdrawing substituents shifts the potentials of NiII/I and NiI/0 reductions 

to more positive values (Figure 1.11, left),  and increases the rate of the HER in MeCN. 

Among them, 38 exhibits the highest TOF  (calculated from CV, Figure 1.11 right), 1850 

s‒1 at 0.37 V overpotential under optimized conditions. On the other hand, complex 36 

bearing electron-withdrawing CF3 groups exhibited the lowest catalytic rate because of 

its low basicity, which prevents the reduced species to be readily protonated.84 The 

introduction of diverse substituents on the P atoms gave a series of [Ni(P2
RN2

Ph)2](BF4)2 

complexes (42-46, Figure 1.10). Similarly to the effects observed on the N atoms, the 

substitution in this case roughly followed the rule that more electron-withdrawing groups 

led to more positive NiII/I redox events. Besides, P-substituents exert steric effects on the 

redox potentials and the reaction rates. Thus, bulkier substituents shield more space near 

the Ni center, resulting in slower catalytic rates due to protonation more likely occurring 

at the non-productive exo position of the N atom. The authors also found beneficial the 

addition of water, which seems to be capable of promoting active endo protonated 

intermediates.85 

 

Figure 1.11 (Left) Ecat/2 for NiII/I and NiI/0 couples of complexes 36-40, and (right) cyclic 
voltammograms of complex 38 (0.7 mM) in the absence (black trace) and in the presence 
of different concentrations of acid (acid = 1:1 DMF:[(DMF)H]+OTf−; red traces) in 
MeCN.84 

1 
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Since the activity is affected by the formation of inactive exo protonated species, 

another effective design direction could be tuning the diphosphine ligand to possess a 

single amine moiety. The resulted structure is then forced to chair conformation, 

presenting a favored endo-endo transition state for protonated intermediates. Therefore, 

complexes 47-52 (Figure 1.10) bearing seven membered rings and 53 bearing an eight 

membered ring are obtained based on tuning on the electronic and catalytic properties of 

DuBois complexes.86–88 Benefiting from the formed favorable structures, they display 

much higher TOFs, about 6 times those of analogous complexes 37-40. Particularly active 

is complex 50, which catalyzes the HER at a rate of 33000 s‒1 with an overpotential of 

0.625 V when [H+-DMF]OTf is used as proton source, and reach even faster 106000 s‒1 

if water is added to the reaction mixture. Comparing the activity in different conditions, 

water as proton reagent is definitely a powerful accelerator. Besides, acidic ionic liquids, 

e.g. (DMF)H]NTf2 (NTf2 = bis(trifluoro-methanesulfonyl)amide) working together with 

water can remarkably increase the rate of catalysis, offering complex 41 a TOF as high as 

3000000 s‒1.89 

1.5.2 Cobalt catalysts for HER 

Cobalt (Co) is the 32nd most abundant element in the Earth’s crust,90 and a group 

9 transition metal with electron configurations [Ar] 3d7 4s2. The Co price fluctuated over 

the past two years but fell back to near 34 $/kg,91 nowadays significantly lower than that 

of precious metals such as Pt. Its price advantage and relatively high catalytic performance 

led Co to be an attractive non-precious metal for the electrochemical HER.92 To stabilize 

the lower oxidation states of the Co center typically required in HER catalysis (CoI 

intermediate species typically required, see Chapter 4 for a detailed mechanistic 

description), different ligands rendering assistance have been designed.  

The π-acceptor nature of the oxime ligand framework led to efficient cobaloxime 

complexes for proton reduction catalysts. Thus, Espenson et al., reported for the first time 

a cobaloxime system [Co(dmgBF2)2(H2O)2] (dmgBF2 = difluoroboryl-dimethylglyoxime, 

54, Figure 1.12) that electrocatalyzes the reaction Cr2+ + Cl‒ + H+ = CrCl2+ + 1/2H2 to 

evolve H2.93 When Artero and coworkers94 examined 54 in a nonaqueous DMF solution, 

addition of Et3NH+ did not trigger the catalytic wave in the cyclic voltammogram (CV), 

https://en.wikipedia.org/wiki/Electron_configuration
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reflecting a low TOF in CV time scale, but bulk electrolysis on a graphite electrode at a 

potential 350 mV more negative than the CoII/I reduction potential (−0.90 V vs. Ag/AgCl) 

promoted the evolution of dihydrogen with a TON of 80 over 17 h. A related work studied 

the effect of methyl/phenyl substituents on the oxime ligand, showing that the 

diphenylglyoxime complex 56 with more positive CoII/I redox couple (−0.28 V vs. SCE 

vs. the −0.55 V vs. SCE of the methyl derivative 55), had lower electrocatalytic activity.95 

Investigation of the HER electrocatalytic activity of both 55 and 56 under various proton 

sources indicated that the acid strength was of paramount importance for the catalytic 

pathways.  

However, the pseudomacrocyclic structure of cobaloximes is relatively unstable 

and prone to hydrolysis in strongly acidic solutions. Therefore, Artero et al.96 designed a 

ligand framework with a bridging propyl unit instead of two glyoxime units. The resulted 

complexes 57-58 depicted in Figure 1.12 possess similar catalytic activity to previous 

cobaloximes 54-55 but are able to work at lower overpotentials and are more robust from 

the point view of stability. The same authors also proposed a mechanism for the HER 

involving a CoIII-H intermediate and protonation at the O–H…O bridge in a proton-

coupled electron transfer step. A further improvement of the stability of these cobalt 

catalysts was achieved through grafting the molecules onto electrode surfaces. Adsorbed 

54 onto a glassy carbon electrode could work in pH 4 acetate solution to generate 

dihydrogen at an overpotential of 400 mV, with a sharply increased TON of 5000000 in 

about 16 h.97 As a second example of the grafting strategy, a complex analogue to 57 (axial 

ligand is Cl) covalently linked to multiwalled carbon nanotubes gave a material 

electrocatalytically active for hydrogen generation in pure aqueous solution. It is worthy 

to note that this material is tremendously stable, showing a TON of 55000 after 7 h of 

continuous operation in a pH 4.5 acetate buffer and at an applied potential of −0.59 V vs. 

RHE. In contrast, complex 57 significantly degrade (after only 50 turnovers) in 

nonaqueous media.98,99 

The tetraaza ligand CR (depicted above in Ni catalyst 23) was coordinated to a 

Co center, giving the macrocyclic Co complex 59 in 2012. 59 was used as an 

electrocatalyst for the HER in acidic and neutral aqueous solution, with a high Faradaic 

1 



Chapter 1   

26 
 

efficiency of >90%.100 Exchanging of coordinated water by chloride ligands afforded 

complex 60, which displayed both electrocatalytic and photocatalytic activity for 

hydrogen production.101,102 In the case of photo-induced HER, 60 exhibits even better 

catalytic performance and stability than cobaloxime 57, and a higher TON (1002) was 

achieved for 60 at concentration of 10−4 M. Llobet’s group103 later thoroughly examined 

the kinetics of involved steps, offering deeper understanding for this Co catalyst system. 

The ability to accommodate metal center, thus forming efficient catalysts, plus the 

mentioned ligand non-innocent properties, made it would be interesting to explore the 

ligand scaffold bearing the pyridyldiimine moiety, and actually this is the subject of this 

Thesis.  

 

Figure 1.12 Cobalt macrocyclic catalysts. 

Pyridine moieties can strongly coordinate to diverse transition metal ions and thus 

be appropriate groups to be used in the synthesis of hydrogen evolution electrocatalysts. 

A notorious example of a polypyridyl-based cobalt complex for the HER was reported in 

2010 by Chang and coworkers.104 The CoII complex 61 bearing the tetradentate ligand 

PY4 (PY4 = 2-bis(2-pyridyl)(methoxy)-methyl-6-pyridylpyridine) reduces the protons of 

trifluoroacetic acid (TFA) to H2 in MeCN at a potential near to that of the corresponding 

CoII/I couple (overpotential about 0.4 V) with TOF calculated to be ca. 40 h−1. It is 

interesting to note that the corresponding Zn complex bearing the same ligand is inactive 

for HER catalysis, highlighting the necessity of a redox-active metal center. To improve 

the water solubility of this complex, slight modifications on the ligand used led to 

complexes 62-63 (Figure 1.13), which exhibited enhanced electrocatalytic currents in pH 

4.0 buffered solutions.105 Among them, the catalytic activity of the CF3-containing 

complex 63 was much lower than that of 62. This trend shared by several reports 
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highlights the lower reactivity of the CoI species when surrounded by electron-

withdrawing groups,106,107 resulting in a less electron-rich and less nucleophilic metal 

center. Chang’s group later synthesized the cobalt complexes 64-66 (Figure 1.13) bearing 

the pentadentate ligand 2,6-bis(1,1-bis(2-pyridyl)ethyl)pyridine (PY5Me2), whose 

platform was previously demonstrated to facilitate a molybdenum-oxo complex 

generating H2 from water.107,108 The CV of 64 in a pH 7 phosphate buffered solution 

showed a CoII/I reduction peak at –1.00 V vs. SHE and a catalytic wave 0.2 V more 

cathodic. Tested by controlled potential electrolysis (CPE), 64 demonstrated to be a robust 

and active catalyst, based on the 100% Faradaic efficiency and 55000 TONs achieved 

during a 60 h experiment. Substitution on the central pyridine ring of the PY5Me2 ligand 

by introducing electron-withdrawing CF3 (65) or electron-donating NMe2 groups (66) 

tuned both the redox potentials of the CoII/I wave and the overpotential at which the 

catalytic processes is observed. Thus, complex 65 exhibited the most positive potentials 

while 66 shifted to the most negative potentials (64 remaining central among the three 

complexes, Figure 1.14). Furthermore, the mechanistic analysis of the HER by 64 

highlighted anation of the complex by the conjugate base of the employed acid, i.e., the 

acetate anion when acetic acid was used as proton souce.106 Apart from the above 

complexes which undergo metal-centered reductions, pentadentate redox-active pyridino-

bis-bipyridine ligands and their corresponding cobalt complexes were also synthesized 

(see Figure 1.13, right). Analyzed by CV, three cathodic processes were observed for 

complex 67 at −1.20 V, −1.79 and −1.94 V vs. Fc+/Fc, which were assigned to the CoII/I 

event and two successive reduction of the two bipyridine moieties of the ligand, 

respectively.109 The derivative complex 68, bearing a CF3 group, not only shifted the CoII/I 

couple positively by 61 mV, but also shifted the ligand centered reductions by 80 mV. 

Upon adding acetic acid into MeCN, both compounds trigger two discrete catalytic waves 

which match well with the ligand reduction potentials in the absence of acid.  

1 
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Figure 1.13 Co polypyridyl complexes for electrocatalytic H2 production. 

 

Figure 1.14 Cyclic voltammograms of 64 (red), 65 (green) and 66 (blue) in pH 7 
phosphate (1.0 M) buffered solution.107 

Due to the appealing features mentioned above when dealing with Ni catalysts 

(Section 1.5.1), phosphine donors have been applied to prepare Co molecular 

electrocatalysts as well (Figure 1.15). DuBois et al. extended to Co their successful Ni-

based system bearing two bisphosphine ligands (see complex 34 in Figure 1.10 above) to 

afford complex 69. Loss of one diphosphine ligand was observed in the presence of triflic 

acid, and so far the resulting cobalt complex 70 bearing a single bidentate PPh
2NPh

2 ligand, 

was proposed to be the real active catalyst in HER.110 Studied by CV in MeCN solution 

of p-bromoanilinium tetrafluoroborate, complex 70 gave a TOF of 90 s−1 with a catalytic 

half peak potential at −0.99 V (calculated overpotential 0.285 V). Though this Co 

derivative exhibited somewhat slower rate than the Ni analogue (350 s−1), the 

overpotential of the Co catalyst was about 65 mV lower compared to that of Ni. When 
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modifying the Ph groups on the phosphorous atoms in catalyst 70 by t-Bu substituents to 

form complex 71, the TOF was improved to 160 s−1 while the overpotential also decreased 

to 160 mV.111 Bullock et al. later synthesized another tetradentate Co complex 72, which 

gave a TOF value of 980 s−1 at overpitential of 1.21 V when a [(DMF)H]+/DMF buffer 

was used as proton source, this TOF dramatically increasing to 18000 s−1 upon addition 

of water with an overpotential of 1.27 V.112 This complex allowed to isolate two very 

important intermediates of CoI and CoIII-H, which facilitated the mechanistic analysis of 

the catalytic system. As depicted in Scheme 1.4 (top), the initial CoII species (72) was first 

reduced to CoI. Afterwards, the resulting pendant amines then serve as proton relays, 

forming the catalytic isomer endo-CoI after protonation. CoIII-H, formed through a rapid 

intramolecular proton transfer from amine nitrogen to Co, was then one-electron reduced 

to CoII-H. Endo protonation again at a pendant amine yields endo-CoII-H, which was able 

to form a H-H bond and release H2. A relevant breakthrough on the efficiency of molecular 

Co catalysts was achieved in 2014 when Sun et al. reported complex 73 (Figure 1.15). 

This system bearing a tetradentate phosphine ligand and exhibiting an octahedral 

coordination environment around the CoII metal ion, exhibits the catalytic onset potential 

at −0.50 V vs. NHE in pH 7 phosphate buffer, which corresponds to an extremely low 

overpotential of 80 mV.113 Complex 73 is such an active and stable electrocatalyst that 

CPE at 1.0 V vs. NHE for 20 h affords a TON of 92400, without observable deactivation. 

The DFT calculations for the HER reaction mechanism of 73 implied involvement of the 

phosphate anion from the employed buffer (Scheme 1.4, bottom).114 Thus, when HPO4
2− 

coordinates to the CoII center by exchanging one of the two H2O molecules, the 

mechanistic pathways evolves through two proton-coupled electron transfer (PCET) 

reductions. The first PCET process yields a one-electron reduced CoI species and H2PO4
−, 

followed by the generation of a CoII–H intermediate in the second reduction, leading to 

hydrogen release by the coupling of this CoII–H and a proton from H2PO4
−. The energy 

barrier for this mechanism with an applied potential of −0.5 V was calculated to be 18.2 

kcal mol−1, in contrast to the 29.2 kcal mol−1 obtained if the involvement of the phosphate 

anion is not considered.  

1 
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Figure 1.15 Co catalysts based on phosphine-rich ligands. 
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Scheme 1.4 The proposed mechanisms of complex 72 (top) and 73 (bottom) for the HER 
based on DFT calculations. 
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Chapter 2  

Objectives 

The need for easily accessible renewable energies has resulted in the development 

of the artificial photosynthesis research area. Within this general issue, splitting water to 

obtain dihydrogen to be used as energy carrier is one of the most outstanding topics. Thus, 

researchers have been naturally attracted and their interest in obtaining new catalysts for 

the hydrogen evolution reaction (HER) has considerably grown. However, if large scale 

practical applications are envisaged, efficient analogues to the scarce and pricy noble 

metal-based catalysts typically employed must be developed. To this end, first row 

transition metal-based molecular complexes arise as interesting candidates. Therefore, the 

overall objective of this PhD Thesis is to synthesize and thoroughly characterize a new 

family of efficient HER molecular catalysts based on earth-abundant metals (Ni/Co) 

bearing pyridine diamine (PDI) redox-active ligands in their structure. The specific 

objectives of this Thesis can be summarized as follows:  

I. 

Molecular complexes bearing a redox active pyridine diimine (PDI) ligand 

scaffold have recently emerged as catalysts for the HER, among others. Tridentate PDI-

based ligands are common but pentadentate scaffolds combining different donor atoms 

are rare. Thus, a first goal of this PhD Thesis is the synthesis of tunable pentadentate N3P2-

PDI ligands (see Figure below) containing phosphine arms of different length (R2) and 

substitutions in the pyridyl ring (R1) and the preparation, full characterization and 

electrocatalytic evaluation in HER of their corresponding Ni complexes. An intriguing 

point here will be to determine the electron location when the complex is 

electrochemically reduced and how the different ligand configurations alter the catalytic 

performance of the obtained complexes in terms of overpotential, activity and stability.  
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II. 

Together with Ni, Co has proven to be an excellent alternative to precious metals 

for efficient HER catalysis at the molecular level. Thus, combination of the N3P2-PDI 

ligands prepared in I (see Figure above) to a Co metal center is a second goal of this PhD 

Thesis. Besides the thorough characterization of the set of new complexes, the potential 

diamagnetic character of Co(I) and Co(III) species, including Co(III)-H active sites, 

makes the mechanistic analysis of this family of complexes particularly appealing. Thus, 

after evaluating and benchmarking their HER activity and stability, the mechanistic 

pathways in proton reduction of these PDI-based Co complexes will be carefully analyzed 

through spectroscopic techniques to gain more insight about the operating mechanism and 

be able to rationally propose improved second-generation versions of the catalytic system. 
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Chapter 3 

Symmetrical Nickel(II) Bis(imino)pyridine Complexes 
as Electrocatalysts for the Hydrogen Evolution 

Reaction 

3.1 Introduction 

Building a hydrogen-based economy to release the current dependence on fossil 

fuels for most practical uses has received a great deal of attention and consensus along the 

last decades.1 Even if numerous methods exist to produce hydrogen gas, the 

electrocatalytic hydrogen evolution reaction (HER) is a known key technology for 

implementing large-scale H2 generation. Thus, the pursuit of efficient and cheap 

electrocatalysts for the HER have led to considerable efforts toward earth-abundant 

transition-metal complexes, such as Ni-based coordination compounds.  

In many traditional methods, ligands with different electronic and steric 

properties are used to tune the performance of transition metal-based catalysts. Thus, 

metal centers with open coordination sites and capability to accommodate multiple redox 

states are the essential components, leaving ligands as spectator species in catalysis. A 

relatively newer concept attracting more and more attention is the participation of such a 

ligand (the so-called non-innocent ligands) in the redox process, in cooperation with the 

metal center. Non-innocent ligands are involved in catalytic reactions by 

accepting/releasing electrons or forming/breaking chemical bonds.2 In the specific case of 

HER, non-innocent ligands operate as an electron reservoir that can usually make 

complexes exhibit high catalytic activities. Also, alternative ligand hydride pathways are 

highly desirable to avoid the common metal hydride species, the typical HER 

intermediates, given the requirements for metal center described at the beginning of this 

paragraph. 

Various types of non-innocent ligands coordinating a Ni center have been reported 

for the HER. For instance, a hangman Ni(II) metalloporphyrin triggered a catalytic wave 

with peak potential of −1.8 V vs. Fc+/Fc in the presence of benzoic acid or –1.37 V in 

MeCN solution of tosic acid. DFT calculations revealed that the ligand is able to play a 
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similar role to that of the metal center, storing both electrons and protons in its C–H and 

O–H bonds.3 Also, bis(dithiolene) complexes are a family of electrocatalysts usually 

assisted by the non-innocence of the S4 ligand framework.4 Finally, as mentioned in 

Chapter 1, the 2,6-bis(imino)pyridine (or pyridine diimine, PDI) ligands, which we will 

use in this study, are also typical redox-active species. 

The use of the PDI ligand family is expanding fast given its relatively easy 

synthesis and ability to coordinate a wide range of metal ions, including transition and 

main group metals.5 The ability of PDI ligands to accept one or more electrons generating 

anions at different oxidation level is well established6 and the electronic structure of the 

different products shown in Figure 1. Thus, the mono-anionic radical form shows radical 

character distributed on the ligand framework. However, for two-electron reduced PDI 

scaffold several resonance forms exist: the asymmetric singlet (A),7 the symmetric singlet 

(B),8 the symmetric triplet (C),9 or a form where the pyridine nitrogen atom has been 

removed from the conjugated π system of the ligand (D).10 This ability to store up to three 

electrons for redox reactions contributes to the stabilization of the intermediates 

containing a low valence metal center by metal-to-ligand back donation of electron density, 

thus it can help reducing the overpotentials in catalytic reactions. 

 

Figure 3.1 Electronic structures adopted by PDI ligands in various oxidation states.11 

Redox non-innocence made PDI ligands valuable in diverse catalytic processes 

like hydrosilylation,12 polymerization,13 C-H activation,14 and those related to energy 

conversion (reduction of CO2 to methanol as well as protons to H2.15 In the reported PDI-

based HER catalysts, the ligand is tridentate in most of the cases. Thus, for instance, 

complex (pypPDI)Ni(Cl)2 (pyp = N-methyl-3-pyperidine, see Figure 3.2), which bears a 
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non-innocent PDI ligand together with a pendant base in the second coordination sphere, 

can catalyze the HER at a turnover frequency (TOF) of 2572 s–1 and a high rate constant 

of 2.7×106 M–2·s –1. When the substituents on the nitrogen atoms were changed to phenyl 

groups ((xylPDI)Ni(Br)2 (xyl = m-xylene) in Figure 3.2), the activity decreased to 3.7 × 

104 M–2·s –1.16 Contrarily to the redox-active character of the ligands in the previous 

examples ((pypPDI)Ni(Cl)2 and (xylPDI)Ni(Br)2), the Ni(II) complex (H-iPrPhPDI)Ni(Br)2 

(iPrPh = diisopropylphenyl), bearing an aldimine sidearm, shows the unpaired spin 

density residing mostly at the metal center after its one-electron reduction.17 Berben’s 

group reported in 2015 the aluminum(III) complexes (Ph-iPrPhPDI2−)Al(Cl)(THF) and (Ph-
iPrPhPDI−)Al(Cl)2 as HER catalyst, with the ligand respectively behaving as a dianion and 

a radical monoanion after reduction.18 

Tetradentate PDI-based macrocyclic ligands also received much interest for H2 

production, as is the case for complexes [(c(Pr2NH)PDI)Ni]2+ and [(c(Pr2PPh)PDI)Ni]2+. 

Interestingly, both NiII/I and ligand0/•− couples in complex [(c(Pr2PPh)PDI)Ni]2+ shifts to more 

positive values relative to [(c(Pr2NH)PDI)Ni]2+, because the softer donor atom P stabilizes 

the Ni(I) state through π-back bonding. The study of both complexes in photocatalytic 

HER toward proton reduction also shows higher TON for [(c(Pr2PPh)PDI)Ni]2+ (960) than 

[(c(Pr2NH)PDI)Ni]2+ (<300) after 24 h.19 

 
Figure 3.2 HER-relevant complexes of tri- or tetradentate PDI-based ligands. 

There are very few examples of pentadentate PDI ligands that have been applied 

in HER catalysts. One relevant example is the Mn(I) complex [(Ph2PPrPDI)Mn(CO)]+ 
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(Figure 3.3), which undergoes a reversible two-electron reduction at –1.92 V vs. Fc+/Fc 

in the cyclic voltammogram, tentatively assigned to the formation of (PDI−)Mn(0) 

species.20 Chemical reduction of [(Ph2PPrPDI)Mn(CO)]+ with excess Na−Hg proved a low-

spin Mn(I) complex featuring a PDI radical monoanion, as confirmed by EPR 

spectroscopy and supported by density functional theory (DFT) calculations.21 

[(Ph2PPrPDI)Mn(CO)]+ exhibits electrocatalytic activity to generate H2 in acetonitrile 

solution, but only in the presence of both Brønsted acids (H2O or MeOH) and CO2, with 

CO2 to lower the pH value and then generate enough protons. Another example is the 

molybdenum compound [(Ph2PPrPDI)MoO]2+ (Figure 3.3). Reduction of H2O to H2 was 

mediated by this complex in acetonitrile, attaining a Faradaic efficiency of 96% during 

controlled potential electrolysis at –2.5 V vs. Fc+/Fc.22 In this case, contrarily to what was 

observed for complex [(Ph2PPrPDI)Mn(CO)]+ and in many other examples above, the PDI 

ligand scaffold is redox-innocent and does not directly participate in the catalytic process.  

 

Figure 3.3 Mn and Mo complexes with a pentadentate Ph2PPrPDI ligand. 

Generally speaking, changing the electronic properties of the ligand strongly 

influence the reactivity and catalytic behavior of the corresponding transition metal 

complex. This fact, which is well established for metal-based redox catalytic process, 

should still be more crucial for ligand-based redox catalytic processes. Such modifications 

are typically achieved by introducing electron-withdrawing or electron-donating 

substituents at the ligand. 

According to the line of the above thought, in this Chapter bare and substituted 

bis(imino)pyridine (PDI) [NNNPP] ligands, which encompass ketimine sidearms and can 

potentially act as redox-active species, were prepared, coordinated to a Ni center and 

assessed as electrocatalysts in organic media.  
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3.2 Results and discussion 

3.2.1 Synthesis and characterization 

3.2.1.1 Synthesis and characterization of ligands 

Four diphenylphosphine-based ligands containing the bis(imino)pyridine scaffold 

have been successfully synthesized and characterized by NMR spectroscopy. The 

preparation of ligands Ph2PEtPDI (L1) and Ph2PPrPDI (L2) followed a procedure reported by 

Ben-Daat and co-workers.5 In the synthesis, two equivalents of 2-

(diphenylphosphino)ethylamine or 3-(diphenylphosphino)-1-propylamine reacted with 

one equivalent of 2,6-diacetylpyridine in the presence of p-toluenesulfonic acid (p-TsOH) 

as catalyst in toluene (Scheme 3.1). The use of molecular sieves to release the water 

formed in the condensation reaction drives the reaction to completion. The recorded 1H 

and 31P{1H} NMR spectra (see Figures S1‒S4 in the supporting information) are in 

accordance with the reported values for Ph2PEtPDI and Ph2PPrPDI ligands. 

 

Scheme 3.1 Synthetic scheme for the ligands employed in this Chapter. 

The preparation of Ph2PPrPDI(p)Cl (L3) was performed in a three-step reaction. 

Basification of the 4-Chloropyridine hydrochloride followed by the use of the resulting 4-

Chloropyridine crude product to prepare 4-Chloro-2,6-diacetylpyridine was achieved 

following a reported method.23 Finally, the condensation of 4-Chloro-2,6-diacetylpyridine 

with 3-(diphenylphosphino)-1-propylamine under identical conditions to L2 (Scheme 3.1) 
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yield, upon crystallization of crude product in a MeOH and diethyl ether mixed solution 

at –35°C, the desired ligand L3 as yellow crystals. The 1H NMR spectrum showed a 

similar pattern as for L2, except for the absence of the proton at the para position of the 

pyridine scaffold, demonstrating the success of Cl-substitution at the corresponding 

position (Figure 3.4). 31P{1H} NMR spectra of L3 features a singlet at –15.35 ppm (Figure 

S5).  

 

Figure 3.4 1H NMR spectra of L3 (250 MHz, CD2Cl2, 304 K). 

A number of complexes containing a PDI ligand derived from the P, N-donor 2-

(diphenylphosphino)benzenamine (Ph2PPhNH2) scaffold have been prepared,24–26 in most 

of which the Ph2PPhNH2-moiety acts as a bidentate chelating ligand. 2-

(diphenylphosphino)-benzenamine was prepared according to a reported protocol.27 So, 

numerous efforts were made in this work to introduce the Ph2PPhNH2 by reacting it with 

half equivalent of 2,6-diacetylpyridine to afford the new Schiff base ligand L4 (Scheme 

3.1). After attempting various conditions, it was found that refluxing the reactants in 

toluene for 40 h in the presence of p-TsOH as catalyst could produce the Ph2PPhPDI product 

(L4), as depicted in Scheme 3.1. Purification through washing the crude solid product 

with acetone, followed by re-dissolving the crude in a MeOH/CH3Cl mixed solution and 
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slowly evaporating the volatiles, yielded pure L4 as yellow crystals, which were obtained 

in extremely low yield ca. 1%. The crystalline product was characterized by 1H NMR 

spectroscopy (Figure 3.5), 31P{1H} NMR spectroscopy (Figure S6), and X-ray Diffraction 

(Figure 3.6) as well. The low yield of the product could be explained by the p--

conjugation lowering the electron density on the N atom of 2-

(diphenylphosphino)benzenamine, along with steric hindrance from the rigid phenyl 

frame, thereby reducing the nucleophilic attack capability to the carbonyl groups of 2,6-

diacetylpyridine. Due to the handicap to get a moderate amount of pure ligand L4, we did 

not attempt to synthesize the corresponding metal complexes with this ligand.  

 

Figure 3.5 1H NMR spectrum of L4 (250 MHz, CD2Cl2, 301 K). 
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Figure 3.6 ORTEP drawing of L4 with 30% probability thermal ellipsoids. Hydrogen 
atoms are omitted for clarity. 

3.2.1.2 Synthesis and characterization of complexes 

Heating ligand L1 with 1 equivalent of the metal precursor NiCl2∙6H2O in EtOH 

under N2 atmosphere for 1 day afforded a dark maroon solution. Following solvent 

removal in vacuo and washing with diethyl ether gave a brown-red powder. Unlike for the 

longer alkyl chain ligands L2 and L3 that form Ni complexes (1(Cl) and 2(Cl), see below 

in this section) which are easy to crystallize in high yields, despite numerous efforts we 

were not able to grow single crystals suitable for X-ray diffraction for this L1-containing 

solid. The mass spectra of this powder recorded in a MeOH solution (Figure S7) exhibited 

a wide array of peaks. Among them, only those at m/z = 337.6 and 710.1 can be tentatively 

assigned to [L1+Ni+MeOH]2+ and [L1+Ni+Cl+MeOH]+, respectively, or to the species 

with analogous m/z without coordinated MeOH but bearing two oxidized phosphorus 

atoms. With the available data, it is still unassured whether the ethyl-bridging arms 

produce PDI ligands capable of κ5-N,N,N,P,P-coordinating to a nickel center.  

Under anaerobic conditions, the pentadentate ligand L2 is coordinated to a Nickel 

center by reacting the ligand with 1 equivalent of NiCl2∙6H2O in refluxing EtOH overnight 

(Scheme 3.2). Partial evaporation of the EtOH solvent followed by a slow addition of 

diethyl ether induces precipitation, Purification of the obtained dark solid was carried out 

via crystallization by the slow diffusion of diethyl ether into a solution of product in DCM, 

yielding [Ni(Ph2PPrPDI)(Cl)](Cl) (1(Cl)) as blue-purple crystals (85% yield). The same 

synthetic conditions were applied for the preparation of [Ni(Ph2PPrPDI(p)Cl)(Cl)](Cl) 

(2(Cl)) from L3 except for the solvent of crystallization. In this case, blue-green crystals 

were obtained in a similar yield (87%) from the slow diffusion of diethyl ether into a 

solution of 2(Cl) in a DCM/EtOH mixture. Complexes 1(Cl) and 2(Cl) were thoroughly 

characterized by means of mass spectroscopy (ESI-MS), UV-vis spectroscopy, X-ray 

diffraction and elemental (C, H, N) analysis.  
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Scheme 3.2 Synthesis of complexes 1(Cl) and 2(Cl). 

The ESI-MS analyses in MeOH confirmed the presence of the cationic species 1+ 

at m/z = 706.2, along with [1 ‒ Cl]+ (m/z = 671.2) and [1 ‒ Cl]2+ (m/z = 335.6) for 1(Cl) 

(Figure S8), and species 2+ (m/z = 742.0), [2 ‒ Cl]+ (m/z = 705.1) for 2(Cl) (Figure S9). 

Experimental and simulated isotopic distributions are in agreement with the proposed 

molecular composition. The UV-vis spectra of the Ni complexes 1(Cl) and 2(Cl) in DMF 

are shown in Figure 3.7. They are dominated by intense intraligand UV processes along 

with weak absorptions in the visible region. 1(Cl) displays a peak at 331 nm while 2(Cl) 

shifts slightly to 324 nm, originating from ‒* transitions of the ligands. In addition, 1(Cl) 

and 2(Cl) show broad absorptions centered at 585 nm and 621 nm, respectively, which 

are associated with d-d transitions in the octahedral environment. These species thus 

absorb in the yellow and orange region of the visible part of electromagnetic spectrum, 

showing purple-blue and blue-green colors, respectively. 

 

Figure 3.7 UV-vis spectra of 1(Cl) (red) and 2(Cl) (green) in DMF (left) and 
magnification of the visible region for both complexes (right). 
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As shown in Figure 3.8, the X-ray single-crystal structures revealed mononuclear 

cationic units where the divalent nickel ion is ligated in an [N3P2Cl] environment. The 

geometry around the Ni center can best be described as distorted octahedral with three N 

atoms and the coordinated Cl placed on the equatorial plane, and two phosphorus atoms 

from diphenylphosphine groups occupying the axial positions, thus being in trans position 

to each other. Selected bond distances and angles are given in Table 3.1. Inspection to the 

metrical parameters indicated that the distortion from ideal octahedral geometry are 

mainly imposed by the N(1)‒Ni(1)‒N(3) and P(1)‒Ni(1)‒P(2) angles due to the PDI 

ligand rigidity/sterics. The observed Ni‒N distances 1.987‒2.127 Å are consistent with 

other neutral PDI derived Ni(II) complexes.28,29 However, both complexes show 

noticeably longer Ni‒P bonds than those reported for high spin Ni(II) complexes bearing 

chelating diphenylphosphine scaffolds,26,30 reaffirming that ligand rigidity come into play 

in 1(Cl) and 2(Cl). It’s interesting to note that the Ni(II) ion of 2(Cl) sits directly in the 

plane of the pyridine diimine backbone, whereas the Ni center in 1(Cl) slightly deviated 

from such a plane (0.022 Å). A closer inspection of the geometry of 2(Cl) reveals that 

Cl(1)‒N(2)‒Ni(1)‒Cl(2) acts as the symmetry axis (C2) of the cation, leaving not only the 

pyridine diimine skeleton be absolutely symmetrical, e.g. the two Ni‒Nimine bond lengths 

are identical (2.105 Å) so do the N2‒Ni(1)‒Nimine bond angles (76.81°), but also the two 

trans diphenylphosphine groups (Ni‒P bond distances of 2.467 Å each). The presence of 

the Cl counterion and crystallized water molecules (2 in 1(Cl) and 3 in 2(Cl)) are in 

agreement with the resulting elemental analyses for both complexes. 
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Figure 3.8 ORTEP drawing of 1(Cl) (a left) and 2(Cl) (b left) with 30% probability 
thermal ellipsoids. Hydrogen atoms and crystallized water molecules are omitted for 
clarity. ORTEP representation of the first coordination sphere of 1(Cl) (a right) and 2(Cl) 
(b right) showing that Cl(1), N(1), N(2) and N(3) are located in the equatorial plane of a 
octahedron. 

Table 3.1 Experimental bond lengths (Å) and angles (deg) determined for 1(Cl) and 2(Cl). 

Bond/Compound 1(Cl) 2(Cl) 

Ni(1)‒N(1) 2.108(3) 2.1051(18) 

Ni(1)‒N(2) 1.987(3) 1.992(2) 

Ni(1)‒N(3) 2.127(3) 2.1051(18) 

Ni(1)‒P(1) 2.4945(11) 2.4669(6) 

Ni(1)‒P(2) 2.4627(11) 2.4669(6) 

Ni(1)‒C(l1) 2.3709(8) 2.3914(8) 

N(1)‒Ni(1)‒N(3) 153.97(10) 153.55(9) 

P(1)‒Ni(1)‒P(2) 170.59(3) 173.75(3) 

N(2)‒Ni(1)‒Cl(1) 177.55(9) 180.0 

 

3.2.2 Electrochemical and electronic properties 

The electrochemical features of 1(Cl) and 2(Cl) were studied in DMF in the 

presence of 0.1 M nBu4NPF6 as supporting electrolyte by using a three-electrode 

configuration and the corresponding cyclic voltammograms are shown in Figure 3.9 a. 
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Figure 3.9 (a) Cyclic voltammograms of 1 mM 1(Cl) (left) and 2(Cl) (right) in DMF (0.1 
M nBu4NPF6) at a scan rate of 100 mV/s. Glassy carbon is used as working electrode, Pt-
mesh as counter electrode and Ag/AgNO3 (0.1 M in MeCN) as reference electrode. (b) 
Simulated (Digisim CV 2.0®) CV of 1(Cl) (left) and 2(Cl) (right) at the identical conditions 
to experimental ones. 

The cathodic scan, starting from the open circuit potential (ca. ‒0.55V vs. Fc+/Fc) 

and recorded under N2 atmosphere, displays an irreversible reductive wave at Epc
1 = ‒1.07 

V and Epc
1’ = ‒1.02 V vs. Fc+/Fc for 1(Cl) and 2(Cl), respectively, each coupled with a 

corresponding reoxidation wave at Epa
1 = ‒0.50 V or Epa

1’ = ‒0.47 V (Figure 3.9a). Thus, 

at a scan rate of 100 mV/s the two redox processes are separated by 0.57 V and 0.55 V for 

1(Cl) and 2(Cl), respectively, showing the irreversible character of the process. The 

observed peak to peak separations resemble those previously reported for a coordinatively 

saturated Mn(II) complex bearing two PDI ligands in its structure (ΔE = 0.59 V),31 

attributed to a ligand-based reduction followed by intramolecular electron transfer 
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between the ligand and the metal center. Other plausible scenarios could be a reduction-

triggered Cl-ligand dissociation resulting in structural rearrangement (from octahedral to 

pentacoordinate) or the exchange of the Cl-ligand by a solvent molecule.32,33 Anyway, the 

separated CV couple is supposed to involve a reduced 1(Cl) or 2(Cl) intermediate at Epc
1 

or Epc
1’, which then quickly reacts to give a stable reduced species in solution. This 

reduced species can be transformed back to 1(Cl) or 2(Cl) in the reverse scan, but only at 

the more positive potential Epa
1 or Epa

1’. When scanning to more negative potential, 1(Cl) 

shows a quasi-reversible one-electron reduction event at E1/2
2 = ‒1.96 V, but 2(Cl) exhibits 

two very close quasi-reversible reductive peaks at Epc
2’ = ‒1.90 V and Epc

3’ = ‒2.0 V, that 

we tentatively assign to the reduction of the ligand framework. In the positive potential 

region, both complexes present a reversible oxidative couple at E1/2
3

 = 0.10 (ΔEp = 73 mV) 

and E1/2
4’ = 0.14 V (ΔEp = 75 mV) for 1(Cl) and 2(Cl), respectively, assigned to the 

oxidation of the Nickel center from Ni(II) to Ni(III).  

In order to support the mechanistic scenarios proposed above, CV simulations 

(modeled by the software DigiSim CV 2.0) were performed. The simulations using 

parameters shown in Scheme S1 provide the results in Figure 3.9b. For complex 1(Cl), a 

EC-EC mechanism (where E stands for electron transfer and C for chemical reaction) 

was employed for the separated CV couple at potential Epc
1/Epa

1. The starting species 1(Cl) 

(named as A in the mechanism) was one-electron reduced to intermediate B followed by 

a chemical reaction, yielding stable reduced species C. The reverse one-electron oxidation 

of C firstly generated intermediate D and finished with a chemical reaction going back to 

A. The successive one-electron reduction of species C to E and one-electron oxidation of 

A to G were also simulated together. For complex 2(Cl), all the processes described above 

were simulated in the same method, except for the extra third one-electron reductive peak. 

In experimental CV, the peaks at Epc
2’ and Epc

3’ lost partial reversibility. Therefore 

coupling the reduction of two-electron reduced species E to F a decomposition pathway 

(E→H) was added. It can be seen that redox potentials for all electrochemical electron 

transfer steps in the simulations were in good agreement with that of experiment, and 

simulations successfully replicated the shape of the experimental CVs. 

3 



Chapter 3  

52 
 

All experimental redox events for 1(Cl) and 2(Cl) are summarized in Table 3.2. 

Their comparison shows that the redox couples of 2(Cl) shift to positive potentials with 

respect to 1(Cl) which is attributed to the electron-withdrawing ability of the Cl 

substituent introduced in the PDI ligand backbone of 2(Cl). Moreover, the 1e‒ oxidation 

and 1e‒ reduction differ only in 40‒50 mV, likely indicating the metal-based character of 

both processes; whereas the second reduction wave varies up to about 100 mV, bias to be 

ligand-based. Additionally, the redox waves are well-reproduced in successive scanning 

up to 50 cycles under the same conditions (Figure S10 and S12), which demonstrates the 

stability of both complexes under redox stress in organic media. Furthermore, scan rate 

dependent CVs ranging from 10 to 1000 mV/s in DMF solution (0.1 M nBu4NPF6) were 

recorded. Plots of reduction currents (ip) versus the square root of the scan rates are 

linearly correlated for both 1(Cl) and 2(Cl) (Figure S11 and S13), which is consistent with 

the Randles–Sevcik relation (Equation 2, see the Experimental Section below) and 

indicative of a diffusion-controlled process with the electrochemically active species 

freely diffusing in solution.  

Table 3.2 Summary of redox potentials for complexes 1(Cl) and 2(Cl). 

Complex +3e‒ +2e‒ +e‒ ‒e‒ 

1(Cl) 
  Epc

2 Epa
2 E1/2

2 ΔE2 Epc
1 Epa

1 ΔE1 E1/2
3 ΔE3 

  ‒1.99 ‒1.92 ‒1.96 0.075 ‒1.07 ‒0.50 0.57 0.10 0.073 

2(Cl) 
Epc

3’ Epa
3’ Epc

2’ Epa
2’   Epc

1’ Epa
1’ ΔE1’ E1/2

4’ ΔE4’ 

‒2.0 ‒1.91 ‒1.90 ‒1.80   ‒1.02 ‒0.47 0.55 0.14 0.075 
 

A better understanding of the redox processes observed for 1(Cl) and 2(Cl) was 

achieved via spectroelectrochemical experiments in DMF using nBu4NPF6 as supporting 

electrolyte. A transparent thin-layer electrochemical (OTTLE) cell was employed for this 

purpose, in which the electrochemical reduction and oxidation process of the complexes 

were triggered by means of slow CV scanning (2 mV/s) through a Pt mesh working 

electrode and monitored by UV-vis spectroscopy under N2. Focusing the experiment at 

the potential range of the separated one-electron reduction (Epc
1) and reoxidation (Epa

1) 

process, the reduction potential (Epc
1) band of 1(Cl) leads to an obvious decrease of the 
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absorption band centered at 331 nm and appearance of two new absorption bands centered 

at 486 nm and 631 nm with isosbestic points found at 302 and 375 nm. Further reoxidation 

returns the UV-vis bands to their original shape and intensity (Figure 3.10). This behavior 

confirms the chemical reversibility of the irreversible redox processes observed by CV 

scanning. The same UV-vis band changes were observed for 2(Cl) in an analogous 

experiment (Figure S22).   

 

Figure 3.10 Spectroelectrochemical monitoring for the one-electron reduction (Epc
1, left) 

and reoxidation (Epa
1, right) processes of 2 M 1(Cl) in DMF (0.1 M nBu4NPF6). Arrows 

indicate changes in band intensity during electrolysis.  

Considering the paramagnetic nature of the octahedral Ni(II) complexes 

described in this Chapter, electron paramagnetic resonance (EPR) experiments were 

carried out in frozen MeCN solutions of 1(Cl) and 2(Cl). As displayed in Figure 3.11 

(black traces), the resulting spectra showed that both 1(Cl) and 2(Cl) as “X-band EPR-

silent”. This phenomenon could be explained because the Ni(II) center in an octahedral 

environment produces an S = 1 ground state of significant zero-field splitting. Such “non-

Kramers” signals are typically not observable as they would appear at fields and/or 

frequencies beyond the range of conventional X-band EPR spectrometers.34 

In order to explore the electronic structure of the one-electron reduced species 

1(Cl) and 2(Cl) formed at ‒1.07 V and ‒1.02 V, respectively (see Figure 3.9 above), X-

band EPR spectra of the electrochemically formed products (generated by controlled 

potential electrolysis at the reductive potential Epc
1 or Epc

1’) were recorded in frozen 
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MeCN at 77 K. The resonances (Figure 3.11, red lines) are found at g⊥ = 2.1149, g|| = 

2.0259 for one-electron reduced species of 1(Cl) and g⊥ = 2.1147, g|| = 2.0267 for one-

electron reduced species of 2(Cl). Thus, with all g values moderately larger than the 

expected ge ≈ 2.0023 for a radical based free electron,35 an electronic configuration for 

which a considerable portion of the unpaired spin density localizes over the nickel ion 

center can be envisaged. The g⊥ > g|| > ge pattern implies a d9 Ni(I) complex (S = 1/2) of 

axial symmetry where the molecular z axis is contracted, meaning the one-electron 

reduction takes place in the metal center (Ni(II) to Ni(I)) despite the presence of a redox 

non-innocent bis(imino)pyridine ligand.36,37  

 

Figure 3.11 Left) X-band EPR spectra of 1(Cl) (black line) and one-electron reduced 
species (red line); Right) X-band EPR spectra of 2(Cl) (black line) and one-electron 
reduced species (red line). In frozen MeCN solution at 77 K (Frequency, 9.365 GHz; 
Power, 0.60 mW). 

Complex 1(Cl), along with the corresponding full set of mono- and di-reduced 

species of different structural/geometrical nature were studied by DFT calculations to gain 

more insight into their structures and electronic configurations. The calculated structures 

of the most stable species (1+, [1 ‒ Cl]+ and [1 ‒ Cl]0, see Scheme 3.3) are depicted in 

Figure 3.12 and their selected geometrical parameters are listed in Table 3.3. Good 

agreement between experimental (X-ray) and computational (DFT) data for 1(Cl) is 

observed (see Table 3.3), with experimental and theoretical bond distances and angles 

differing by less than 0.07 Å and 4.8°, respectively. 
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Table 3.3 Selected structural parameters for experimental and calculated 1+, along with 
its reduced products. 

Speciesa 1+ b 1+ [1 ‒ Cl]+ [1 ‒ Cl]0 

Ni(1)‒N(1) 2.108(3) 2.126 2.139 2.088 

Ni(1)‒N(2) 1.987(3) 2.004 1.974 1.975 

Ni(1)‒N(3) 2.127(3) 2.134 2.147 2.181 

Ni(1)‒P(1) 2.4945(11) 2.451 2.268 2.262 

Ni(1)‒P(2) 2.4627(11) 2.459 2.269 2.670 

Ni(1)‒Cl(1) 2.3709(8) 2.402   

N(1)‒Ni(1)‒N(3) 153.97(10) 153.98 154.17 154.95 

P(1)‒Ni(1)‒P(2) 170.59(3) 175.35 111.44 112.90 

N(2)‒Ni(1)‒Cl(1) 177.55(9) 179.18   
aThe numbering scheme is the same as that in Figure 3.8. Bond distances are given in 
angstrom (Å) and angles in degree (deg). bThe experimental parameters, and the rest are 
from DFT calculation. 

The DFT-optimized geometry of 1+ (Figure 3.12a (left), calculated with the M06 

functional) was found to be a triplet as the most stable state (S = 1). As depicted in Figure 

3.12a (right), two unpaired electrons are distributed over the complex. The spin density 

on the Ni center is 1.42, and 0.58 on PDI and Cl ligand, thus showing strong metal−ligand 

covalency.  

The considered mechanistic pathways for the reduction of 1+ are depicted in 

Scheme 3.3. The one-electron reduction of 1+ was studied along with a chemical step of 

Cl-dissociation, a plausible origin for the redox irreversibility observed electrochemically 

(see Epc
1 and Epa

1 in Figure 3.9 above). Thus, we individually examined two different 

mechanisms: CE and EC, calculating the redox potentials of the E processes and the 

energies in the C processes. 
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Scheme 3.3 Proposed mechanism of two successive reductions of 1+. The pathways in 
gray are found to be disfavored through DFT analysis. (s) = singlet, (d) = doublet, (t) = 
triplet. 

The dissociation of a chloride ligand from 1+ to yield [1 ‒ Cl]2+ is computed to be 

endothermic by 13.8 kcal mol‒1, indicating a disfavored process. This is further supported 

by the calculated reduction potential of this species [1 ‒ Cl]2+/[1 ‒ Cl]+, E1/2 = ‒0.07 V vs. 

Fc+/Fc, which is not observed experimentally in the recorded CV. On the other hand, 

reduction of 1+ takes place at a calculated potential of E1/2 = ‒0.97 V vs. Fc+/Fc 

(comparable to the recorded reductive potential of ‒1.07 V) and leads to the intermediate 

doublet species 10. Subsequent Cl-dissociation proceeds downhill by ‒6.9 kcal mol‒1, 

yielding [1 ‒ Cl]+, which adopts a distorted trigonal bipyramidal geometry. As shown in 

Figure 3.12b, in this species the spin of the unpaired electron resides primarily on the Ni 

center (0.83) and marginally near the ligand N center (0.17). Thus, in agreement with EPR 

data (see above) DFT calculations support the formation of d9 Ni(I) species after a metal-

centered one-electron reduction of 1+. Reoxidation of the generated [1 ‒ Cl]+ species 

coupled to Cl‒ recoordination is computed to take place at E1/2 = ‒0.59 V (potential 

comparable to the recorded experimental oxidative potential of ‒0.50 V) to recover the 

parent 1+.  
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Further reduction of [1 ‒ Cl]+ was computed to occur at E1/2 = ‒1.94 V vs. Fc+/Fc, 

negligibly deviating from the experimental value of E1/2 = ‒1.96 V. As shown in Figure 

3.12c, a spin density analysis for the reduced species [1 ‒ Cl]0 at the triplet state reveals 

that the new unpaired electron is basically located on the PDI ligand (1.15 relative to 0.17 

in the case of the parent [1 ‒ Cl]+).  
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Figure 3.12 Optimized geometries (left) and DFT calculated spin density distributions 
(right) of starting 1+ (a), one-electron reduced [1 ‒ Cl]+ (b) and two-electron reduced [1 ‒ 
Cl]0 (c). Also given are spin densities in each state. 

Overall, complex 1(Cl) experiences a metal-based one-electron reduction 

followed by fast Cl dissociation yielding a pentacoordinate trigonal bipyramidal species. 

A second one-electron reduction is then ligand–based and takes place on the PDI scaffold. 

Though DFT calculations for complex 2(Cl) are still in progress, we could presume it 

undergoes similar processes as 1(Cl) for the first two one-electron reduction steps. 

However, the introduction of a Cl substituent in the PDI ligand allows observing a third 

reduction (Epc
3’) slightly shifted to cathodic potentials, which is tentatively assigned to a 

second ligand-based process. DFT and EPR analysis of this tri-reduced species should 

confirm this assumption. 

3.2.3 Electrocatalytical study of 1(Cl) and 2(Cl) in the presence of p-TsOH 

The capacity of 1(Cl) and 2(Cl) to catalyze the hydrogen evolution reaction was 

monitored electrochemically. When p-TsOH (pKa 2.6 in DMF)38 was used as proton 

source and added to the complex solution in DMF, the CV profile of 1(Cl) and 2(Cl) at 

100 mV/s scan rate gave an apparent mere catalytic wave at approximately ‒1.98 and ‒

1.84 V, respectively (half-wave potential Ecat/2, see Figure 3.13), measured at 10 mM p-

TsOH concentration. Functionalization at the para position of the pyridine scaffold of the 

PDI-based ligand with the electron-withdrawing Cl substituent effectively decrease the 

catalytic potential by ca. 140 mV (compare the voltammograms of 1(Cl) and 2(Cl) in 

Figure 3.13a-b), supporting the ligand based nature proposed for the second reductive 
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event of both complexes. In contrast to the tendency observed in the overpotentials, 

comparison of the peak current intensities under identical conditions, 173 A for 1(Cl) 

and 155 A for 2(Cl), indicates higher catalytic activity for the non-substituted 1(Cl) 

species.  

 

 

Figure 3.13 (a) Cyclic voltammograms of 1 mM 1(Cl) in DMF (0.1 M nBu4NPF6) in the 
absence (black dash line) and presence (red solid line) of 10 mM of p-TsOH. (b) Cyclic 
voltammograms of 1 mM 2(Cl) in DMF (0.1 M nBu4NPF6) in the absence (black dash 
line) and presence (green solid line) of 10 mM of p-TsOH. (c) Overlap of the cyclic 
voltammograms of 1 mM 1(Cl) and 1 mM 2(Cl) in DMF solution of 10 mM p-TsOH. △ 
indicates the difference of overpotentials between 1(Cl) and 2(Cl). Glassy carbon as the 
working electrode, Pt-mesh as the counter electrode and Ag/AgNO3 as the reference 
electrode. Scan rate = 100 mV/s. 
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Proton-coupled electron-transfer (PCET) processes are frequently reported when 

Ni complexes or PDI-metal complexes catalyze the HER,22,39,40 Thus, the involvement of 

such processes in the catalytic event observed was evaluated by recording CVs for 1(Cl) 

in a DMF solution in the presence of various concentrations of p-TsOH, ranging from 0.02 

mM to 0.6 mM. As shown in Figure S15, a constant reduction wave at ‒1.94 V was 

observed, suggesting that PCET is not involved in this case. Otherwise, a slope of Ered/‒

log[p-TsOH] = ‒59 mV would be expected.41  

To quantify the HER rates and gather further information about the reaction 

pathways, kinetic studies for both complexes 1(Cl) and 2(Cl) were conducted by 

electrochemical methods. As shown in Figure 3.14a, by increasing the concentration of p-

TsOH from 0 to 20 equivalents, the peak current strengths of 1mM 1(Cl) increases 

systematically. This unidirectional current increment confirms an electrocatalytic 

chemical reaction. The plots of icat (icat is catalytic peak current) or the ratio of icat/ ip (ip is 

peak current of the catalyst in the absence of acid) versus the acid concentration follow a 

linear trend in both cases (see the inset in Figure 3.14a and Figure 3.14c, respectively). 

This indicates a second-order dependence of the reaction rate on the acid amount. After 

the addition of 20 eq. of acid, the current enhancement was no longer observed, and icat 

reaches a plateau, indicating zero order with respect to acid concentration. This 

conversion (second-order to zero-order), as reported in related literature,42 means that the 

complex follows a HER mechanism involving one electrochemical preequilibrium step(s) 

of two protons (protonation of catalyst complex) preceding a rate-determining chemical 

step for H2 elimination.  

With fixed acid concentration (10 mM), a set of CVs were collected at a variety 

of complex concentrations from 1 to 2.5 mM. The linear correlation of icat versus 1(Cl) 

concentration shows, according to Eq.2 (Experimental Section), that the reaction is first 

order to the nickel complex concentration (Figure 3.14b). Additionally, Figure 3.14c 

shows linear plots of icat/ip vs. [p-TsOH] under non-saturating acid conditions ([p-TsOH] 

≤ 20 mM) at different scan rates. Consequently, the rate law for hydrogen generation is 

overall third-order with a rate constant k = 1.54 × 104 M-2s-1, obtained from the plot of the 

slopes in Figure 3.14c versus (1/)1/2 (Figure S16). Moreover, when 1 mM 1(Cl) in the 
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presence of 20 mM p-TsOH is polarized at 100 mV/s, the ip of the NiIL0/•− event is 17.0 

A and icat = 284.3A, corresponding with a icat/ip value of 16.8, thus affording a kobs of 

54 s‒1.43 
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Figure 3.14 (a) Cyclic voltammograms of 1 mM 1(Cl) in DMF (0.1 M nBu4NPF6) at 
various concentrations of p-TsOH at a scan rate of 100 mV/s. (Inset) Plots of catalytic 
current versus concentration of p-TsOH. (b) Cyclic voltammograms of various 
concentrations of 1(Cl) in DMF (0.1 M nBu4NPF6) in the presence of 10 mM p-TsOH at 
a scan rate of 100 mV/s. (Inset) Plots of catalytic current versus concentration of 1(Cl). 
Glassy carbon working electrode, Pt-mesh counter electrode and Ag/AgNO3 reference 
electrode. (c) Plots of icat/ip versus p-TsOH concentration for 1 mM 1(Cl) in DMF (0.1 M 
nBu4NPF6). Solid black lines correspond to linear fits to the data for a given scan rate. 

The same kinetic analysis was carried out for complex 2(Cl). When a 100 mV/s 

scan rate was used, the single catalytic wave observed appears close to the reduction 

potential of the NiIL0/− process. Figure 3.15a shows the CVs of 1 mM 2(Cl) after addition 

of an increasing amount of p-TsOH up to 25 equivalents. The rise of the acid concentration 

produces a catalytic wave whose maximum current intensity is linearly correlated to the 

acid concentration along the first 10 acid equivalents. At higher p-TsOH concentrations 

the relationship is nonlinear, seemingly the complex turns to be saturated with proton 

source for the HER, which is a similar trend in case of 1(Cl). 

Very differently, polarization at a scan rate of 10 mV/s induces two catalytic 

waves associated with the two redox process in close proximity within the range of −2.0 

V to −1.91 V (Figure 3.15b). The apparent maximum current intensities of the −1.91 V 

wave display a linear dependence on the concentration of acid within 10 equivalents and 

a plateau from 10 to 25 equivalents, a behavior similar to that observed for the single 

catalytic process displayed by 1(Cl) (see Figure 3.14a). Also, inspection into the CVs 

shows that the more negative catalytic wave (−2.0 V) change the peak-shaped curve when 

the p-TsOH concentration rises > 10 mM and, at the same time, the reverse anodic scan 

crosses the forward cathodic trace. So, the gathered data at this high p-TsOH concentration 

range suggests that the active species of 2(Cl) transforms under electrocatalytic conditions. 

The decoordination of one of the P donor atoms of the PDI ligand or the isomerization of 

the Ni-H species formed could be plausible in this case. 

Furthermore, the CV plots of 2(Cl) at different catalyst concentrations in a 10 mM 

p-TsOH solution were recorded at 100 mV/s scan rate (Figure 3.15c), and the plots of icat 

versus [2(Cl)] reveals a linear trend with concentration of 2(Cl) (inset of Figure 3.15c). 

Based on the plots of icat/ip at different scan rates and the plot of the slopes in Figure 3.15d 
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versus (1/1/2 (Figure S17), the rate constant for this overall three order reaction was 

calculated to be 7.20 × 103 M-2 s-1, which is approximately one-half of the corresponding 

value for 1(Cl). A rate value of 16 s‒1 was obtained from a icat/ip value of 9.1 under the 

condition of 1 mM 2(Cl) in the presence of 10 mM p-TsOH at a scan rate of 100 mV/s. 

All in all, the catalytic and kinetic study exposed above for 1(Cl) and 2(Cl) reveals 

that the presence of the para Cl-substituent on the pyridyl moiety of the PDI ligand has a 

dramatic effect for the capacity of these complexes as HER electrocatalysts. As expected, 

complex 2(Cl) exhibits an apparent positively shifted catalytic potential due to the 

presence of p-Cl on the pyridine scaffold. However, the non-substituted 1(Cl) complex 

shows higher HER activity upon addition of p-TsOH both in terms of rate constant and 

TOF. This is in agreement with previously reported studies about the structural 

perturbation of HER electrocatalysts, for which lower nucleophilicity (observed from 

more positive reduction potential in CV experiments) renders the structurally tuned 

complex less active for proton reduction.44,45 
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Figure 3.15 (a) Cyclic voltammograms of 1 mM 2(Cl) in DMF (0.1 M nBu4NPF6) at 
various concentrations of p-TsOH at a scan rate of 100 mV/s. (Inset) Plots of catalytic 
current versus concentration of p-TsOH. (b) Cyclic voltammograms of 1 mM 2(Cl) in 
DMF (0.1 M nBu4NPF6) at various concentrations of p-TsOH at a scan rate of 10 mV/s. 
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(Inset) Plots of catalytic current versus concentration of p-TsOH. (c) Cyclic 
voltammograms of various concentrations of 2(Cl) in DMF (0.1 M nBu4NPF6) in the 
presence of 10 mM p-TsOH at a scan rate of 100 mV/s. (Inset) Plots of catalytic current 
versus concentration of 2(Cl). (d) Plots of icat/ip versus p-TsOH concentration for 1 mM 
2(Cl) in DMF (0.1 M nBu4NPF6). Solid black lines correspond to linear fits to the data for 
a given scan rate. 

3.2.4 Short-term stability of 1(Cl) and 2(Cl) under HER conditions 

In order to investigate whether the decomposition of the catalysts and the 

formation of heterogeneous species occurs on the surface of electrode or not, rinsing test 

experiments and icat-scan rate relationship experiments were performed by means of cyclic 

voltammetry. For the rinse test experiment, first, 30 uninterrupted cycles of CV scanning 

were carried out in the acidic 20 mM p-TsOH DMF solution of 1 mM 1(Cl) or 10 mM p-

TsOH for 1 mM 2(Cl). Afterward, the glassy carbon working electrode was rinsed with 

solvent and immersed again in a fresh 20 mM (1(Cl)) or 10 mM (2(Cl)) p-TsOH solution 

with no catalyst, followed by CV recording. As shown in Figure 3.16, the comparison of 

such CV profiles reveals similar electroactivities for the rinsed and the glassy carbon 

electrodes, far below those observed for the studied catalysts in the same region, thus 

pointing to the molecular nature of the active species for both 1(Cl) and 2(Cl) under 

catalytic turnover. Both catalytic systems remain stable, providing catalytic peaks of 

similar activity before and after the set of consecutive CV experiments (Figure 3.16a and 

3.16c).  
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Figure 3.16 Rinse test for 1(Cl) (top )and 2(Cl) (bottom): (a) 30 cycles of successive 
cyclic voltammetric scanning of 1 mM 1(Cl) in DMF (0.1 M nBu4NPF6) in the presence 
of 20 mM p-TsOH at a scan rate of 100 mV/s. (b) Cyclic voltammograms in the presence 
of 20 mM p-TsOH in DMF (0.1 M nBu4NPF6), (red dashed line) in the presence of 1(Cl), 
(blue solid line) in the absence of 1(Cl) by rinsed electrode, (black solid line) in the 
absence of 1(Cl) by polished glassy carbon electrode. (c) 30 cycles of successive cyclic 
voltammetric scanning of 1 mM 2(Cl) in DMF (0.1 M nBu4NPF6) in the presence of 10 
mM p-TsOH at a scan rate of 100 mV/s. (d) Cyclic voltammograms in the presence of 10 
mM p-TsOH in DMF (0.1 M nBu4NPF6), (green dashed line) in the presence of 2(Cl), 
(blue solid line) in the absence of 2(Cl) by rinsed electrode, (black solid line) in the 
absence of 2(Cl) by polished glassy carbon electrode. 

Moreover, CVs of 1 mM 1(Cl) in the presence of 10 mM p-TsOH at different scan 

rates gave a linear dependence of icat on the square root of scan rates, indicating a diffusion-

controlled homogeneous process (Figure 3.17). The same behavior was observed with 

2(Cl) in the 50 to 1000 mV/s scan rates range (Figure S18). Thus, all the above 

experimental results advocate, under the applied conditions in this test, for the stability of 

the studied complexes and the homogeneous nature of the catalytic species.46  



Symmetrical Nickel(II) Bis(imino)pyridine Complexes as 
 Electrocatalysts for the Hydrogen Evolution Reaction 

 
 

67 

 

 

Figure 3.17 Cyclic voltammograms of 1 mM 1(Cl) in DMF (0.1 M nBu4NPF6) in the 
presence of 10 mM p-TsOH at various scan rates. (Inset) The linear dependence of icat 
versus 1/2. 

3.2.5 Long-term stability of 1(Cl) and 2(Cl) under HER conditions 

In order to unambiguously attribute the electrocatalytic current observed for both 

1(Cl) and 2(Cl) to the reduction of protons to molecular hydrogen and calculate the 

corresponding Faradaic efficiencies of the catalytic process, controlled-potential 

electrolysis (CPE) experiments were performed in DMF in the presence of the catalysts  

(0.25 mM) and a glassy carbon rod as working electrode in an H-shape double-

compartment cell. These experiments were coupled to a hydrogen Clark type sensor in 

the headspace of the cathodic compartment. Along the 3.5 h electrolysis of 1(Cl) in the 

presence of 20 mM p-TsOH at a constant potential of –2.05 V vs. Fc+/Fc, a total charge 

of 5.30 C passed by the system and 30.03 mol of evolved hydrogen were generated. This 

indicates that 1(Cl) operates at a high Faradaic efficiency > 99% according to Eq.1 (Where 

F is the Faraday constant (96485.33 A mol–1), n1 is the number of moles of electrons 

required to generate one mole of H2, nH2 is the moles of H2 experimentally measured, 

Chargecat is the passed charge during bulk electrolysis).45 For the case of 2(Cl), electrolysis 

in the presence of 10 mM p-TsOH at –1.93 V vs. Fc+/Fc during 1 h resulted in a charge of 

2.35 C and 8.65 mol of evolved H2, resulting in a Faradaic efficiency value of 71%. 

Faradaic efficiency = F × 𝑛1 × nH2 × 100% Chargecat⁄     (1) 
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Figure 3.18 Amount of hydrogen gas evolved from controlled potential electrolysis of 
1(Cl) for 3.5 h at –2.05 V vs. Fc+/Fc. Theoretical H2 production calculated from the 
accumulated charge (red line) and; H2 detected by a Clark-type electrode placed in the 
headspace (black line). 

In parallel, CPE experiments at variable applied potential shows that the total 

charge of the bulk electrolysis increased when the potential was more negative (Figure 

3.19a), accompanied by a color change from blue to dark green in each electrolysis (Figure 

3.19b). Figure 3.19c exhibits the i ~ t curve observed for a 30 minutes bulk electrolysis of 

1(Cl) at a potential of ‒2 V vs. Fc+/Fc. Surprisingly, the current intensity starts to increase 

after a very short time from electrolysis charge on.  

We could tentatively propose two possibilities for this current enhancement. One 

is the formation of Ni-based (nano)particles or a Ni thin film on the electrode which are 

more active for proton reduction than the original Ni complex 1(Cl). The second one is 

the generation of an intermediate homogeneous active species that favors the proton 

reduction catalysis upon the two-electron reduction of the initial 1(Cl) complex. The last 

possibility is likely more probable than the formation of heterogeneous species in the 

electrode surface, as the CV after CPE at ‒2 V showed a new oxidation wave slightly 

negative to the reoxidation peak (Epa
1) of the separated couple (Figure 3.19d, star on the 

red curve), comparing with the initial species (Figure 3.19d, black). The transitory species 

vanished at the second cycle of successive scanning (Figure 3.10d, blue line). This new 

peak becomes broader and of much higher intensity if the duration of the CPE is extended 

(Figure S20), likely a catalytic reaction takes place at this potential. One proposal for the 
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origin of this new peak could be the reverse reaction, that is, the oxidation of the 

catalytically generated H2,47
 triggered by a new species generated under catalytic turnover. 

In order to check the veracity of this proposal, CV cycles in a H2 saturated solution 

containing complex 1(Cl) were performed. As shown in Figure S19, the system does not 

trigger the generation of the new peak in this conditions, thus discarding the possibility of 

catalysis by original 1(Cl). In addition, the catalytic onset potential measured immediately 

after electrolysis shifted by circa 270 mV, being now ‒1.6 V, implying that this new 

species may effectively reduce the catalytic overpotential for proton reduction. The 

vanishing of the new features from the second CV in a successive scanning shows the 

short-lived nature of this transitory species.  

The CPE experiments for complex 2(Cl) presented the same phenomenon. The 

current increased within the first minutes under reductive potential and then decreased 

(Figure S21a). Also, new redox-active species were found after the bulk electrolysis in 

the anodic scanning of the first CV at about ‒ 0.2 V (Figure S21b). We suggest that both 

the new generated species and initial complex are active in the electrocatalytic HER. 

However, the very short–lived nature of the new species hampers its further 

characterization. 
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Figure 3.19 (a) Charge buildup versus time from electrolysis of 0.25 mM 1(Cl) in DMF 
in the presence of 10 mM p-TsOH. (b) Color changed from blue to dark green upon CPE. 
(c) Plot of current versus time for controlled potential (Ecat/2 ‒ 1.96 V) electrolysis of 1 
mM 1(Cl) in DMF in the presence of 10 mM p-TsOH. (d) Cyclic voltammograms of 1 
mM 1(Cl) before and after bulk electrolysis at -1.96 V in DMF in the presence of 10 mM 
p-TsOH. The asterisk indicates a new species generated after CPE.  

3.2.6 Spectroelectrochemical characterization 

In order to get insights into the new species generated after bulk electrolysis with 

1(Cl) and 2(Cl), we performed spectroelectrochemical studies in the presence of acid 

using an UV-vis fiber optic probe. Figure 3.20 shows the electronic absorption changes 

monitored during a bulk electrolysis for 1(Cl) at –1.9 V. It is clear that the process leads 

to a decrease in intensity of the band appearing at 332 nm while the intensity of the 486 

nm and 631 nm bands increase, with an isosbestic point observable at 380 nm. Calculating 

from the accumulated charge (1.7381 C) and the moles of complex employed (8.5 ×10-7 

mol), the turnover number is 11. Noticeably, this electronic absorption changes are the 

same than those observed above when studying the one-electron reduction of 1(Cl) 
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spectroelectrochemically (OTTLE cell, see left part of Figure 3.10 in section 3.2.2) in the 

absence of acid. Thus, this confirms that the resting state of the catalyst is the one-electron 

reduced species ([1 ‒ Cl]+). Similarly, 2(Cl) was investigated through the same method 

showing the same phenomenon, that is, bulk electrolysis at –1.9 V gave a UV-vis 

absorption spectrum corresponding to the one-electron reduced species (Figure 3.20 c and 

Figure S22 right) of the original complex. The turnover number here is calculated to be 9. 

Thus, no signal attributable to a putative homogeneous intermediate responsible for the 

new oxidation peak shown in Figure 3.19 d or Figure S21b (* highlighted) was observed 

through UV-vis monitoring of the CPE experiment. However, based on the proved 

homogeneity observed in the short-term stability tests, we assign the new peaks observed 

in the CV right after the CPE to trace amount of new molecular species, whose absorption 

is overlapped to the corresponding dominant resting states [1 ‒ Cl]+ or [2 ‒ Cl]+. 

 

Figure 3.20. UV-vis absorption changes during the 200 minutes of bulk electrolysis of 
0.05 mM 1(Cl) (a) and 2(Cl) (c) in the presence of 20 eq. p-TsOH in DMF measured by 
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UV-vis fiber optic probe. The absorptions at 631nm in (a) and 637 nm in (c) versus time 
are plotted (b) and (d), respectively. 

3.3 Conclusion 

Two reported ligands (L1 and L2) and two new ligands (L3 and L4) bearing a 

N3P2-PDI core have been prepared, among which L2 and L3 were successfully 

coordinated to a Ni center, forming two new hexacoordinated complexes bearing the 

pentadentate ligands, 1(Cl) and 2(Cl). The complexes have been thoroughly characterized 

by multiple physicochemical techniques (ESI-MS, elemental analyses, UV-vis, X-ray 

diffraction and CV as well). In both complexes, the central Ni is observed in a distorted 

octahedral environment by crystallographic analysis, where a Cl ligand sits in the 

equatorial plane. Computational DFT calculations suggest that this Cl ligand is 

decoordinated upon a metal-based one-electron reduction of the initial complex, while 

further reduction takes place in the PDI ligand scaffold. Both 1(Cl) and 2(Cl) resulted 

active catalysts for the hydrogen evolution reaction in organic (DMF) media using p-

TsOH as proton source. 2(Cl), bearing an electron-withdrawing Cl substituent at para 

position of the pyridine scaffold show lower catalytic overpotential than 1(Cl). However, 

kinetic analyses demonstrated that 2(Cl) mediates the catalytic reaction at a slower rate. 

The homogeneous nature of the catalytic species was proven electrochemically, 

discarding the transition from molecular to heterogeneous including rinse test and the 

linear dependency of icat on 1/2. For both 1(Cl) and 2(Cl), controlled-potential electrolysis 

leads to the formation of a more active intermediate species for proton reduction. These 

species is short-lived and present in low concentration in solution, which prevented its 

characterization thorough spectroscopic methods.  

3.4 Experimental section 

Materials 

2,6-diacetylpyridine, 3-(diphenylphosphino)-1-propylamine, 2-

(diphenylphosphino)-ethylamine, p-toluenesulfonic acid, 4 Å molecular sieves, 

NiCl2∙6H2O, 4-Chloropyridine hydrochloride, pyruvic acid, ammonium persulfate, 

trifluoromethanesulfonimide were purchased from Sigma-Aldrich and used as received. 
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Organic solvents were dried and distilled prior to use following the standard procedures.48 

The ligand Ph2PPrPDI and starting reagent 4-chloro-2,6-diacetylpyridine were prepared 

according to the literature.5,23 All synthetic reactions and electrochemical studies were 

performed under an inert atmosphere inside a glovebox (MBraun) or by Schlenk and 

vacuum line techniques. 

Electrochemical experiments  

The electrochemical measurements were run with a BioLogic SP-150 potentiostat 

under N2 atmosphere at room temperature. Cyclic voltammetry experiments were 

performed using a glassy carbon working electrode (ca. 0.07 cm2), a platinum mesh 

auxiliary electrode and an Ag/AgNO3 (0.1 M in MeCN) reference electrode. Ferrocene 

was used as internal standard and all the potentials were converted to Fc+/Fc by 

subtracting 0.078 V from Ag/AgNO3 potential. The working electrode was polished with 

alumina slurry, ultrasonically cleaned and rinsed with distilled water before use. DMF was 

used for the preparation of catalyst solution with 0.1 M nBu4NPF6 as supporting 

electrolyte. 

Controlled potential electrolysis (CPE) experiments were conducted in a gas-tight 

two-compartment cell washed and dried in the oven overnight before use. The working 

compartment was fitted with a glassy carbon rod as working electrode and Ag/AgNO3 

(0.1 M) as reference electrode. The auxiliary compartment was fitted a Pt mesh counter 

electrode. Both compartments were purged with N2 for 15 min followed by injecting a 

degassed complex solution with 20 mM p-TsOH in DMF (0.1 M nBu4NPF6) to the 

working compartment and blank DMF solution (0.1 M nBu4NPF6) to the auxiliary 

compartment.  

Spectroelectrochemical measurement 

Spectroelectrochemistry was recorded through two different methods.  

OTTLE cell: All measurements were conducted under N2 atmosphere with an optically 

transparent thin-layer electrochemical cell which used Pt minigrid as working electrode, 

Pt minigrid and silver wire as auxiliary and pseudoreference electrode respectively. The 

optical path length defined by the thickness of the P-E spacer was 0.2 mm. Electronic 
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absorption spectra were recorded using a Varian Cary 50 Bio UV-Visible 

spectrophotometer, and cyclic voltammograms were recorded using a BioLogic SP-150 

potentiostat. The working solutions were prepared with a 2 mM complex solution in DMF 

with 0.1 M nBu4NPF6 as supporting electrolyte. 

Fiber probe: Electronic absorption spectra were recorded using a Varian Cary 50 Bio UV-

Visible spectrophotometer, and CPE were performed using a CHI 660C potentiostat. The 

working solutions were prepared with 0.05 mM catalysts in DMF with 0.1 M nBu4NPF6 

as supporting electrolyte. 

Computational Details 

All calculations were carried out with the Gaussian09 (v. D.01) program 

package49. We employed Density Functional Theory (DFT) methodology using M06 

functional including Grimme’s empirical dispersion correction D3.50,51 Two different basis 

sets were used: 6-31+G(d) for C, N, P, Cl and H,52–54 and LANL2TZ(f) for Ni and Fe 

(including the associated pseudopotential).55–59 The solvation was considered implicitly 

using the SMD model with DMF as solvent.60 All geometry optimizations were computed 

in solution without symmetry restrictions. The nature of all computed stationary points 

was confirmed by vibrational frequency calculations. Free energy corrections were 

calculated at 298.15 K and 105 Pa pressure, including zero point energy corrections (ZPE). 

In addition, a correction term of 1.9 kcal/mol (at 298 K) was added when necessary to 

account for the standard state concentration of 1 M. Unless otherwise mentioned, all 

reported energy values are free energies in solution. Ferrocene (Fc) and Ferrocenium (Fc+) 

complexes were optimized in the same conditions in order to refer the calculated redox 

potential to the Fc/Fc+ couple. The excellent agreement between the calculated and 

experimental redox potentials in the systems reported here confirms the validity of this 

methodology. 

TOF and rate constant determination43 

Eq.2 (Randle-Sevcik eq.) and Eq.3 detail the relationship between the peak 

current and catalytic current with the corresponding parameters, respectively. 
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𝑖p = 0.4463𝐹𝐴[𝑐𝑎𝑡]√
𝐹𝑣𝐷

𝑅𝑇
             (2) 

𝑖𝑐𝑎𝑡 = 𝑛𝐹𝐴[𝑐𝑎𝑡]√𝐷𝑘[H+]2           (3) 

Where ip is the peak current in the absence of acid, F is the Faraday constant (96485.33 

A/mol), A is the working electrode surface area (cm2), [cat] is the catalyst concentration, 

n = 2 is the number of electrons transferred, is the scan rate, D is the diffusion constant, 

R is ideal gas constant = 8.314 JK-1 mol-1, T = 298 K, and icat is the catalytic current in the 

presence of acid, [H+] is the acid concentration. 

So the ratio of icat/ ip (Eq.4) can be obtained from Eq.2 and 3. 

𝑖cat

𝑖p
=

𝑛

0.4463
√

𝑅𝑇𝑘[𝐻+]2

𝐹𝑣
      (4) 

Under pseudo first-order conditions where kobs = k[H+]2, Eq.4 is simplified to Eq.5. 

𝑖cat

𝑖p
=

𝑛

0.4463
√

𝑅𝑇𝑘𝑜𝑏𝑠

𝐹𝑣
        (5) 

Eq.6 is obtained by simplification of Eq.5 to estimate the pseudo first-order rate constant 

kobs or turnover frequency (TOF). 

𝑘obs = 1.94( 𝑖𝑐𝑎𝑡

𝑖𝑝
)

2
     (6) 

Then, Eq.7 is derived from Eq.4, consequently giving Eq.8 which is the slope of linear 

dependence of the ratio icat/ip vs. acid concentration at a specific scan rate.  

𝑖cat

𝑖p
=

𝑛

0.4463
√

𝑅𝑇𝑘

𝐹𝑣
[𝐻+]      (7) 

slope =
𝑛

0.4463
√

𝑅𝑇𝑘

𝐹𝑣
           (8) 
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Plots of this slope at different scan rates vs. (1/)1/2 yields a linear relationship, and the 

relationship between the slope of this line (the double slope) and the third order rate 

constant k is shown in Eq.9. 

double slope = 0.72√𝑘        (9) 

Finally, k can be calculated based on Eq.9. 

H2 detection 

A Clark-type H2 microsensor, polarized overnight before use, was equipped in the 

working compartment headspace of the CPE setup to measure the electrochemically 

produced H2. During the electrolysis at the catalytic peak potential, the sensor signal 

consistently grew. When the signal reached a plateau after electrolysis, a calibration for 

the quantitative analysis of the generated H2 was made (for each measurement). 0.05 mL 

of pure H2 (pressure 1 bar) was injected into the headspace of the working compartment 

with a gas-tight glass syringe (0 to 0.25 mL). The added pure H2 was mixed well with the 

gas in the headspace when the signal increased to another plateau. The increment between 

these two adjacent plateaus corresponds to a point of the calibration curve. The rest of 

points were obtained analogously by injecting 0.1 mL, 0.15 mL and 0.2mL of H2, 

respectively. The moles of H2 can be calculated from the ideal gas equation PV = nRT, 

where P is the pressure (1 atm), V is the volume, n is the number of moles, R is the ideal 

gas constant 0.082 atm·L·mol-1·K -1 and T is the temperature 298 K. Figure 3.21 is an 

example of the calibration made in the H2 analysis when 1(Cl) is employed as 

electrocatalysts in DMF in the presence of p-TsOH as proton source. 
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Figure 3.21. Calibration line for quantitative analysis of H2 with 1(Cl) as catalysts. 

Spectroscopic Measurements 

(1) NMR spectra were recorded by a Bruker Avance DRX 250 MHz NMR spectrometer 

at room temperature, with chloroform-d3 or DCM-d2 as the deuterated solvent. All the 

measurements have been done in the Servei de Ressonància Magnètica Nuclear of the 

Universitat Autònoma de Barcelona (SeRMN-UAB) 

(2) Elemental analyses were performed by a Thermo Scientific Flash 2000 CHNS 

Analyzer from the Servei d’Anàlisi Química of the Universitat Autònoma de Barcelona 

(SAQ-UAB).  

(3) Electrospray ionization mass spectra (ESI/MS) were obtained on the MicroTOF mass 

spectrometer that was coupled with a Cryospray source (Bruker Daltonics). 

(4) X-Ray Crystallography measurements were carried out on a Bruker diffractometer 

Apex DUO equipped with a Kappa 4-axis goniometer, an APPEX 2 4K CCD area detector, 

a Microfocus Source E025 IuS using Mo Karadiation, a Microfocus Source E025 IuS 

using Cu Ka radiation, Quazar MX multilayer Optics as monochromator and an Oxford 

Cryosystems low temperature device Cryostream 700 plus. Data collection with APEX II 

version v2013.4-1; data reduction with Bruker SAINT version V8.37A; absorption 

correction with SADABS v2016-261. All the determinations were done in the X-ray 

Diffraction Unit of Institut Català d'Investigació Química (ICIQ) 
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(5) X-band EPR spectra were collected from a Bruker EMX-micro EPR spectrometer at 

cryogenic temperatures 7-10 K or 77 K in ICIQ.  

(6) UV-vis spectra were obtained at room temperature using an Agilent/HP 8453 diode-

array or a Varian Cary 50 Bio UV-Visible spectrophotometer operating in the range of 250 

to 800 nm with 1 cm pathlength rectangular quartz cuvette.  

Synthetic procedures 

Ph2PEtPDI (L1): Ph2PEtPDI was prepared according to the literature5. To a Schlenk 

flask, 2,6-diacetylpyridine (0.36 g, 2.21 mmol), 2-(diphenylphosphino)-ethylamine (1 g, 

4.36 mmol), p-TsOH (30 mg) and 4 Å molecular sieves were mixed in toluene (14 mL), 

followed by stirring for 24 h at 80 °C. After cooling down to room temperature, the yellow 

solution was filtered through Celite by a cannula device. Then the resulted yellow oil after 

removing solvent under vacuum was dissolved in diethyl ether (2 mL) and placed at –

35°C, Ph2PEtPDI was obtained as pale yellow crystals in a 78% yield. The NMR data is in 

accordance with that in the literature. 1H NMR (250 MHz, CD3Cl, 296 K) δ 7.95 (d, J = 

7.8 Hz, 2H), 7.70 – 7.60 (m, 1H), 7.51 (ddt, J = 7.4, 5.4, 2.6 Hz, 8H), 7.41 – 7.30 (m, 

12H), 3.70 (q, J = 8.7 Hz, 4H), 2.65 – 2.51 (m, 4H), 2.31 (s, 6H). 31P{1H} NMR (101 

MHz, CD3Cl, 296 K) δ –17.15 ppm. 

Ph2PPrPDI (L2): Ph2PPrPDI was prepared according to the literature.1 To a Schlenk 

flask equipped with water condenser, 2,6-diacetylpyridine (0.33 g, 2.02 mmol), 3-

(diphenylphosphino)-1-propylamine (1 g, 4.11 mmol), p-TsOH (30 mg) and 4 Å 

molecular sieves were mixed in toluene (14 mL), followed by stirring for 24 h at 80 °C. 

After cooling down to room temperature, the yellow solution was filtered through Celite 

by a cannula device. Then the resulted yellow oil after removing solvent under vacuum 

was dissolved in diethyl ether (2 mL) and placed in a –35°C freezer. Ph2PPrPDI was 

obtained as pale yellow crystals in a 71% yield. The NMR data is in accordance with that 

in the literature. 1H NMR (250 MHz, CD3Cl, 298 K)  δ 8.10 (d, J = 7.8 Hz, 2H), 7.81 – 

7.66 (m, 1H), 7.47 (ddq, J = 9.0, 5.8, 3.6, 3.0 Hz, 8H), 7.41 – 7.30 (m, 12H), 3.63 (t, J = 

6.8 Hz, 4H), 2.38 (s, 6H), 2.31 – 2.19 (m, 4H), 1.96 (p, J = 7.9 Hz, 4H). 31P{1H} NMR 

(101 MHz, CD3Cl, 298 K) δ –15.18 ppm. 
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Ph2PPrPDI(p)Cl (L3): The preparation of this ligand was similar to that of L2 except 

that 2,6-diacetylpyridine was substituted by 4-chloro-2,6-diacetylpyridine which was 

synthesized following a reported protocol.23 To a Schlenk flask equipped with water 

condenser, 4-chloro-2,6-diacetylpyridine (0.16 g, 0.81 mmol), 3-(diphenyl-phosphino)-1-

propylamine (0.41 g, 1.68 mmol), p-TsOH (30 mg) and 4 Å molecular sieves were mixed 

in toluene (14 mL), followed by stirring for 24 h at 80 °C. After cooling down to room 

temperature, the yellow solution was filtered through Celite by a cannula device. Then the 

resulted yellow oil after removing solvent under vacuum was dissolved in a solvent 

mixture of MeOH and diethyl ether (2 mL) and placed in a –35°C freezer. Ph2PPrPDI(p)Cl 

was obtained as yellow crystals in a 48% yield. 1H NMR (250 MHz, CD2Cl2, 304 K): δ 

8.11 (s, 2H, H2), 7.53 – 7.39 (m, 8H, H12), 7.39 – 7.25 (m, 12H, H12/H13), 3.59 (t, J = 

6.6 Hz, 4H, H7), 2.33 (t, J = 1.0 Hz, 6H, H5), 2.27 – 2.16 (m, 4H, H9), 1.90 (p, J = 8.6, 

8.1 Hz, 4H, H8). 31P{1H} NMR (101 MHz, CD2Cl2, 304 K): δ –15.35 ppm. 

Ph2PPhPDI (L4): To a Schlenk flask, 2,6-diacetylpyridine (0.10 g, 0.61 mmol), 2-

(Diphenylphosphino)aniline (0.34 g, 1.22 mmol) and p-TsOH (20 mg) were mixed in 

toluene (12 mL). A Dean-Stark trap was set up to separate the water from the reaction. 

Upon stirring under reflux for 40 h, the initial colorless solution turned to yellow. The 

reaction was cooled to room temperature, then the yellow solution was filtered through 

Celite by a cannula device. The resulted yellow viscous oil obtained after removing 

solvent under vacuum was dissolved in a hot MeOH/CHCl3 mixture (4 mL) and slow 

solvent evaporation under N2 atmosphere gave a spot of pale yellow crystals of Ph2PPhPDI. 
1H NMR (250 MHz, CD2Cl2, 301 K) δ 8.03 (d, J = 7.8 Hz, 2H), 7.76 – 7.67 (m, 1H), 7.37 

(d, J = 7.7 Hz, 2H), 7.30 (dd, J = 5.1, 4.0 Hz, 20H), 7.05 (t, J = 7.5 Hz, 2H), 6.95 – 6.87 

(m, 2H), 6.75 (dd, J = 7.4, 4.8 Hz, 2H), 1.98 (d, J = 0.9 Hz, 6H) ppm. 31P{1H} NMR (101 

MHz, CD2Cl2, 301 K) δ –13.50 ppm. 

[Ni(Ph2PPrPDI)(Cl)](Cl) (1(Cl)): Crystalline L1 (50 mg, 0.081 mmol) was 

dissolved in 2 mL hot ethanol under N2 inert atmosphere and a 4 mL ethanol solution of 

NiCl2∙6H2O (19.6 mg, 0.082 mmol) was added dropwise. The mixed solution turned to 

blue immediately. The reaction was allowed to stir overnight at 80 °C before being 

reduced under vacuum to approximately 1 mL left. Adding diethyl ether to the 
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concentrated solution gave a dark blue-purple precipitate. Crystals suitable for X-ray 

diffraction were obtained by slow diffusion of diethyl ether to a dichloromethane solution 

of the complex. Yield: 85%. ESI-MS: m/z = 706.2 [Ni(Ph2PPrPDI)(Cl)]+. Anal. Calc. for 

[Ni(Ph2PPrPDI)(Cl)][Cl] + 2H2O (C39H45O2Cl2N3NiP2): C, 60.10; H, 5.82; N, 5.39. Found: 

C, 59.95; H, 5.78; N, 5.37. 

[Ni(Ph2PPrPDI(p)Cl)(Cl)](Cl) (2(Cl)): An 8 mL ethanol solution of NiCl2·6H2O (44 

mg, 0.185 mmol) was added dropwise to a 7 mL hot ethanol solution of ligand L3 (120 

mg, 0.185 mmol) under N2. The mixed solution became dark green immediately, and 

darker after stirring overnight at 80 °C. The work-up was similar to that for 1(Cl) and 

crystals suitable for X-ray diffraction were obtained by slow diffusion of diethyl ether to 

the dichloromethane/ethanol solution of the complex. Yield: 87%. ESI-MS: m/z = 742.0 

[Ni(Ph2PPrPDI(p)Cl)(Cl)]+. Anal.Calc. for [Ni(Ph2PPrPDI(p)Cl)(Cl)][Cl] + 3H2O 

(C39H46O3Cl3N3NiP2): C, 56.31; H, 5.57; N, 5.05. Found: C, 54.87; H, 5.15; N, 5.01. 
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A- NMR Spectroscopy 

 

Figure S1. 1H NMR spectrum of L1 (250 MHz, CD3Cl, 296 K). 

 

 

Figure S2. 31P{1H} NMR spectrum of L1 (101 MHz, CD3Cl, 296 K). 
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Figure S3. 1H NMR spectrum of L2 (250 MHz, CD3Cl, 298 K). 

 

Figure S4. 31P{1H} NMR spectrum of L2 (101 MHz, CD3Cl, 298 K). 
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Figure S5. 31P{1H} NMR spectrum of L3 (101 MHz, CD2Cl2, 304 K). 

 

 

Figure S6. 31P{1H} NMR spectrum of L4 (101 MHz, CD2Cl2, 301 K). 
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B- Mass Spectrometry 

 

 

Figure S7. ESI-MS for product from reaction of L1 and NiCl2∙6H2O. 
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Figure S8. ESI-MS spectra for complex 1(Cl) (a), partial zoomed view (b,c), and isotope 
pattern simulation of peaks m/z = 706.2 (1+); 671.2 ([1 ‒ Cl)]+); 335.6 ([1 ‒ Cl]2+) (d). 
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Figure S9. ESI-MS spectra for complex 2(Cl) (a), partial zoomed view (b), and isotope 
pattern simulation of peaks m/z = 742.0 (2+); 705.1 ([2 ‒ Cl]+) (c).
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C- Electrochemistry 

 

 

Figure S10. The first (red) and last (blue) cycles of 50 successive scanning of cyclic 
voltammograms for 1 mM 1(Cl) in DMF (0.1 M nBu4NPF6) at 100 mV/s. 
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Figure S11. (top) Cyclic voltammograms of 1 mM 1(Cl) in 0.1 M nBu4NPF6 DMF at 
various scan rates, black arrow indicates the first reduction wave, red arrow indicates the 
second reduction wave. (bottom) Plots of ip (μA) vs. (Scan rate)1/2 (mV/s) 1/2 for 1 mM 
1(Cl).  

 

Figure S12. The first (red) and last (blue) cycles of 50 successive scanning of cyclic 
voltammograms for 1 mM 2(Cl) in DMF (0.1 M nBu4NPF6) at 100 mV/s. 



Symmetrical Nickel(II) Bis(imino)pyridine Complexes as 
 Electrocatalysts for the Hydrogen Evolution Reaction 

 
 

93 

 

 

 

Figure S13. (top) Cyclic voltammograms of 1 mM 2(Cl) in 0.1 M nBu4NPF6 DMF at 
various scan rates, arrow indicates the peak second reduction peak. (bottom) Peak current 
plots of the second reduction ip (μA) vs. (Scan rate)1/2 (mV/s) 1/2 for 1 mM 2(Cl). 
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Figure S14. Cyclic voltammograms of 1 mM 2(Cl) in 0.1 M nBu4NPF6 DMF at scan rate 
of 500 mV/s (black), 1000 mV/s (blue) and 2000 mV/s (red). Dashed line indicates the 
diminished reduction wave at higher scan rate. 
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D- Simulation of cyclic voltammograms  

 

 

 

 

Scheme S1. Mechanisms and kinetics used for the simulation study of 1(Cl) (up) and 2(Cl) 
(bottom). A stands for the parent complex 1(Cl) or 2(Cl) in each case. 
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E- Electrocatalytic study 

 

 

Figure S15. Cyclic voltammograms of 1 mM 1(Cl) in 0.1 M nBu4NPF6 DMF in the 
presence of various concentrations of p-TsOH. Scan rate = 100 mV/s.  

 

 

Figure S16. Double slope plot for calculation of the third order rate constant k of 1(Cl). 
Red dots are slope values of icat/ip versus p-TsOH concentration for different scan rates in 
Figure 3.14c; line is the linear fit of slop values versus (1/)1/2. 
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Figure S17. Double slope plot for calculation of the third order rate constant k of 2(Cl). 
Red dots are slope values of icat/ip versus p-TsOH concentration for different scan rates in 
Figure 3.15d; line is the linear fit of slop values versus (1/)1/2. 

 

Figure S18. Cyclic voltammograms of 1 mM 2(Cl) in DMF (0.1 M nBu4NPF6) in the 
presence of 10 mM p-TsOH at various scan rates. (Inset) Linear dependence of icat versus 
1/2.  
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Figure S19. Cyclic voltammograms of 1 mM 1(Cl) in H2 purged DMF (0.1 M nBu4NPF6) 
in the absence and presence of 10 mM p-TsOH at a scan rate of 100 mV/s. Glassy carbon 
working electrode, Pt counter electrode and Ag/AgNO3 reference electrode. 

 

Figure S20.  Cyclic voltammograms of 0.5 mM 1(Cl) before and after 1 h bulk 
electrolysis in DMF (0.1 M nBu4NPF6) in the presence of 10 mM p-TsOH. Scan rate = 
100 mV/s.  
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Figure S21. (a) Plot of current versus time for 30 min controlled-potential (‒1.7 V) 
electrolysis of 0.5 mM 2(Cl) in DMF (0.1 M nBu4NPF6) in the presence of 10 mM p-
TsOH. (b) Cyclic voltammograms of 0.5 mM 2(Cl) before and after bulk electrolysis at ‒
1.7 V in DMF in the presence of 10 mM p-TsOH. 3 
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F- Spectroelectrochemistry 

 

 

Figure S22. Spectroelectrochemical monitoring (OTTLE cell) for the one-electron 
reduction (Epc

1’, left) and reoxidation (Epa
1’, right) processes of 2 M 2(Cl) in DMF (0.1 M 

nBu4NPF6). Arrows indicate changes in band intensity during electrolysis.  
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G- X-ray diffraction metrics 

 
Table S1.  Crystal data and structure refinement for 1(Cl). 
_____________________________________________________________________ 
Empirical formula  C39H45Cl2N3NiO2P2  
Formula weight  779.33 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P-1 
Unit cell dimensions a = 11.1091(4)Å     = 76.7810(10)°.  
                                       b = 11.7650(4)Å      = 
75.6110(10)°. 
                                       c = 15.6663(5)Å      = 
70.8140(10)°. 
Volume 1848.83(11) Å3 
Z 2 
Density (calculated) 1.400 Mg/m3 
Absorption coefficient 0.795 mm-1 
F(000) 816 
Crystal size 0.10 x 0.05 x 0.05 mm3 
Theta range for data collection 1.857 to 27.161°. 
Index ranges -13<=h<=13,-14<=k<=15,0<=l<=20 
Reflections collected 14624 
Independent reflections 14624[R(int) =?] 
Completeness to theta =27.161°  92.7%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.961 and 0.739 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  14624/ 163/ 527 
Goodness-of-fit on F2  1.014 
Final R indices [I>2sigma(I)]  R1 = 0.0511, wR2 = 0.1163 
R indices (all data)  R1 = 0.0767, wR2 = 0.1302 
Largest diff. peak and hole  1.908 and -0.707 e.Å-3 
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Table S2.  Crystal data and structure refinement for 2(Cl). 
_____________________________________________________________________ 
Empirical formula  C39H46Cl3N3NiO3P2  
Formula weight  831.79 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Tetragonal 
Space group  I4(1)/a 
Unit cell dimensions a = 14.3113(15)Å     = 90°. 
                                       b = 14.3113(15)Å      = 90°. 
                                       c = 37.944(5)Å        = 90°. 
Volume 7771.3(19) Å3 
Z 8 
Density (calculated) 1.422 Mg/m3 
Absorption coefficient 0.829 mm-1 
F(000)  3472 
Crystal size  0.20 x 0.15 x 0.02 mm3 
Theta range for data collection 1.521 to 29.655°. 
Index ranges -12<=h<=19,-18<=k<=14,-32<=l<=52 
Reflections collected  21368 
Independent reflections 5177[R(int) = 0.0690] 
Completeness to theta =29.655°  94.3%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.984 and 0.638 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  5177/ 7/ 259 
Goodness-of-fit on F2  1.031 
Final R indices [I>2sigma(I)]  R1 = 0.0408, wR2 = 0.0895 
R indices (all data)  R1 = 0.0718, wR2 = 0.1034 
Largest diff. peak and hole  0.534 and -0.323 e.Å-3 
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Chapter 4  

Cobalt Molecular Catalysts Bearing Bis(imino)pyridine 
Diphosphine Ligands for Proton Reduction: Synthesis 

and Mechanistic Analysis 

4.1 Introduction 

Although there is no biological relevance for water splitting, cobalt is a widely 

used transition metal in hydrogen evolution electrocatalysis owing to its feasible 

electronic conversion from 3d6 CoIII or 3d7 CoII to the lower valent 3d8 CoI species.1,2 The 

latter species is highly nucleophilic and thus readily reacts with a proton to generate CoIII-

H species, that is frequently proposed as intermediate in the catalytic cycle.3,4 Once the 

CoIII-H species is formed, the catalytic system can evolve through several pathways 

(Scheme 4.1), including the direct generation of hydrogen from CoIII-H or its reduced 

form CoII-H. Generally speaking, the former mechanism arises in the presence of a strong 

acid, while the latter one mainly occurs in mild or weak acidic conditions. Both metal 

hydride intermediates can then potentially evolve hydrogen through two distinct 

mechanisms, i.e., homolytic or heterolytic pathways. In the homolytic mode, as the name 

suggests, homolysis of the Co-H bonds and reductive elimination take place between two 

metal–hydride complexes, thus giving half equivalent of dihydrogen per Co and one 

equivalent of a monoelectron-reduced Co ion. In the heterolytic mode, a metal–hydride is 

attacked by a proton, yielding an intermediate dihydrogen metal -complex, which then 

evolve one equivalent of dihydrogen while the Co ion maintains the original oxidation 

state. It is noteworthy that coexistence of homolytic and heterolytic pathways, or 

converting from one to the other one, can happen depending on the experimental 

conditions, such as the acid strength or the relative concentrations of protons and 

catalysts.5 
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Scheme 4.1 Generalized mechanistic pathways for proton reduction catalyzed by Co 
complexes. 

In the previous Chapter 3 two Ni-based electrocatalysts bearing the Schiff-base 

ligands Ph2PPrPDI (L2) and Ph2PPrPDI(p)Cl (L3) were reported to be capable of catalyzing 

the hydrogen evolution reaction in organic media. Here on, the same PDI scaffolds are 

coordinated to a Co center. In this Chapter we present the synthesis and thorough 

characterization of two new Co complexes together with a detailed mechanistic 

investigation (UV-vis, NMR) that shed some light to the intermediates and pathways 

involved when this family of complexes is used as HER electrocatalysts.  

4.2 Results and discussion 

4.2.1 Synthesis and Characterization  

4.2.1.1 Synthesis and characterization of [Co(Ph2PPrPDI)](BF4) (3(BF4)) 

The pentadentate ligand Ph2PPrPDI (L2) in Scheme 4.2 was employed to coordinate 

to a Co(II) center using Co(BF4)2∙6H2O as the metal precursor, in a THF solution at room 

temperature. After stirring for 1 day, the dark black-green solution was dried under 

vacuum. Recrystallization of the resulting powder by layering with pentane to a solution 

of DCM/MeOH mixture afforded black crystals of compound 3(BF4) in a relatively low 

yield of 26% (Scheme 4.2). The low yield is likely due to the disproportionation of the 

Co(II) to the Co(I) complex (3(BF4)) and the formation of Co(III) complexes. 
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Scheme 4.2 Synthesis of 3(BF4). 

Compound 3(BF4) has been characterized by ESI mass spectrometry, single 

crystal X-ray diffraction, NMR and UV-vis spectroscopies as well as cyclic voltammetry. 

The ESI-MS spectra in Figure S18 confirmed the presence of the cation species 

[Co(Ph2PPrPDI)]+ at m/z = 672.0, and divalent cation [Co(Ph2PPrPDI)+MeOH]2+ with m/z = 

352.1. The crystal structure of 3(BF4) (Figure 4.1) belongs to a P2(1)/n monoclinic space 

group. The cobalt center is five coordinated with three N atoms and two P atoms from the 

PDI ligand. Based on the calculated Addison parameter (obtained from the N(1)‒Co(1)‒

N(3) and N(2)‒Co(1)‒P(1) angles), 5 = 0.613, the cobalt metal ion adopts a distorted 

trigonal-bipyramidal environment ( = 0 for an ideal square pyramid and = 1 for a 

trigonal bipyramid),6 with the pyridine nitrogen atom and two phosphorus atoms forming 

the equatorial plane and two imine nitrogen atoms occupying the axial positions. The 

relevant metrical parameters are displayed in Table 4.1. The angles of the trigonal plane, 

P(1)‒Co(1)‒P(2) = 111.27°, N(2)‒Co(1)‒P(2) = 123.53° and N(2)‒Co(1)‒P(1) = 125.19°, 

deviate somewhat from the ideal trigonal angle of 120°. However the sum of these angles 

is 360°, confirming the planarity of the trigonal plane that is composed of N(2), P(1) and 

P(2) atoms. The solid-state structure determined by X-ray crystallography surprisingly 

displays a monocationic complex with the presence of only one BF4ˉ as counterion. This 

is in agreement with the resulting elemental analyses that confirm [Co(Ph2PPrPDI)][BF4] as 

the molecular formula. We propose that the disproportionation of the Co(II) species, over 

the long reaction and crystallization time, generates Co(III) and Co(I) derivatives in 

solution, with the latter compound crystallized and collected.7 Taking into account the 

redox non-innocent character of PDI chelates,8 the electronic configuration of 3+ can be 

described as a low valent Co(I) ion stabilized by the neutral bis(imino)pyridine ligand, or 

can be regarded as a Co(II) ion antiferromagnetically coupled to a ligand radical anion. 
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Inspecting the imine C=N distances, a moderate elongation (1.3263(9) and 1.3256(9) Å 

compared to unreduced PDI ligands 1.28 Å) is observed in both cases.9,10 Moreover, the 

Cim–Cpy(o), that is C(2)–C(3) and C(8)–C(7) in Figure 4.1a, bond distances (1.4449(10) 

and 1.4405(10) Å) are obviously contracted relative to neutral chelates (1.50 Å).9,10 Even 

if these metrical parameters may imply a reduced PDI chelate as monoanion, we cannot 

determine this conclusion without further evidence. For instance, similar bond elongation 

and contraction observed in a Mn PDI complex has been attributed to Mn-to-PDI back–

bonding rather than to the reduction on redox-active ligand through Density Functional 

Theory (DFT) calculations.11 So 3+ is tentatively denoted as [CoI(Ph2PPrPDI)]+ in the present 

manuscript, and more insights into the electronic configuration are currently under 

investigation by DFT calculations.  

 

Figure 4.1 (a) ORTEP drawing of 3(BF4) with 50% probability thermal ellipsoids. 
Hydrogen atoms are omitted for clarity. (b) ORTEP representation of the first coordination 
sphere showing that P(1), P(2) and N(2) are located in the equatorial plane of a trigonal 
bipyramid. 

Table 4.1 Selected bond lengths (Å) and angles (deg) determined for 3(BF4) 

N(1)−C(2) 1.3263(9) 
N(3)−C(8) 1.3256(9) 
C(2)−C(3) 1.4449(10) 
C(7)−C(8) 1.4405(10) 

Co(1)‒N(1) 1.9194(6) 
Co(1)‒N(2) 1.8236(6) 
Co(1)‒N(3) 1.9307(6) 
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Co(1)‒P(1) 2.21258(19) 
Co(1)‒P(2) 2.21823(19) 

P(1)‒Co(1)‒P(2) 111.266(7) 
N(2)‒Co(1)‒P(2) 123.528(19) 
N(2)‒Co(1)‒P(1) 125.185(19) 
N(1)‒Co(1)‒N(3) 161.99(3) 

 

Compound 3(BF4) is a diamagnetic low-spin Co(I) (S = 0) species, with this 

nature confirmed by NMR spectroscopy, and thus the complex has been fully 

characterized by 1D and 2D NMR spectroscopy in CD2Cl2. NMR analysis indicates the 

symmetric character of 3(BF4) which belongs to the C2 point group in solution, with the 

rotational axis passing through C(5), the N(2) atom of the pyridine ring, and the central 

Co atom, thus the protons and other atoms symmetric to the C2 axis are isochronous. As 

a result, only 20 13C resonances come from all 39 carbon atoms were observed in Figure 

S1 (13C NMR spectra) and S5 (HSQC spectra), with some phenyl resonances overlapped. 

A singlet at 43.1 ppm, typical chemical shift range for coordinated phosphorus donor 

atoms,12,13 in the 31P{1H} NMR spectrum indicated symmetric phosphine substituent 

coordination around the Co center (Figure S2). The 1H NMR spectrum shows six 

methylene resonances, which contrasts to the three resonances (integrating four protons 

each) displayed by the free ligand L2. Upon coordination to the Co ion the methylenic 

protons of L2 become diastereotopic, thus leading to differentiated 1H NMR resonances. 

In addition to the propyl-bridged chelate arms, long range 31P-coupling to the PDI 

backbone methyl (H5, t, 6 H) and p-pyridine (H1, tt, 1 H) resonances at 2.27 and 8.08 

ppm, respectively, were also observed in Figure 4.2 (see zoom), which is a feature not 

detected in free ligand. 3(BF4) also differs from the parent free ligand L2 in the splitting 

of the resonances corresponding to the phenyl substituents on the P atoms, showing six 

signals in the 7.55 to 6.12 ppm range instead of three due to the loss of symmetry of the 

phenyl moieties upon coordination.  
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Figure 4.2 1H NMR spectrum of 3(BF4) (400 MHz, CD2Cl2, 298 K). Zooms of aromatic 
and aliphatic methylenic regions are shown at top left and top right, respectively. 

The electronic absorption spectrum of 3(BF4) shown in Figure 4.3 was recorded 

in MeCN solution (4×10-5 M) at room temperature. Two intense characteristic absorption 

bands in the UV region at λ = 260 nm (ε = 33000 M–1cm–1) and λ = 317 nm (ε = 11000 

M–1cm–1) are assigned to ligand-based π→π* transitions. In the visible region, 3(BF4) 

displays a band of medium intensity at λmax = 432 nm (16000 M–1cm–1) which is 

attributed to metal to ligand charge transfer (MLCT). In addition, two broad absorption 

bands with relatively low intensity (3000 M–1cm–1) are observed at 498–611 nm and 

611–800 nm, more likely resulting from d–d transitions. Similar broad bands in the same 

spectral region have been reported for similar Co(I) compounds.14–16 
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Figure 4.3 UV-vis spectrum of 3(BF4) in MeCN.  

The redox properties of 3(BF4) have been studied by cyclic voltammetry (CV). 

As shown in Figure 4.4, in 0.1 M nBu4NPF6 dry DMF solution, the CV of 3(BF4) was 

found to feature two reversible waves with half-wave potentials E1/2
 = –2.02 V (∆Ep = 79 

mV) and –0.24 V (∆Ep = 112 mV) vs. Fc+/Fc. The less intense wave at –2.02 V observed 

when cathodically scanning from the open-circuit potential (OCP) is tentatively assigned 

to the ligand based L0/– couple, thus generating the (PDI–)CoI representation upon one-

electron reduction. The more positive wave observed at –0.24 V when reversing the scan 

direction is attributed to the two-electron oxidation (integrates twice as compared the 

previous one) of 3(BF4) to form the corresponding Co(III) complex. The latter process 

was studied chemically by employing an oxidizing reagent, ferrocenium tetrafluoroborate 

(FcBF4), causing a color change from dark green-brown to orange immediately. The 

reaction was monitored by UV-vis spectroscopy (Figure S20) and the final mixture was 

analyzed by 1H NMR spectroscopy (Figure S11). With regards to UV-vis spectroscopy, a 

new band at 379 nm appeared while the band at 434 nm vanished upon adding aliquots of 

FcBF4. When the chemical oxidation of 3(BF4) was monitored by 1H NMR spectroscopy, 

a new diamagnetic species attributed to the generation of a Co(III) complex is observed 

upon addition of two equivalents of FcBF4 in CD3CN (Figure S11). This species displays 

significantly altered chemical shifts with regard to parent 3(BF4), such as the 

representative m-pyridine H2 doublet resonance at 8.37 ppm in 3(BF4) shifted to higher 

field (7.88 ppm) or the p-pyridine H1 triplet of triplets at 8.07 ppm moved to lower field 
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8.17 ppm. In addition, for this oxidized species, the resonances of phenyl protons shift to 

lower fields and to a narrower chemical shift range (6.76–7.79 ppm), which is consistent 

with the 1H NMR characterization of other CoIII/I transformations previously reported in 

the literature.17 

 

Figure 4.4 Cyclic voltammogram of 1mM 3(BF4) in DMF (0.1 M nBu4NPF6), scan rate 
= 100 mV/s. 

4.2.1.2 Synthesis and characterization of [Co(Ph2PPrPDI(p)Cl)](BF4) (4(BF4)) 

Complex 4(BF4) in Scheme 4.3 was synthesized under the same conditions used 

for 3(BF4) except that the 4-chloro-substituted bis(imino)pyridine Ph2PPrPDI(p)Cl (L3) was 

utilized as ligand frame. Layering pentane on a solution of 4(BF4) in a DCM/MeOH 

mixture induced the crystallization of the final product as black crystals which were 

suitable for single crystal X-ray diffraction analysis (Figure 4.5). 

 

Scheme 4.3 Synthesis of 4(BF4). 
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Compound 4(BF4) has been characterized by ESI mass spectrometry, single 

crystal X-ray diffraction, NMR spectroscopy and cyclic voltammetry. ESI-MS spectra 

show species [Co(Ph2PPrPDI(p)Cl)]+ with m/z = 706.1, and simulated isotopic distributions 

are in agreement with the proposed molecular composition (Figure S19). Like 3(BF4), the 

pentacoordinated complex 4(BF4) belongs to a P2(1)/n monoclinic space group and shows 

the Co metal ion coordinated by the N3P2 core of the Ph2PPrPDI(p)Cl ligand. With an 

Addison parameter value of 0.528, 4(BF4) is a distorted trigonal-bipyramidal geometry, 

presenting higher distortion than 3(BF4).  

 

Figure 4.5 (a) ORTEP drawing of the cationic part of 4(BF4) with 50% probability thermal 
ellipsoids. Hydrogen atoms and a crystallized water molecule are omitted for clarity. (b) 
ORTEP representation of the first coordination sphere showing that P(1), P(2) and N(2) 
lie in the equatorial plane of a trigonal bipyramid. 

Table 4.2 Selected bond lengths (Å) and angles (deg) determined for 4(BF4) 

N(1)−C(2) 1.3248(16) 
N(3)−C(8) 1.3226(16) 
C(2)−C(3) 1.4380(19) 
C(7)−C(8) 1.4385(19) 
Co‒N(1) 1.9226(11) 
Co‒N(2) 1.8185(11) 
Co‒N(3) 1.9281(11) 
Co‒P(1) 2.2263(4) 
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Co‒P(2) 2.2170(4) 
P(1)‒Co‒P(2) 106.438(14) 
N(2)‒Co‒P(2) 129.59(4) 
N(2)‒Co‒P(1) 123.95(4) 
N(1)‒Co‒N(3) 161.25(5) 

Analogously to 3(BF4) (see section 4.2.1.1 above) complex 4(BF4) is diamagnetic 

in nature as can be observed in its NMR spectra recorded in CD2Cl2. The 1H NMR 

spectrum of 4(BF4) was consistent with the formation of a C2-symmetric compound, 

showing 18 resonances assigned to the target complex (Figure 4.6). Due to the Cl-

substitution at the para position of the PDI ligand scaffold, the two m-pyridine protons 

H2/H2’ no longer show spin–spin coupling and appear as a singlet at 8.36 ppm. Ten 

additional resonances integrating to 20 protons in the 6.08–7.65 ppm aryl region were 

assigned to the bound PPh2 moieties. 1D NOESY experiments revealing the interaction 

between m-pyridine protons (H2/H2’) and four protons of o-phenyl (H12/H12’, H16/H16’) 

were key for the assignment of the protons in these aromatic phenyl rings bound to the P 

atoms (Figure 4.7). Besides, 1H NMR revealed six chelate arm resonances, with that of 

H9b partially overlapping with a triplet resonance corresponding to methyl protons (H5, 

t, 6H) located at 2.29 ppm. The assignment of each resonance was attained by means of 

2D spectra, including COSY, HSQC, and HMBC (see Figures S8–S10). Investigation of 

4(BF4) by 13C NMR (Figure S6) displayed only 20 overall carbon resonances and only 

three methylene resonances, confirming that the two PDI arms were symmetrically bound 

to cobalt. As expected, the 31P{1H} NMR spectrum of this complex features only one 

resonance which is located at δ = 43.1 ppm (Figure S7).  
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Figure 4.6 1H NMR spectra of 4(BF4) (400 MHz, CD2Cl2, 300 K). Zooms of aromatic 
and aliphatic methylenic regions are shown at top left and top right, respectively. 
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Figure 4.7 Selective 1D NOESY NMR spectra (500 MHz, CD2Cl2, 298 K) of 4(BF4) and 
drawing of observed interactions between H2 and H5, and H12/H16. 

The redox properties of 4(BF4) were assessed by cyclic voltammetry in 0.1 M 

nBu4NPF6 DMF solution. As shown in Figure 4.8, a quasi-reversible transition tentatively 

assigned to CoIII/I is observed at E1/2 = –0.18 V (∆Ep = 0.14 V) vs. Fc+/Fc and a second 

quasi-reversible reduction is centered at E1/2 = –1.87 V (∆Ep = 0.11 V). Though these 

processes have not been examined by UV-vis monitoring or NMR spectroscopy like was 

the case for 3(BF4), given the measured similar structural and electrochemical data 

obtained, we tentatively propose analogous redox processes for this complex. Due to the 

addition of the electron-withdrawing Cl group at the 4-position of the pyridinic group of 

the Ph2PPrPDI(p)Cl scaffold, the two redox processes are anodically shifted (0.05 V and 

0.15 V, respectively) with regards to those observed for the parent unsubstituted complex 

3(BF4) (Figure 4.4). 
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Figure 4.8 Cyclic voltammogram of 4(BF4) in DMF (0.1 M nBu4NPF6), scan rate = 100 
mV/s. 

4.2.2 Hydrogen evolution reaction: catalytic performance and mechanistic 

analysis 

4.2.2.1 Reaction of 3(BF4) with p-Toluenesulfonic acid (p-TsOH) 

As shown in the cyclic voltammograms of Figure 4.9a, when p-TsOH (pKa = 2.6 

in DMF)18 is added as proton source to a DMF solution of 3(BF4), a sharp current increase 

is observed with a half-wave potential of −1.91 V vs. Fc+/Fc, which can be tentatively 

assigned to the electrocatalytic hydrogen evolution reaction. The observed onset potential 

is more positive than the assigned L0/– couple. Thus, a plausible scenario is the formation 

of the corresponding CoIII-H hydride species from initial Co(I) complex, which would 

then act as the active species in the HER. As anticipated, the addition of p-TsOH to a DMF 

solution of 4(BF4) also triggers the appearance of a catalytic wave whose onset potential 

is significantly more anodic than the quasi-reversible potential corresponding to the 

formation of the monoanionic species (Figure 4.9b). Furthermore, the catalytic half-wave 

potential at −1.81 V in case of 4(BF4) is 100 mV more positive than that of 3(BF4) due to 

the substitution of electron-withdrawing Cl in PDI ligand, which is in good agreement 

with what was found in the previous Chapter 3. Considering the similarity of 3(BF4) and 

4(BF4) in structure and electrocatalytic performance as revealed by various techniques 

(X-ray crystallography, NMR and CV for instance), we propose an identical mechanism 
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for the HER reaction catalyzed by these two complexes. Therefore, the investigation for 

reaction pathways was conducted based on one of them, 3(BF4), in the following sections. 

 

Figure 4.9 (a) Cyclic voltammograms of 1 mM 3(BF4) in 0.1 M nBu4NPF6 DMF in the 
absence (grey dashed line) and presence (red solid line) of 5 mM p-TsOH. (b) Cyclic 
voltammograms of 1 mM 4(BF4) in 0.1 M nBu4NPF6 DMF in the absence (grey dashed 
line) and presence (red solid line) of 5 mM p-TsOH. Scan rate = 100 mV/s. 

The reaction of 3(BF4) with p-TsOH was first monitored by UV-vis in DMF under 

N2 and the set of electronic spectra is shown in Figure 4.10. With the p-TsOH addition, 

the band at 424 nm and the broad bands at 482–600 nm and 600–800 nm decreased 

gradually while a new band at 365 nm appears. The process is slow and proceeds with 

isosbestic points at 345 nm and 392 nm, which indicate a clean transformation between 

the initial and final species (Inset of Figure 4.10). If this experiment is performed in 

acetonitrile, the same changes are observed (see Figure S21). 
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Figure 4.10 Effect of addition of 250 eq. of p-TsOH on the UV–visible spectrum of 3(BF4) 
in DMF under nitrogen during 130 min. Arrows indicate changes in intensity upon adding 
acid. Inset: zoom of the isosbestic points formed. 

In addition to UV-vis, NMR experiments were performed in CD3CN in the 

presence of 25 equivalents of p-TsOH to investigate the formation of new species. The 1H 

NMR spectrum showed the gradual growing of a triplet at –9.43 ppm (with JH-P = 57 Hz) 

upon the addition of the acid, indicating that a putative CoIII-H (named 52+ for the cationic 

part) is generated in the presence of p-TsOH (see Figure 4.11). Consistent with the UV-

vis experiments discussed above, the NMR analysis confirms the slow formation of the 

CoIII-H species 52+ in the employed conditions, with only partial conversion of the initial 

Co(I) complex, 3(BF4). Careful inspection on the aryl region of the intricate spectrum 

revealed eight new generated resonances (marked with asterisks in Figure 4.11), which 

coincides with the number of resonances of the parent complex 3(BF4). The 31P{1H} NMR 

spectrum displays two peaks at δ –45.55 and –38.87 ppm corresponding to a mixture of 

two cobalt complexes, that are, CoI 3(BF4) and CoIII-H 52+ species, respectively (Figure 

S12). Taking all the information into account, 52+ was tentatively proposed to be 

structurally symmetrical with a κ5-N,N,N,P,P-PDI coordination, and the unequivocal 

assignment will be shown in the following subsection. Keeping the mixture for several 

days under the employed acidic conditions resulted in an almost colorless solution, 

suggesting the decomposition of the complex in the acid solution over time. Recording 

the 1H NMR of this colorless solution confirmed the loss of corresponding resonances to 
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both 3(BF4) and 52+ (Figure S13). The same conclusion can be reached when observing 

the lack of bands in the visible region of the electronic spectrum of the complex in acidic 

media at long reaction times (Figure S22).  

 

Figure 4.11 1H NMR spectra (500 MHz, CD3CN, 300K) of 3(BF4) (bottom line) and in 
situ generation of the corresponding CoIII-H (52+) derivative upon the addition of 25 eq. 
p-TsOH in CD3CN, after 1 h, 6 h (middle lines) and 14 h (top line), presenting the aromatic 
region resonances and amplified triplet corresponding to the formed hydride at –9.43 ppm, 
asterisk indicates new generated signals. The drawing of the formed CoIII-H (52+) species 
is shown above the NMR spectra.  

4.2.2.2 Reaction of 3(BF4) with trifluoromethanesulfonimide (TFSI) 

The reaction of 3(BF4) with p-TsOH to give the CoIII-H 52+ was so slow that full 

conversion was not reached in a reasonable timescale and the two complexes finally 

decomposed under the acidic reaction conditions (see Section 4.2.2.1 above). Moreover, 

the decomposition process hindered the elucidation of the mechanism that leads to the 

catalytic evolution of molecular hydrogen in these conditions. Therefore, at this point, it 
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was necessary to seek for other conditions able to completely transform the Co(I) complex 

3(BF4) to the corresponding CoIII-H species 52+ at a practical rate. Among the stronger 

acids available, trifluoromethanesulfonimide (TFSI, pKa = –11.9 in 1,2-dichloroethane 

(DCE))19 was chosen. Thus, 3(BF4) was dissolved in MeCN and its evolution during the 

addition of 10 equivalents of TFSI was monitored by UV-vis spectroscopy. The absorption 

monitoring showed the fading of the band at 432 nm and the two broad bands at 482–600 

nm and 600–800 nm. The absorption spectrum of the final pale orange solution exhibits 

two transitions at 297 nm and 379 nm with 10000 and 5000 M–1cm–1, respectively  

(blue line in Figure 4.12). 

 

Figure 4.12 UV-vis monitoring of the addition of 10 eq. of TFSI to a MeCN solution of 
3(BF4) (red line), forming the corresponding CoIII-H species 52+ (blue line). 

As in the case of p-TsOH shown in the previous section, the addition of TFSI to 

3(BF4) was also monitored by 1H NMR. The addition of excess of acid to a CD3CN 

solution of 3(BF4) led to an immediate color change from dark brown-green to orange, so 

the fast reaction rate made impossible to record the evolution of NMR over time like in 

Figure 4.12, due to the relatively slow nature of the technique. However, 52+ was obtained 

pure and the full assignment of this compound (see Figure 4.13) was achieved by the 

combination of 1D and 2D (COSY, HSQC, HMBC) spectra (see Figures S15S17). 52+ 

displays C2 symmetry in solution as well, with H1, the N of the pyridine ring, the central 

Co ion and the generated hydride H23 situated in the axis of symmetry. A triplet at 
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ppm (JH-P = 57.2 Hz) was observed in the 1H NMR spectrum of the reaction 

mixture, supporting the formation of a CoIII-H species (Figure 4.13, inset). A ddt 

resonance and doublets integrating to 1H and 2H were located at 8.22 ppm and 8.08 ppm, 

corresponding to p-pyridine H1 and m-pyridine protons H2/H2’, respectively. Other 

resonances integrating to 20H between 7.90 and 7.60 ppm were assigned to the PPh2 

moieties.  

 

Figure 4.13 1H NMR spectra of CoIII-H 52+ (360 MHz, CD3CN, 296K). (Bottom) recorded 
immediately after excess TFSI was added to Co(I) complex 3(BF4), (top) recorded after 
9.5 h. 

Considering that M-hydride species are the gate to hydrogen evolution catalysis, 

the stability and reactivity under the employed acidic conditions of the newly generated 

CoIII-H species was monitored by 1H NMR in order to elucidate the pathways through 

which this species is able to electrocatalytically evolve dihydrogen. The potential 

pathways through which molecular hydrogen can be generated from the CoIII-H derivative 

are indicated in Scheme 4.4. Thus, the formation of derivative species such as the Co(III) 
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or paramagnetic Co(II) should be considered. During a time scale of 9.5 h, the CoIII-H 52+ 

produced from the Co(I) complex 3(BF4) and excess TFSI did not decay to form Co(III) 

or Co(II) and remains stable in solution under dry and inert conditions (Figure 4.13), 

highlighting the high stability of this complex. This result also allows us to rule out the 

possible mechanistic pathways A and B in Scheme 4.4, left. 

 

Scheme 4.4 Possible mechanistic hydrogen evolution pathways catalyzed by a Co(I) 
complex.  

In order to assess paths D, E and F in Scheme 4.4, the reduction of CoIII-H species 

to yield CoII-H was initially studied by adding 1 equivalent of decamethyl-cobaltocene 

(CoCp*
2, –1.91 V vs. Fc+/Fc in MeCN)20 as reducing agent to a mixture of 3(BF4) in the 

presence of excess TFSI (Figure 4.14). As shown in Figure 4.14a, the addition of CoCp*
2 

did not make any changes neither in the hydride nor in the aryl resonances attributable to 

hydride species 52+. We attribute this phenomenon to the excess acid (TFSI) present in the 

reaction mixture, which consumes all the available CoCp*
2 before reacting with the CoIII-

H species. We proved this speculation by adding an increasing amount of solid CoCp*
2 to 

acidic (TFSI) CD3CN solutions in NMR tubes containing (Figure 4.14a) and not 

containing (Figure 4.14b) the CoIII-H species 52+. In both cases, gas bubbles (attributed to 

H2) evolved immediately around the solid CoCp*
2 with a concomitant weakening of the 

acid proton signal with increasing dose of CoCp*
2 (Figure 4.14a, inset). In CD3CN as 

solvent and in the absence of Co species a single resonance at 11.96 ppm corresponding 

to the acidic proton of TFSI is initially observed (Figure 4.14b). The addition of CoCp*
2 

provokes the displacement of this resonance to higher fields (11.91 ppm) together with a 

clear decrease of its integral. This peak change proved that CoCp*
2 indeed react with TFSI 
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and that the consumption of the former in excess acid hampers the reduction of the CoIII-

H species in the experiments described above. 

 

 

Figure 4.14 (a) Zoomed aromatic region of the 1H NMR spectra (360 MHz, CD3CN, 
296K) of CoIII-H without CoCp*

2 (black thick line) and with increasing amount of CoCp*
2 

(gray thin lines). Inset, 1H NMR resonances of acid proton, methyl group from oxidized 
CoCp*

2, and ydride, respectively. (b) 1H NMR spectra (400 MHz, CD3CN, 300K) of TFSI 
before (black thick line) and after (gray thin line) the addition of CoCp*

2. 
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For the purpose of eliminating the side reaction of CoCp*
2 with excess TFSI, a 

new experiment adding 1 equivalent of TFSI to a dry CD3CN solution of the Co(I) 

complex 3(BF4) was designed. The 1H NMR spectrum in Figure 4.15 shows the complete 

transformation of CoI to CoIII-H after adding 1 eq. of acid. In the same line,  the 31P{1H} 

NMR in Figure 4.16 shows how the peak at 42.4 ppm from the initial Co(I) species 

disappears and two new peaks appear at 35.8 and 8.2 ppm (top line). The integration of 

these two peaks gave a ratio number of 1 : 0.08, suggesting that the smaller peak may 

come from an impurity or minor isomer. The strict dryness of the used solvent is essential 

as traces of water lead to uncomplete CoIII-H formation. 

 

Figure 4.15 1H NMR spectra (400 MHz, CD3CN, 300K) of the Co(I) complex 3(BF4) 
(bottom) and the CoIII-H species 52+ (top) generated after adding 1 eq. of TFSI to 3(BF4).  
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Figure 4.16 31P{1H} NMR spectra (162 MHz, CD3CN, 300K) of the Co(I) complex 3(BF4) 
(bottom) and the CoIII-H  species (top) generated after adding 1 eq. of TFSI to 3(BF4), 
the asterisk indicates unidentified species. 

Following the well stablished protocol for obtaining the desired CoIII-H species, 

1 eq. of CoCp*
2 was added to their CD3CN solution in an NMR tube in three batches. As 

shown in Figure 4.17, the signals of CoIII-H in the 1H NMR spectra gradually disappear 

with the addition of CoCp*
2 what is concomitant with the growing of new resonances, 

confirming that the CoIII-H derivative is converted to new species after reacting with the 

reducing agent. A close examination and comparison of the new spectrum shows that it is 

exactly the same as that of the parent Co(I) complex 3(BF4) (Figure 4.18). The same 

conclusion can also be extracted from the 31P{1H} NMR spectrum, where the minor peak 

of integration at 8.2 ppm disappeared completely upon adding the first batch of 0.3 eq. of 

CoCp*
2, and the peak at 35.8 ppm from CoIII-H decreases and the characteristic peak at 

42.4 ppm from 3(BF4) raises (Figure 4.19). As displayed in Figure S17, the produced 

species gave the same peak at 42.4 ppm as the initial Co(I) complex, certifying the 

recovery of Co(I). 
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Figure 4.17 Zoomed aromatic and hydride regions of the 1H NMR spectra (400 MHz, 
CD3CN, 300K) of CoIII-H species 52+ before (bottom line) and after adding overall 0.3 eq., 
0.7 eq. (two middle lines) and 1 eq. of CoCp*

2 (topmost line). ▼  indicates peaks 
decreasing in intensity from CoIII-H,  ▲ indicates growing peaks from new species. 
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Figure 4.18 1H NMR spectra (400 MHz, CD3CN, 300K) of the Co(I) complex 3(BF4) 

(bottom line) and the species formed by reacting the CoIII-H species 52+ with 1eq. of 
CoCp*

2 (top line). 

 

Figure 4.19 31P{1H} NMR spectra (162 MHz, CD3CN, 300 K) of CoIII-H species 52+ 
(bottom) after adding < 1eq. of CoCp*

2 (two middle lines), and adding 1eq. of CoCp*
2 

(top). The asterisk indicates unidentified species. ▼  indicates peaks decreasing in 
intensity from CoIII-H, ▲ indicates growing peaks from new species. 

In summary, the catalytic pathway towards the formation of molecular hydrogen 

from organic acids catalyzed by the Co(I) complex 3(BF4) is displayed in Scheme 4.5. It 

starts with the generation of the key CoIII-H hydride intermediate from the initial Co(I) 

compound. This species is very stable and needs a further 1e- reduction to form the 

corresponding CoII-H species, which is very reactive and releases H2 through a homolytic 

pathway. Further experiments are necessary to experimentally detecting the evolved 

hydrogen gas.  

 

Scheme 4.5 Experimentally proved mechanism for proton reduction by the Co(I) complex 
3(BF4). 
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4.3 Conclusions 

In this study we synthesized two new Co(I) complexes, 3(BF4) and 4(BF4) 

through the reaction of the pentadentate ligands Ph2PPrPDI and Ph2PPrPDI(p)Cl with a Co 

precursor, Co(BF4)2∙6H2O, which were characterized by means of X-ray diffraction, NMR, 

MS, and CV. Both complexes adopt pseudo trigonal-bipyramidal geometry in the solid 

state as revealed by X-ray diffraction analysis, with C2 symmetry in solution revealed by 

NMR analysis. Each complex exhibited two redox couples in CV that have been 

tentatively assigned to CoIII/I and L0/-, according to literature data and taking into account 

their different integrated charge and redox potentials. The introduction of the electro-

withdrawing Cl substituent in 4(BF4) shifts the two redox couples to more anodic 

potentials relative to 3(BF4). Both complexes were preliminarily tested by CV as 

electrocatalysts for the HER in DMF solution in the presence of p-TsOH giving catalytic 

waves whose onset potential are more positive than L0/- couple during cathodic scanning. 

UV-vis spectroscopy monitoring for 3(BF4) in the presence of p-TsOH shows the 

generation of a new species from 3(BF4) without need of applying a redox potential. NMR 

spectroscopy allowed identifying the new species as a CoIII-H hydride 52+, which is 

partially and slowly generated from 3(BF4) under the tested conditions. However, this 

reaction was considerably accelerated by utilizing the stronger acid TFSI, thus allowing 

complete conversion to CoIII-H 52+, which is a key intermediate that we use to perform 

hydrogen evolution mechanistic studies. Long time NMR monitoring of 52+ in the 

presence of excess TFSI proved the stability of this hydride species, excluding the 

possibility of direct hydrogen production from CoIII-H. Attempt to reduce 52+ by adding 

CoCp*
2 to the acidic solution of 52+ with excess TFSI uncovered the side reaction of 

CoCp*
2 with TFSI. Thus, adding strictly 1 eq. of TFSI was a requisite to generate 52+ in 

dry CD3CN for further reduction. The addition of overall 1 eq. of CoCp*
2 to 52+ for 

performing one-electron reduction of CoIII-H hydride finally yield the initial Co(I) 

complex 3(BF4), which is demonstrated by both 1H NMR and 31P{1H} NMR. These 

results prove that the reduced CoII-H species is able to evolve dihydrogen through a 

homolytic pathway. 

4.4 Experimental section 
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Materials 

Co(BF4)2∙6H2O and p-toluenesulfonic acid (p-TsOH) were used as received, 

trifluoromethanesulfonimide (TFSI) was kept and manipulated in the glove box to prevent 

the reaction with water traces. Organic solvents were dried following the standard 

procedures and distilled prior to use. The ligands L2 and L3 were obtained as described 

in Chapter 3. All synthetic reactions, NMR sample preparation and electrochemical 

studies were performed under an inert atmosphere inside a glovebox or by Schlenk and 

vacuum line techniques. 

Physical measurements and instrumentation 

UV-vis spectra were recorded by an Agilent/HP 8453 spectrophotometer or a 

Varian Cary 50 Bio UV-Visible spectrophotometer operating in a 1 cm pathlength 

rectangular quartz cuvette. NMR spectroscopy was carried out by a Bruker Avance DPX 

360 MHz, Bruker Avance III 400 MHz or Bruker Avance 500 MHz NMR spectrometer in 

deuterated solvent DCM-d2 or CD3CN. All the measurements for the mechanistic studies 

were recorded by using J. Young NMR tube to avoid oxygen penetrating in. Elemental 

analyses were performed by a Thermo Scientific Flash 2000 CHNS Analyzer from the 

Servei d’Anàlisi Química of the Universitat Autònoma de Barcelona (SAQ-UAB). 

Electrospray ionization mass spectra (ESI/MS) were obtained on the MicroTOF mass 

spectrometer that was coupled with a Cryospray source (Bruker Daltonics) in Institut 

Català d'Investigació Química (ICIQ). All cyclic voltammetry measurements were 

recorded using a BioLogic SP-150 potentiostat which was connected to a glassy carbon 

working electrode (ca. 0.07 cm2), a platinum mesh auxiliary electrode and an Ag/AgNO3 

(0.1 M in acetonitrile) reference electrode. Ferrocene was used as internal standard and 

all the potentials were converted to Fc+/Fc by subtracting 0.078 V from Ag/AgNO3 

potential. The working electrode was polished with aqueous alumina slurry, then cleaned 

by sonicating for 5 min and washing with distilled water and acetone before use. DMF 

was used for the preparation of catalyst solution with 0.1 M nBu4NPF6 as supporting 

electrolyte.  

Synthesis of complexes 
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[Co(Ph2PPrPDI)](BF4) (3(BF4)): A 5 mL THF solution of Co(BF4)2∙6H2O (83 mg, 

0.24 mmol) was slowly added to a 4 mL THF solution of L2 (150 mg, 0.24 mmol), the 

initial pale yellow solution turned to brown immediately and darker in color with the 

addition of Co(BF4)2∙6H2O. After stirring at room temperature for 1 day, the solvent was 

removed, then the residue was dissolved in the minimum amount of a MeOH/DCM 

mixture. Layering with pentane gave the complex as black crystals suitable for single 

crystal XRD analysis in 26% yield. ESI/MS: m/z = 672.0 [Co(Ph2PPrPDI)]+. Anal.Calc. for 

[Co(Ph2PPrPDI)](BF4) + CH2Cl2 (C40H43Cl2BCoF4N3P2): C, 56.90; H, 5.13; N, 4.98. Found: 

C, 57.29, H, 5.51, N, 4.90. 1H NMR (400 MHz, CD2Cl2, 298 K) δ 8.31 (d, 2H, J = 7.8 Hz, 

H2), 8.08 (tt, 1H, J = 7.9, 2.5 Hz, H1), 7.55 (h, 6H, J = 5.5, 4.7 Hz, H19, H20, H21), 7.40 

– 7.27 (m, 4H, H18, H22), 7.17 (td, 2H, J = 7.6, 1.6 Hz, H14), 7.00 – 6.90 (m, 4H, H13, 

H15), 6.13 (dd, 4H, J = 9.9, 7.4 Hz, H12, H16), 3.92 – 3.79 (m, 2H, H7a), 2.60 (tt, 2H, J 

= 12.8, 2.4 Hz, H7b), 2.51 – 2.35 (m, 2H, H9a), 2.30 – 2.17 (m, 8H, H5, H9b), 2.10 – 1.88 

(m, 2H, H8a), 1.12 – 0.96 (m, 2H, H8b). 13C{1H} NMR (126 MHz, CD2Cl2, 298 K) δ 

158.06 (C4), 146.58 (C3), 135.91 (C17), 133.28 (C11), 132.37 (C12,C16), 131.26 (C18, 

C22), 130.25 (C14), 130.00 (C20), 129.35 (C19, C21), 128.39 (C13,C15), 123.73 (C1), 

120.18 (C2), 53.65 (C7), 26.52 (C8), 25.47 (C9), 15.02 (C5). 31P{1H} NMR (162 MHz, 

CD2Cl2, 298 K): δ 43.13 ppm. 

[Co(Ph2PPrPDI(p)Cl)](BF4) (4(BF4)): A 5 mL THF solution of Co(BF4)2∙6H2O (63 

mg, 0.18 mmol) was added to a 4 mL THF solution of L3 (120 mg, 0.18 mmol), the initial 

pale yellow solution turned to brown immediately and darker upon addition. After stirring 

at room temperature for 1 day, the solvent THF was removed, then the residue was 

dissolved in the minimum amount of a MeOH/DCM mixture. Layering with pentane gave 

the complex as black crystals suitable for single crystal XRD analysis in 18% yield. 

ESI/MS: m/z = 706.1 [Co(Ph2PPrPDI)(p)Cl]+. 1H NMR (400 MHz, CD2Cl2, 300 K) δ 8.36 

(s, 2H, H2), 7.64 – 7.53 (m, 6H, H19, H20, H21), 7.36 (t, 4H, J = 7.0 Hz, H18, H22), 7.24 

(t, 2H, J = 7.5 Hz, H14), 7.03 (t, 4H, J = 7.7 Hz, H13, H15), 6.14 (t, 4H, J = 8.7 Hz, H12, 

H16), 3.91 (d, 2H, J = 13.1 Hz, H7a), 2.66 (t, 2H, J = 12.6 Hz, H7b), 2.48 (t, 2H, J = 14.7 

Hz, H9a), 2.32 – 2.21 (m, 8H, 6.4 Hz, H5, H9b), 2.18 – 2.03 (m, 2H, H8a), 1.16 – 1.03 

(br, 2H, H8b). 13C{1H} NMR (126 MHz, CD2Cl2, 298 K) δ 157.63 (C4), 146.27 (C3), 

135.35 (C17), 132.93 (C11), 132.28 (C12,C16), 131.30 (C18,C22), 130.46 (C14), 130.23 

4 
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(C20), 129.46 (C19,C21), 128.55 (C13,C15), 125.79 (C1), 123.51 (C2), 54.00 (C7), 26.45 

(C8), 25.22 (C9), 15.11 (C5). 31P{1H} NMR (162 MHz, CD2Cl2, 300 K): δ 43.10 ppm. 

[HCoIII(Ph2PPrPDI)]2+ (52+): 2 mg of 3(BF4) was dissolved in 0.5 mL of dry CD3CN 

in J. Young valve NMR tube, followed by addition of 0.74 mg of 

trifluoromethanesulfonimide (1 eq.) at room temperature. The solution color turned from 

initial dark brown-green to orange, and the generated product from the reaction was 

measured directly by NMR without isolation. 1H NMR (360 MHz, CD3CN, 296K) δ 8.21 

(t, 1H, J = 8.1 Hz, H1), 8.08 (d, 2H, J = 8.0 Hz, H2), 7.91 – 7.84 (m, 6H, H19, H20, H21), 

7.68 – 7.60  (m, 4H, H18, H22), 7.38 (t, 2H, J = 7.5 Hz, H14), 7.15 (t, 4H, J = 7.7 Hz, 

H13, H15), 6.65 (q, 4H, J = 6.1 Hz, H12, H16), 3.48 (d, 2H, J = 13.0 Hz, H7a), 2.91 – 

2.82 (m, 4H, H9a, H9b), 2.55 – 2.40 (m, 4H, H7b, H8a), 1.86 – 1.70 (br, 2H, H8b), –9.44 

(t, 1H, J = 57.3 Hz, H23). 13C{1H} NMR (126 MHz, CD2Cl2, 298 K) δ 154.02 (C3), 

137.07 (C1), 133.58 (C20), 131.98 (C19,C21), 131.30 (C14), 130.76 (C12,C16), 129.82 

(C18,C22), 129.21 (C13,C15), 128.19 (C17), 126.94 (C2), 123.86 (C11), 52.75 (C7), 

24.78 (C9), 26.46 (C8), 16.03 (C5). 31P{1H} NMR (162 MHz, CD3CN, 300 K): δ 35.78 

ppm. 
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4.6 Supporting information  

A- NMR Spectroscopy 

B- Mass Spectrometry 

C- UV-vis Spectroscopy 

D- X-ray diffraction data 
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A- NMR Spectroscopy 

 

 

 ` 

 

Figure S1. 13C NMR spectrum of 3(BF4) (126 MHz, CD2Cl2, 298 K). 
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Figure S2. 31P{1H} NMR spectrum of 3(BF4) (162 MHz, CD2Cl2, 298 K). 

 

 

Figure S3. COSY spectra of 3(BF4) (500 MHz, CD2Cl2, 298 K). 
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Figure S4. HMBC spectra of 3(BF4) (CD2Cl2, 298 K). 
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Figure S5. HSQC spectra of 3(BF4) (CD2Cl2, 298 K). 



Cobalt Molecular Catalysts Bearing Bis(imino)pyridine Diphosphine 
Ligands for Proton Reduction: Synthesis and Mechanistic Analysis  

137 

 

 

 

 

4 



Chapter 4  

138 
 

Figure S6. 13C {1H}NMR spectrum of 4(BF4) (126 MHz, CD2Cl2, 298 K). 

 

Figure S7. 31P{1H} NMR spectrum of 4(BF4) (162 MHz, CD2Cl2, 295 K).  

 

 

Figure S8. COSY spectra of 4(BF4) (500 MHz, CD2Cl2, 298 K). 
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Figure S9. HSQC spectra of 3(BF4) (CD2Cl2, 298 K). 
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Figure S10. HMBC spectra of 4(BF4) (CD2Cl2, 298 K).  
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Figure S11. 1H NMR spectrum (500 MHz, CD3CN, 298 K) of Co(III) species after 
reaction of 3(BF4) with two eq. of FcBF4. 

 

 

Figure S12. 31P{1H} NMR spectrum (162 MHz, CD3CN, 300 K) of 3(BF4) in the presence 
of 25 eq. of p-TsOH, showing a mixture of CoI and CoIII-H species. 
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Figure S13. 1H NMR spectrum (500 MHz, CD3CN, 300 K) of resulted colorless solution 
of 3(BF4) exposured in 25 eq. of p-TsOH for days.  

 

 

Figure S14. COSY spectra of 52+ (500 MHz, CD3CN, 298 K).  



Cobalt Molecular Catalysts Bearing Bis(imino)pyridine Diphosphine 
Ligands for Proton Reduction: Synthesis and Mechanistic Analysis  

143 

 

 

 

 

Figure S15. HSQC spectra of 52+ (CD3CN, 298 K), asterisk indicates impurity. 
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Figure S16. HMBC spectra of 52+ (CD3CN, 298 K). 

 

Figure S17. 31P{1H} NMR spectra (162 MHz, CD3CN, 300 K) of Co(I) complex 3(BF4) 
(bottom) and species formed after 1 eq. CoCp*

2 was added to CoIII-H (top). 
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B- Mass Spectrometry 

 

 

 

Figure S18. Experimental ESI-MS spectra for 3(BF4) (a) and zoom of the main peak m/z 
= 672.2 [Co(Ph2PPrPDI)]+ (b, inset is the isotope pattern simulation). 
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Figure S19. Experimental ESI-MS spectra for 4(BF4) (a) and zoom of the main peak m/z 
= 706.1 [Co(Ph2PPrPDI(p)Cl)]+ (b, inset is the isotope pattern simulation).  
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C- UV-vis Spectroscopy 

 

 

Figure S20. UV-vis monitoring of the addition of Fc+ to a DMF solution of 3(BF4) (red 
line) forming CoIII species (blue line). Arrows indicate the change of absorbance.  

 

 

Figure S21. Effect of addition of 250 eq. of p-TsOH on the UV–vis spectrum of 3(BF4) 
(red line) in MeCN during 90 min. Arrows indicate the change of absorbance. 
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Figure S22. UV-vis spectrum of 3(BF4) reacting with 250 eq. of p-TsOH in DMF for 14 
h.  
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D- X-ray diffraction data 

Table S1.  Crystal data and structure refinement for 3(BF4). 
_____________________________________________________________________ 
Identification code  3(BF4) 
Empirical formula  C39H41BCoF4N3P2  
Formula weight  759.43 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 14.0122(2)Å      = 90°. 
 b = 12.86090(10)Å     = 
105.3240(10)°. 
 c = 20.7398(2)Å       = 90°. 
Volume 3604.63(7) Å3 
Z 4 
Density (calculated) 1.399 Mg/m3 
Absorption coefficient 0.619 mm-1 
F(000)  1576 
Crystal size  0.20 x 0.15 x 0.10 mm3 
Theta range for data collection 2.237 to 40.068°. 
Index ranges -24<=h<=25,-23<=k<=22,-37<=l<=36 
Reflections collected  123855 
Independent reflections 22056[R(int) = 0.0441] 
Completeness to theta =40.068°  98.299995%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.941 and 0.724 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  22056/ 0/ 453 
Goodness-of-fit on F2  1.032 
Final R indices [I>2sigma(I)]  R1 = 0.0315, wR2 = 0.0808 
R indices (all data)  R1 = 0.0414, wR2 = 0.0844 
Largest diff. peak and hole  0.662 and -0.602 e.Å-3 
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Table S2.  Crystal data and structure refinement for 4(BF4). 

_____________________________________________________________________ 
Identification code  4(BF4) 
Empirical formula  C39H41BClCoF4N3O0.50P2  
Formula weight  802.88 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P2(1)/n 
Unit cell dimensions a = 14.5478(5)Å     = 90°. 
 b = 13.9042(5)Å      = 98.2051(9)° 
 c = 18.5768(7)Å      = 90°. 
Volume 3719.2(2) Å3 
Z 4 
Density (calculated) 1.434 Mg/m3 
Absorption coefficient 0.674 mm-1 
F(000)  1660 
Crystal size  0.20 x 0.20 x 0.20 mm3 
Theta range for data collection 1.836 to 31.531°. 
Index ranges -20<=h<=17,-10<=k<=20,-27<=l<=27 
Reflections collected  33567 
Independent reflections 12176[R(int) = 0.0240] 
Completeness to theta =31.531°  98.0%  
Absorption correction  Multi-scan 
Max. and min. transmission  0.877 and 0.811 
Refinement method  Full-matrix least-squares on F2 
Data / restraints / parameters  12176/ 0/ 471 
Goodness-of-fit on F2  1.037 
Final R indices [I>2sigma(I)]  R1 = 0.0339, wR2 = 0.0843 
R indices (all data)  R1 = 0.0447, wR2 = 0.0901 
Largest diff. peak and hole  0.589 and -0.619 e.Å-3 
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Chapter 5  

General Conclusion 

Chapter 3 

1. A family of pentadentate N3P2-PDI ligands have been synthesized, and two new Ni 

complexes with general formula [NiIIL(Cl)](Cl) (L = Ph2PPrPDI, Ph2PPrPDI(p)Cl, 1(Cl) 

and 2(Cl), respectively) have been prepared by reacting L with the metal precursor 

NiCl2∙6H2O in EtOH.  

 

2. The Ni complexes 1(Cl) and 2(Cl) have been fully characterized by spectroscopic 

and electrochemical techniques, ESI-MS, elemental analyses, UV-vis, X-ray 

diffraction and CV. Though the two complexes adopt similar distorted octahedral 

geometries, the PDI Cl-substituted complex [NiII(Ph2PPrPDI(p)Cl)(Cl)](Cl) (2(Cl)) 

shows a shift in all redox potentials to a more positive region. This effect is 

particularly significant for the redox processes centered on the ligand (ligand-based 

reductions). 

 

3. As revealed by EPR, when [NiII(Ph2PPrPDI)(Cl)](Cl) (1(Cl)) is one-electron reduced 

in organic solvents, a Ni(I) species is formed. As evidenced by CV analysis and 

supported by DFT calculations, the metal-based one-electron reduction of 1(Cl) is 

followed by a coupled chemical reaction where a Cl ligand dissociates, forming the 

pentacoordinated [NiI(Ph2PPrPDI)]+ complex [1 ‒ Cl]+. Further one-electron reduction 

of this pentacoordinated species takes place in the PDI ligand scaffold (ligand-based 

reduction). Both DFT calculations and CV simulation support the experimental 

findings and the proposed mechanism.  

 

4. Both 1(Cl) and 2(Cl) have been tested with regard to their ability to reduce protons 

to dihydrogen in organic media (DMF) and with p-TsOH as proton source. 2(Cl) is 

superior to 1(Cl) in terms of overpotential (c.a. 140 mV) due to the presence of the 

electron-withdrawing Cl substituent in the PDI ligand scaffold. However, 1(Cl) 
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exhibits higher catalytic activity from the point view of TOF (54 s-1 vs. 16 s-1 for 2(Cl)) 

and rate constants (1.54 × 104 M-2s-1 vs. 7.20 × 103 M-2 s-1). 

 
5. Kinetic studies showed that the HER is first order to the nickel complex concentration 

and second-order to the acid concentration, presenting an overall third-order reaction. 

 

6. Both catalytic systems are molecular in nature according to the rinse test and the 

linear dependence of icat versus 1/2. 

 

7. During the course of controlled potential electrocatalysis for hydrogen evolution, the 

generation of new species capable of reducing protons at lower overpotentials and 

oxidize H2 are observed electrochemically when employing both 1(Cl) and 2(Cl) as 

electrocatalysts. The short-live nature and low concentration of these new species 

formed under catalytic turnover prevented its further characterization through 

spectroscopic techniques.  

 

Chapter 4 

1. Two new Co complexes containing the PDI-based ligands Ph2PPrPDI or Ph2PPrPDI(p)Cl 

(from now on L) have been prepared in low yields by using Co(BF4)2∙6H2O as metal 

precursor and thoroughly characterized by multiple techniques. NMR spectroscopy, 

X-Ray diffraction, ESI-MS and elemental analyses have confirmed their general 

formula as [CoIL](BF4), with the CoI metal ion laying in a distorted trigonal-

bipyramidal environment.  

 

2. A disproportionation reaction of CoII to CoI and CoIII species has been proposed to be 

at the origin of both, the unexpected CoI oxidation state that present the isolated 

complexes and the low yield in which they have been obtained.  

 
3. Complex [CoI(Ph2PPrPDI(p)Cl)](BF4) (4(BF4)), bearing the Cl-substituted PDI scaffold, 

exhibits more positive redox potentials in the absence of acid and lower overpotentials 
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under electrocatalytic acidic conditions than complex [CoI(Ph2PPrPDI](BF4), 3(BF4), 

bearing the unsubstituted ligand.  

 
4. In the presence of p-TsOH as proton source, the partial formation of CoIII-H species 

from the Co(I) complex 3(BF4) has been uncovered by UV-vis and NMR 

spectroscopy. The use of the stronger acid trifluoromethanesulfonimide (TFSI) 

allowed to complete the reaction at a practical rate and attain pure CoIII-H species  

(52+) that were fully characterized by UV-vis spectroscopy and NMR analysis. 

 
5. The CoIII-H species 52+ is stable in acidic solution and does not evolve H2 

spontaneously. The addition of a reducing agent, in this study CoCp*
2, has been found 

to be necessary to reduce 52+ and further evolve dihydrogen. Thus, one-electron 

reduction of 52+ by the addition of 1 equivalent of CoCp*
2 allows recovering the initial 

CoI complex, as confirmed by both 1H and 31P{1H} NMR. The full regeneration of 

the original CoI species from the CoII-H intermediate in acidic conditions advocate 

for a homolytic mechanism for HER by this system.  
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