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A B S T R A C T   

[Co(tpy)(phen)Cl](PF6)2•0.25CH3CN (where tpy = 2,2′;6′,2′′-terpyridine and phen = 1,10-phenanthroline) was 
prepared from a one pot mixture involving stoichiometric quantities of tpy and phen. The structure of [Co(tpy) 
(phen)Cl](PF6)2•0.25CH3CN was confirmed by elemental analysis, high resolution mass spectroscopy (HRMS), 
various spectroscopic analyses, and X-ray crystallography. Density functional theory calculations were also 
carried out. The crystal structure of [Co(tpy)(phen)Cl](PF6)2•0.25CH3CN, which was grown from acetonitrile, 
revealed a monoclinic crystal system with a C2/c space group. The cyclic voltammogram which was acquired in 
acetonitrile revealed reversible CoIII/II, CoII/I, and CoI/0 mixed with ligand-based redox couples at E½ = +0.35, 
–0.81, and –1.37 V (vs Ag/AgCl), respectively. In the presence of p-cyanoanillinium tetrafluoroborate with 
acetonitrile as the solvent, [Co(tpy)(phen)Cl](PF6)2•0.25CH3CN displayed electrocatalytic hydrogen evolution 
activity at a 830 mV overpotential, as evidenced by a catalytic wave which was observed in the voltammogram, 
and by the detection of hydrogen in the headspace of the reaction vessel of a controlled potential electrolysis 
experiment. Photocatalytic hydrogen evolution studies with [Co(tpy)(phen)Cl](PF6)2•0.25CH3CN produced a 
turnover frequency (TOF) of 3300 mmol H2 mol−1 

CAT min−1 when compared to [Co(dmgH)2(py)Cl] (where 
dmgH = dimethylglyoximato), which had a TOF of 4500 mmol H2.mol−1 

CAT min−1 under the same conditions. 
[Co(tpy)(phen)Cl](PF6)2•0.25CH3CN produced a turnover number (TON) of 79 when compared to 141 for [Co 
(dmgH)2Cl(py)] in DMF in ca 3 h.   

1. Introduction 

The finite nature of fossil fuels, and the lasting adverse effects caused 
by the by-products of their combustion [1,2] has created the need for a 
viable yet clean alternative fuel source. Hydrogen has been, and con
tinues to be examined as a suitable candidate [1–5]. There are many 
drawbacks to the storage and transportation of hydrogen, mainly due to 
its highly flammable nature. As such, its generation on site and on de
mand is desired. A convenient way to produce hydrogen through sus
tainable means would be the conversion of solar energy to chemical 
energy through the reduction of water [6–8]. Whereas water splitting is 

appealing, the difficulties associated with the kinetics and thermody
namics of this multi-electron process have made the reduction of protons 
more appealing for the hydrogen evolution reaction (HER). Some plat
inum catalysts capable of reducing water to hydrogen with rates that are 
close to thermodynamic equilibrium have been reported in the literature 
[9,10]. However, due to the high cost of noble metals such as Pt, Rh, Ir, 
etc., there is a search for catalysts based on cheaper and slightly more 
abundant first row transition metals, for instance, Fe, Co, and Ni 
[11–17]. 

Cobalt-containing complexes such as the cobaloximes [18,19], 
polypyridyl-containing cobalt(II/III) complexes [20–23], and cobalt(II) 
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salen complexes [10], just to list a few, have been reported as promising 
candidates. In 2014 Chen et al. [11] reported on the use of a cobalt(II) 
catalyst, [Co(tpy)(phen)Cl]Cl, when immobilized on the surface of an 
electrode was able to produce hydrogen with a turn over number (TON) 
of about 2.2 × 106 after about 50 h. Other efforts to make HER practical 
included the development of photocatalytic systems. These systems are 
typically heterometallic in nature, with one site acting as a light antenna 
and the other as the catalytic site [6,8,24–27]. The polypyridyl system as 
developed by Chen et al. [11] may also possess photocatalytic proper
ties, as polypyridyl ligands are known to stabilize the excited state of 
certain metal centres. 

Whether electrocatalytic or photocatalytic in nature, the formation 
of either + 1 or 0 oxidation state is required from the precatalyst in most 
cases. This is so, as these oxidation states can facilitate the oxidative 
addition of a proton to form the reactive MIII/II–H species as an impor
tant species in the catalytic cycle of the HER. The choice of the ligand is 
thus crucial, as a change in the oxidation state may be accompanied by a 
change in the preferred geometry around the metal centre. 

In many studies involving a cobalt-based catalyst, it is common that 
upon production of a cobalt(I) species that the complex undergoes a 
geometric change through the loss of a ligand, with nitrogen-based li
gands being favoured in the coordination sphere over aqua and halogen 
ligands [12,19,28,29]. 

Herein we report the crystal structure, spectroscopic, and cyclic 
voltammetric properties, as well as the electrocatalytic and photo
catalytic hydrogen evolution studies of [Co(tpy)(phen)Cl] 
(PF6)2•0.25CH3CN (which for simplicity will be referred to as [Co(tpy) 
(phen)Cl](PF6)2) in non-aqueous media. These studies are geared to
wards establishing the potential of this species as a photocatalyst in the 
HER, starting from the Co(III) analogue of the species in comparison to 
the Co(II) species as reported by Chen et al. [11]. This study also at
tempts to establish the stability of the low valent states of the title 
complex via cyclic voltammetry, and is also as a part of a series of studies 
[30] aimed at correlating the effect of the ancillary ligand on the pho
tocatalytic response of Co(III) complexes in HER. 

2. Experimental 

2.1. Materials and physical measurements 

All chemicals and reagents were purchased from commercial sources 
and were used without further purification. 

2.1.1. Physical measurements 
59Co NMR spectra were acquired on a Bruker 400 MHz spectrometer 

with K3[Co(CN)6] as an external reference in either DMSO‑d6 (δ = 289 
ppm [31]) or CD3CN (δ = 293 ppm [31]) at room temperature. 1H NMR 
spectra were acquired on a Bruker AVANCE III 400 MHz spectrometer 
with either DMSO‑d6 or CD3CN as solvent. All NMR spectra were pro
cessed with the ACD/NMR Processor Academic Edition software which 
was available from Advanced Chemistry Development‡. 

Microanalyses (C, H, and N) were performed by Intertek Chemical 
and Pharmaceuticals, 291 Route 22 East, Salem Industrial Park, Building 
#5, Whitehouse, NJ 08888, U.S.A. 

HRMS spectra were acquired via positive electrospray ionization on 
a Bruker 12 Tesla APEX–Qe FTICR-MS with an Apollo II ion source at the 
College of Sciences Major Instrument Cluster (COSMIC), Old Dominion 
University, Norfolk, VA 23529, U.S.A. Samples were dissolved in 
acetonitrile before being introduced by direct injection using a syringe 
pump with a flow rate of 2 μL s−1. The data was processed using Bruker 
Daltonics Data Analysis Version 3.4. 

All electrochemical experiments were carried out on a BAS Epsilon 
C3 under an argon atmosphere in the respective solvent at room 

temperature (ca 20 ◦C), after sparging with argon for several minutes. A 
standard three electrode configuration was employed consisting of a 
glassy carbon working electrode (3 mm diameter) and a Pt wire as 
auxiliary electrode. For the reference electrode, AgCl/Ag (BASi, 3.0 M 
NaCl) was employed, which was separated from the analytical solution 
by a Vicor® frit, against which ferrocene shows a reversible wave at +
0.43 V in CH3CN. The ionic strength was maintained at 0.1 M using 
[nBu4N]ClO4, NaClO4, or NaCl, where appropriate. 

Spectroelectrochemical measurements were carried out at 20 ◦C with 
a thermostatted water bath/circulator (Thermo Scientific®). Absor
bance data were acquired on an Agilent® 8453A diode array spectro
photometer. A Pt gauze and a Pt wire were utilised as working and 
auxiliary electrodes, respectively, and AgCl/Ag (BASi, 3.0 M NaCl) was 
utilised as a reference electrode. The ionic strength was maintained at 
0.10 M as stated above. Each solution was sparged with Ar for at least 
two minutes in the spectroelectrochemical cuvette (1 mm path length) 
prior to acquisition of the data. 

2.2. Synthesis and physical measurements of the cobalt(III) complex 

2.2.1. Synthesis of [Co(tpy)(phen)Cl](PF6)2•0.25CH3CN 
A mixture of 2,2′:6′,2′’-terpyridine (0.98 g, 4.2 mmol), 1,10-phenan

throline (0.76 g, 4.2 mmol), and CoCl2⋅6H2O (1.00 g, 4.2 mmol) were 
stirred in ethanol (320 mL) for 3 h. Iodine (1.31 g, 5.2 mmol) in ethanol 
(60 mL) was added dropwise to the resulting solution with stirring. The 
solution was filtered; then the filtrate was collected and NH4PF6 (6.86 g, 
42 mmol) in methanol (60 mL) was added. The resulting mixture was 
filtered; then the residue air dried. The crude product was then dissolved 
in acetonitrile; then the solution was filtered. The filtrate which con
tained the crude product was purified three times by chromatography 
with Sephadex LH-20 as the stationary phase and acetonitrile as eluent. 
The product was worked up. Yield = 1.17 g (34%) A single crystal of [Co 
(tpy)(phen)Cl](PF6)2 was grown as an acetonitrile solvate by slow 
evaporation at first in acetonitrile solution; followed by the addition of 
acetone. Calculated for C27.5H19.75N5.25ClP2F12: C 40.88, H 2.46, N 9.10, 
Cl 4.39%. Found C 40.85, H 2.51, N 9.17, Cl 4.21%. HRMS (positive 
mode, found (calc.): [M-1PF6

- ]+ = 652.0247 (652.0247). 1H NMR (400 
MHz, CD3CN, δ/ppm) 10.21 (d, J = 5.06 Hz, 1H, phen-j’), 9.30 (d, J =
8.14 Hz, 1H, phen-h’), 8.89 (d, J = 6.82 Hz, 1H, tpy-h), 8.80–8.86 (m, 
2H, tpy-g), 8.67 (d, J = 8.14 Hz, 1H, phen-a’), 8.61 (dd, J = 7.92, 5.94 
Hz, 1H, phen-i’), 8.48–8.57 (m, 3H, tpy-a and phen-e’), 8.29 (d, J = 9.02 
Hz, 1H, phen-f’), 8.18 (t, J = 7.59 Hz, 2H, tpy-b), 7.64 (dd, J = 7.59, 
5.83 Hz, 1H, phen-b’), 7.43 (d, J = 4.84 Hz, 1H, phen -c’), 7.33 (t, J =
6.38 Hz, 2H, tpy-c), 7.18 (d, J = 5.50 Hz, 2H, tpy-d). 1H NMR (400 MHz, 
DMSO‑d6, δ/ppm) 10.12 (d, J = 5.06 Hz) 9.51 (d, J = 8.14 Hz) 9.38 (d, J 
= 7.92 Hz) 9.23 (m) 9.10 (m) 8.93 (m) 8.86 (d, J = 7.92 Hz) 8.75 (dd, J 
= 8.14, 5.50 Hz) 8.66 (d, J = 8.80 Hz) 8.43 (d, J = 8.80 Hz) 8.34 (q, J =
7.92 Hz) 7.72 (m) 7.46 (m) 7.35 (d, J = 5.50 Hz); 59Co NMR (95 MHz, 
CD3CN, δ/ppm) 7148; 59Co NMR (95 MHz, DMSO‑d6, δ/ppm) 7177; 
UV–visible (CH3CN, λ/nm (10–4 ε/M−1 cm−1)): 203 (78), 222 (75), 275 
(39), 322 (12), and 487 (0.27). 

FTIR (ATR, ν/cm−1) 1606(m), 1577 (w), 1522 (m), 1483 (m), 1454 
(m), 1433 (m), 769 (s), 728 (m). 

2.3. Density functional theory calculations 

Density functional theory calculations were carried out using the 
GAMESS software package§ [32,33]. The structures were optimized in 
the gas phase as indicated by the absence of imaginary frequencies in the 
Hessian, EDF1/6-31G(d) [34–36]. The GAMESS input file was generated 

‡ ACD, Inc., 8 King Street East, Suite 107, Toronto, Ontario M5C 1B5, Canada. 

§ GAMESS: an open-source general ab initio quantum chemistry package. 
https://www.msg.chem.iastate.edu/gamess/index.html 
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using MacMolPlt 7.7** [37], and the output file viewed using the same. 

2.4. X-ray crystallography 

Single crystal X-ray diffraction was carried out at 150 K using a 
Bruker D8 Quest diffractometer with Mo Kα radiation and a Photon 100 
detector. The data was collected using phi and omega scans in 
0.5◦oscillations. The structure was solved and refined using the Bruker 
SHELXTL [38] Software Package. All non-hydrogen atoms were refined 
anisotropically, and hydrogen atoms were placed in calculated positions 
using riding models. The crystal was found to be the acetonitrile solvate 
of the target cobalt complex. The acetonitrile solvent molecule was 
found to be disordered and partially occupied, having 1/2 occupancy 
per formula unit of the cobalt(III) complex. Details of data collection and 
structural solution for [Co(tpy)(phen)Cl](PF6)2•0.5C2H3N are provided 
in the supporting crystallographic files (CIF). 

2.5. Photocatalytic measurements 

Hydrogen evolution was monitored using a Perkin Elmer Clarus-580 
gas chromatograph (GC) with a thermal conductivity detector, argon as 
carrier and eluent gas, a 7′ HayeSep N 60/80 pre-column, a 9′ molecular 
sieve 13 × 45/60 column and a 1 mL injection loop. 

Three distinct solutions for the photosensitizer, [Ru(bpy)3](PF6)2, for 
the catalyst, and lastly, for the sacrificial electron donor and acid source 
(HBF4, 48% water) were prepared: the three solutions were mixed 
together to obtain 5 mL of sample solutions in standard 20 mL headspace 
vials. In DMF, the resulting molar concentrations of photocatalytic 
components were as follows: 1 M for triethanolamine (TEOA), 0.1 M for 
(HBF4), 0.56 M for water, 0.1 mM for [Ru(bpy)3](PF6)2, 0.01 mM for [Co 
(tpy)(phen)Cl](PF6)2 or [Co(dmgH)2Cl(py)] (apparent pH = 8.9). Those 
vials were placed on a LED panel in a thermostatic bath set at 20 ◦C. 
They were sealed with a rubber septum pierced with two stainless steel 
tubes. The first tube carried an argon flow saturated with spectroscopic 
grade solvent vapor. The flow rate was set to 5 mL min−1 (adjusted with 
a manual flow controller (Porter, 1000) and referenced with a digital 
flow meter (Perkin Elmer FlowMark). 

The second tube leads the flow to the GC sample loop through a 2 mL 
overflow protection vial, then through an 8-port stream select valve 
(VICCI) and finally to the GC sample loop. A microprocessor (Arduino 
Uno) coupled with a custom PC interface allows for timed injections. For 
general calibration, stock cylinders of known concentration of H2 in 
nitrogen replaced the nitrogen flow (inserted at the pre-bubbler, to keep 
the vapor matrix consistent). The acquired data, independent of flow 
rate (under same pressure) were easily converted into a rate of hydrogen 
by using equation (1). For calibration of H2 production, a nitrogen bottle 
of certified 100 ppm hydrogen was set to deliver a specific flow. H2 
production rate at a specific nitrogen flow, a syringe pump (New Era 
Pump) equipped with a gas-tight syringe (SGE) and a 26 s gauge needle 
(Hamilton) was used to bubble different rates of pure hydrogen gas into 
the sample, to a minimum of 0.5 μL min−1. This gave a linear fit for peak 
area for H2 versus the flow rates of H2 (Eq. (1)). All experiments were 
carried out in duplicate to verify the reproducibility of results, and an 
average for the TOF and TON curves was calculated with Origin soft
ware. The error associated with the TOF and TON values was estimated 
to be 10% [39]. 

H2rate
(

μLmin
−1

)

= [H2standard](ppm) × N2flowrate
(
Lmin−1)

(1) 

CCDC no. 1953060 contains the supplementary crystallographic 
data for [Co(tpy)(phen)Cl](PF6)2•0.5C2H3N. These data can be obtained 
free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. Supporting information con
taining additional spectral and voltammetric characterizations are also 
provided. 

3. Results and discussion 

3.1. Synthesis 

[Co(tpy)(phen)Cl](PF6)2 was synthesized (Scheme 1) using stoi
chiometric quantities in one pot, and was purified three times on a 
Sephadex LH-20 column to ensure the separation of the main by- 
products [Co(tpy)2](PF6)3 and [Co(phen)2(solv)](PF6)3 from [Co(tpy) 
(phen)Cl](PF6)2. [Co(tpy)(phen)Cl](PF6)2 was characterized by 
elemental analysis, HRMS, UV–visible, 1H and 59Co NMR spectros
copies, X-ray crystallography, and cyclic voltammetry. [Co(tpy)2](PF6)3 
was identified and characterized after column chromatography via 1H 
and 59Co NMR spectroscopy, and with ESI MS (See supporting infor
mation Figs. S1–S4). 

3.2. HRMS analysis 

HRMS data were acquired for [Co(tpy)(phen)Cl](PF6)2 in CH3CN 
(Fig. S5). In the HRMS, the most intense peak is observed at m/z =

652.0247, which corresponded to the loss of one of the PF6
– counter ions 

to produce (([CoIII(tpy)(phen)Cl](PF6))+). The HRMS data do comple
ment the elemental analysis data and other spectroscopic 
characterizations. 

3.3. 1H and 59Co NMR spectroscopic studies 

In an NMR spectroscopic study, 1H and 59Co NMR spectra were ac
quired for [Co(tpy)(phen)Cl](PF6)2 in CD3CN or DMSO‑d6 at ambient 
temperature. The 1H NMR spectra (Fig. 1B, and Fig. S6), revealed sol
vent peaks and aryl resonances. 

In the solvent region, the presence of acetonitrile in the isolated solid 
was confirmed (δ = 2.07 ppm) in DMSO‑d6. In the aromatic region of the 
1H NMR spectrum, there is a significant overlap of the resonances of the 
tpy and phen ligands, Fig. 1A. The assignment of these peaks was guided 
by 1H-1H the COSY NMR spectrum (Fig. S7); and coordinated tpy pro
tons are assigned to resonances at 7.18, 7.33, 8.18, 8.54, 8.83, and 8.89 
ppm. Paramagnetic 1H NMR spectroscopic studies on [Co(tpy)(phen)Cl] 
(PF6)2 showed no resonance between 10 and 120 ppm which suggested 
the absence of the cobalt(II) species in the isolated solid (see Fig. S4). 1H 
NMR spectra of polypyridyl cobalt(II) complexes generally display 
chemical shifts in this region [40], such as [Co(phen)3]2+ which have 
chemical shifts observed at 17, 33, 50, and 107 ppm in CD3CN. The 
cobalt(II) complex that was separated from target complex had 
observable chemical shifts at 17, 22, 33, 34, 48, 49, and 57 ppm. It 
should be noted that in the 1H NMR spectrum of [Co(tpy)(phen)Cl] 
(PF6)2, satellite peaks can be seen in the concentrated solutions used to 
acquire the spectra. These satellite peaks may be the result of ligand 
dissociation or trace amounts of the “free” ligand from the synthesis, 
which the latter is the least probable. The ratio of integrals suggests that 
the uncoordinated ligand is less than 3% of the mixture. 

59Co NMR spectroscopic data as shown in Fig. 1 showed one chem
ical shift at 7148 ppm in CD3CN and at 7177 ppm in DMSO‑d6. A 
comparison with other Co(III) complexes such as [Co(phen)3](PF6)3 (δ 
= 7000 ppm in DMSO‑d6 [41], 7080 ppm [42]) or [Co(phen)2(bpy)] 
(PF6)3•0.5(C2H5)2O (δ = 6900 ppm in DMSO‑d6) [41] revealed that the 
chemical shift of [Co(tpy)(phen)Cl](PF6)2 is in a similar region to other 
cobalt(III)-containing polypyridyl complexes, which are shown in 
Table S1. The 59Co NMR spectroscopic chemical shift of cobalt- 
containing complexes is very sensitive to the type(s) of ligand(s) in the 
coordination sphere, as well as the oxidation state of a cobalt metal 
centre. The absence of other peaks in the 7000 ppm region of the 59Co 
NMR spectrum of the isolated product proved the absence of Co(III) by- 

** MacMolPlt: an open-source molecular builder and visualization tool for 
GAMESS. http://brettbode.github.io/wxmacmolplt/ 
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products in the isolated material. It should be noted that acquisition of 
59Co NMR spectra of Co(II) species is very difficult and to process is also 
very difficult. The 59Co NMR spectroscopic data (in conjunction with the 
ESI MS data) strongly suggest that cobalt(II) impurities and Co(III) by- 
products are absent from the isolated product, [Co(tpy)(phen)Cl](PF6)2. 

3.4. UV–visible spectroscopic studies 

The UV–visible spectrum of [Co(tpy)(phen)Cl](PF6)2 in Fig. 2 shows 
transitions that are consistent with d-d transitions (dual bands) at 487 
nm, π → π*, intra-ligand, and metal-to-ligand charge transfer bands in 
the UV region. The molar extinction coefficients are 78 × 104, 75 × 104, 
29 × 104, 13 × 104, and 0.27 × 104 M−1 cm−1 at 203, 222, 275, 322, and 
487 nm, respectively. The dual band at 487 nm in CH3CN is observed at 

λmax = 460 nm and 491 nm, which had a hypsochromic shift in the H2O/ 
CH3CN (1:1 v/v) mixture to circa 455 nm regardless of the supporting 
electrolyte used (see Fig. S8). 

3.5. X-ray crystallography 

A single crystal of [Co(tpy)(phen)Cl](PF6)2 was grown as an aceto
nitrile solvate by slow evaporation at first in acetonitrile solution; fol
lowed by the addition of acetone. The X-ray crystal structure for the 
dication of [Co(tpy)(phen)Cl](PF6)2 is shown in Fig. 3, with selected 
structure refinement parameters given in Table 1. 

Selected bond lengths and angles are shown in Table 2. The struc
tural analysis revealed a distorted octahedral arrangement about to the 
cobalt(III) metal centre. The tpy ligand is coordinated in a tridentate 
fashion and is meridionally arranged about the cobalt(III) core with 
resulting tpy and phen ligands lying in perpendicular coordination 
planes to each other, with the chloro ligand completing the octahedron. 
This coordination behaviour, bond lengths, and angles observed here are 
similar to the analogous [Rh(tpy)(Z)Cl]2+ (where Z = bpy or phen) 
species [43]. In particular, the Co-N bond to the central nitrogen atom of 
the tpy ligand is the shortest of tpy, and all the tpy Co-N bonds are 
marginally shorter than those to phen ligand, which is consistent with 
what is observed in the Rh(III) complex. The N5-Co1-Cl1 bond angle is 
almost 180◦, the bond length is normal for Co–Cl bonds [44]. The charge 
of [Co(tpy)(phen)Cl]2+ is counterbalanced by two PF6

– anions. In the 
extended structure, these anions, along with acetonitrile solvent mole
cules, occupy voids between [Co(tpy)(phen)Cl]2+. 

Scheme 1. Synthesis of [Co(tpy)(phen)Cl](PF6)2•0.25CH3CN.  
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3.6. DFT and electrochemical studies 

The complex, [Co(tpy)(phen)Cl]Cl, as reported by Chen et al. [11] 
showed remarkable activity in HER, especially when grafted (via elec
trochemical polymerization) on a Cu2O surface. In their work, the CoIV/ 

III and CoIII/II couples showed reversible characteristics, however, the 
CoII/I redox couple showed little reversibility in acetonitrile. It was 
intriguing that the system was an efficient HER catalyst despite the 

apparent irreversibility of the CoII/I redox couple. It is therefore of in
terest to investigate the cyclic voltammetric characteristics of this spe
cies, bearing in mind the widely accepted view that a stable Co(I) species 
capable of undergoing reversible electron transfer is ideal for HER in 
cobalt-containing systems. 

In the gas phase, DFT calculations at the EDF1/6-31G(d) level of 
theory predicted rings stretches and wagging of the polypyridyl rings at 
1611, 1595, 1530, 1489, 1464, 1438 and 761 cm−1, which are quite 
comparable to the observed values occurring at 1606, 1577, 1522, 1483, 
1454, 1433, and 769 cm−1, respectively. There is also a good compari
son between the observed and calculated bond lengths and angles (see 
Table 3) where there calculated values differ from the observed values 
by less than 5%. 

Analysis of the frontier molecular orbitals (Fig. 4) suggests that 
HOMO-1 through to the LUMO + 1 are all metal centered, and conse
quently, all the initial redox activities of [Co(tpy)(phen)Cl]2+ are ex
pected to be metal-based. 

Cyclic and square wave voltammograms of [Co(tpy)(phen)Cl](PF6)2 
in aqueous mixed solvents, and non-aqueous media revealed a series of 
(quasi-)reversible waves with ipa/ipc = >0.9 (Table 4). The peak po
tentials are scan rate dependent and showed negligible potential drift 
with increasing scan rate, consistent with their reversible nature. The 
CoIII/II redox couple is observed between + 0.2 and + 0.4 V vs Ag/AgCl, 
whereas the CoII/I redox couple is observed between –0.8 and –0.9 V 
depending on the solvent and supporting electrolyte employed (see 
Fig. S9). In aqueous media, cobalt(II)-containing halides are well known 
to undergo rapid aquation [45], which can only be retarded by the 
presence of high halide concentration. In water, when NaCl was used as 
the supporting electrolyte it did not appear to improve the voltammetric 
reversibility of the electron transfers, and indeed a Co(I) species appears 
to be more unstable with NaCl compared to NaClO4, resulting in a 
stripping wave on the return scan, due to the deposition of cobalt metal 
at the electrode surface (see Fig. S10). However, in the H2O/CH3CN (1:1, 
v/v) mixed solvent, improved voltammograms were obtained (see sup
porting information), and no stripping wave was observed. In the mixed 
solvent containing NaCl supporting electrolyte, the ΔEp decreased to 80 
mV which is closer to the 57 mV value expected for a one-electron 
Nernstian process, and was lower than that obtained with the NaClO4 
supporting electrolyte. 

In CH3CN, (Fig. 5 and Fig. S11), the voltammograms revealed 
reversible CoIII/II and CoII/I redox couples which are slightly sensitive to 
the working electrode (by ca 60 mV between the GC and Pt electrodes), 
and are observed at E½ = +0.29 and –0.88 V vs Ag/AgCl, respectively, 
on a GC working electrode (WE). However, on reductively initiated 
scans on using Pt WE, a pre-wave is observed before the CoII/I redox 
couple. This pre-wave is present, albeit somewhat suppressed, on the GC 
WE and may be related to the enhanced lability of the chloride ligand in 
the + 2 oxidation state, which causes a subtle modification of the layer 
at the electrode surface. A third reversible wave at E½ = –1.37 V is most 
likely attributed to a one electron CoI/0 redox couple, but may also 
involve one of the polypyridyl ligands as seen on the Pt WE. This is also 
suggested in the DFT calculations in which the LUMO + 1 is involves the 
tpy ligand system. On the return scan upon switching the potential at –2 
V, the oxidation waves are slightly distorted and are likely related to the 
partial dissociation of the polypyridyl ligand(s) in the highly reduced 
state [41]. Additionally, as electrons are injected into the system, ΔEp 
increased, indicating a drift from Nernstian behaviour. Nevertheless, the 
CoII/I redox couple showed reversible characteristics in all but the H2O/ 
NaCl combination. 

The overall nature of the voltammogram in CH3CN suggests that, on 
the electrochemical time scale, species with all three oxidation states of 
the cobalt metal centre, viz., +3, +2, and + 1, are fairly stable in nature, 
where [Co(tpy)(phen)Cl](PF6)2 may potentially be utilised as an elec
tron shuttle in a reaction such as the hydrogen evolution reaction [11] 
amongst others. A plausible electron transfer mechanism is shown in 
Scheme 2. 

Fig. 3. Structure for the mer-[Co(tpy)(phen)Cl]2+ complex as shown at 50% 
probability ellipsoids. 

Table 1 
Crystal data and structure refinement parameters for [Co(tpy)(phen)Cl] 
(PF6)2•0.5CH3CN.  

Identification code [Co(tpy)(phen)Cl](PF6)2 

Chemical formula C27H19ClCoF12N5P2•0.5C2H3N 
Formula weight (g/mol) 818.32 
Crystal system, space group monoclinic, C2/c 
Unit cell dimensions (Å, ◦) a = 30.0763(13)  

b = 14.5703(6)  
c = 14.9762(6)  
β = 114.3491(13) 

Volume (Å3) 5979.1(4) 
Z, Calculated density (g cm−3) 8, 1.818 
Reflections collected/unique 41055/6133 
Data/restraints/parameters 6133/0/461 
Final R indices [4838 data; I > 2σ(I)] 0.0348, 0.0722 
R indices (all data) 0.0531, 0.0796 
Largest diff. peak and hole 0.362, −0.421 
CCDC no. 1953060  

Table 2 
Selected bond lengths and angles for [Co(tpy)(phen)Cl](PF6)2•0.5CH3CN.  

Bond Length (Å) Bond Length (Å) 

Co1-N1 1.945(2) Co1-N4 1.948(2) 
Co1-N2 1.853(2) Co1-N5 1.953(2) 
Co1-N3 1.935(2) Co1-Cl1 2.2241(8) 
Bonds Bond angle Bonds Bond angle 
N2–Co1–N1 82.91(9) N5–Co1–N4 85.04(9) 
N2–Co1–N3 83.06(9) N5–Co1–Cl1 177.80(7) 
N1–Co1–N3 165.97(9) N4–Co1–Cl1 93.86(7) 
N2–Co1–N4 177.07(9) N5–Co1–N3 91.11(9) 
N2–Co1–Cl1 88.59(7) N5–Co1–N1 90.00(9) 
N2–Co1–N5 93.49(9) N3–Co1–N4 98.54(9) 
N1–Co1–N4 95.49(9) N3–Co1–Cl1 89.86(7) 
N1–Co1–Cl1 89.54(7)    
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A series of spectroelectrochemical measurements were made on 
CH3CN and H2O/CH3CN (1:1 v/v) mixed solvent solutions of [Co(tpy) 
(phen)Cl](PF6)2 (Fig. 6, S12 and S13). In the H2O/CH3CN (1:1 v/v) 
mixed solvent, Fig. S13, the Co3+→Co2+ reduction resulted in a rapid 
increase in the absorbance at 460 nm along with a blue shift to 450 nm. 
This is succeeded by a gradual decrease in the absorbance across the 
spectrum. In the electrolysis of the solution at a potential sufficient to 
overcome the overpotential for the Co2+→Co+ reduction, a similar 
pattern is observed at 460 nm, albeit a smaller change in the absorbance. 
A similar electrolysis in CH3CN caused the peak that is observed circa 
480 nm to first have a blue shift to circa 450 nm, followed by a decrease 
in the absorbance at this wavelength. 

In addition to the blue shift in the d-d transitions, there is an increase 
in the absorbance across the UV region, suggestive of an increase in the 
charge transfer characteristics of the system associated with formation 

of a Co(I) species. The complex nature of the spectral transformation 
clearly indicates that the electrolysis did not have a simple A → B 
transformation. Here again, the exclusion of the chloride ligand from the 
coordination sphere maybe the cause of the biphasic nature of the 
spectral transformation. Electrolysis at –1.52 V (vs Ag/AgCl), also pre
sented a biphasic spectrum, in which there is an initial rapid increase in 
the absorbance which is followed by decay towards a limiting value that 
is greater than the value prior to the electrolysis experiment. The 
transformation at this potential did not appear to share the blue shift 
observed at the more positive potential, and indeed is suggestive that the 
reduction may also involve the polypyridyl ligand(s). 

3.7. Electrocatalytic studies 

The effect of a proton source (p-cyanoanilinium tetrafluoroborate) 
on the voltammograms of [Co(tpy)(phen)Cl](PF6)2 in CH3CN was 
investigated (Fig. 7). In the presence of p-cyanoanilinium tetra
fluoroborate, a new cathodic wave is observed at ca –0.65 V of which the 
peak current increases with a simultaneous peak potential shift to 
increasingly negative values with increasing concentration of p-cya
noanilinium tetrafluoroborate. The adsorption pre-wave observed in the 
absence of the proton source is removed upon the addition of the p- 
cyanoanilinium tetrafluoroborate. The electrocatalytic wave was 
observed to occur initially ca 300 mV more positive than the CoII/I 

reduction wave, and displayed what is considered a “normal” catalysis 
[46–48], owing the lack of any apparent pre-wave or unexpected 
diffusional peaks. The production of hydrogen was confirmed from the 
analysis of the head space of a controlled potential electrolysis experi
ment involving the complex in the presence of p-cyanoanilinium tetra
fluoroborate. In CH3CN, the overpotential associated with the catalysed 
proton reduction was determined to be 830 mV. The magnitude of the 
Gibbs free energy for the homolytic and heterolytic hydrogen evolution 
from p-cyanoanilinium tetrafluoroborate in CH3CN can be determined 
using the methodology suggested by Kellett and Spiro [49] on the basis 

Table 3 
A comparison of selected bond lengths and angles determined from X-ray crystallography and those calculated by DFT methods EDF1/6-31G(d).  

Bond Length/Å  Bond Length/Å 

Observed Calculated  Observed Calculated 

Co1-N1 1.945 1.959  Co1-N4 1.948 1.978 
Co1-N2 1.853 1.859  Co1-N5 1.953 1.979 
Co1-N3 1.935 1.959  Co1-Cl1 2.224 2.252 
Bonds Bond angle/◦ Bonds Bond angle/◦

Observed Calculated  Observed Calculated 
N2–Co1–N1 82.91(9) 82.55  N5–Co1–N4 85.04(9) 83.06 
N2–Co1–N4 177.07(9) 179.61  N2–Co1–Cl1 88.59(7) 88.95  

Fig. 4. Frontier molecular orbitals of [Co(tpy)(phen)Cl]2+ calculated at the EDF1/6-31G(d) level of theory.  

Table 4 
Comparison of the reduction potentials of [Co(tpy)(phen)Cl](PF6)2 in H2O and 
CH3CN with various supporting electrolytes.  

Redox couple E½/V ΔEp/mV solvent Electrolyte 

CoIII/II +0.22 320 H2O NaClO4 

+0.23 – H2O NaCl 
+0.32 109 H2O/CH3CN NaClO4 

+0.26 80 H2O/CH3CN NaCl 
+0.29 126 CH3CN [nBu4N]ClO4  

+0.35 92 CH3CN [nBu4N]ClO4* 
CoII/I −0.90 100 H2O NaClO4 

−1.00 – H2O NaCl 
−0.89 87 H2O/CH3CN NaClO4 

−0.88 83 H2O/CH3CN NaCl 
−0.88 134 CH3CN [nBu4N]ClO4 

−0.81 110 CH3CN [nBu4N]ClO4* 
* Pt working electrode  
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of the values for the potentials of the cobalt and HA/H2 couples versus 
Fc+/0. From the thermodynamic analysis of the heterolytic and the ho
molytic pathways, the free energies of ΔG = –15.4 and –56.9 kJ mol−1, 
respectively, which suggests that the homolytic pathway is favoured 
thermodynamically. 

3.8. Photocatalytic studies 

Based on the electrochemical and spectroscopic results discussed 
above, the light driven hydrogen evolution reactions (HERs) for [Co 
(tpy)(phen)Cl](PF6)2 and the reference cobaloxime [Co(dmgH)2Cl(py)] 
were investigated, as polypyridyl and macrocyclic design for cobalt HER 
catalysts shows promising performances [39,50–55]. Unfortunately, the 
weak molar absorptivity of [Co(tpy)(phen)Cl](PF6)2 in the visible 
portion of the spectrum suggests that the complex is unlikely to be an 
intrinsic photosensitizer, and thus requires external activation. The most 
studied inorganic photosensitizer (PS), [Ru(bpy)3](PF6)2 [39,52,56–58] 
was chosen to photo-reduce the Co HER catalysts. The samples were 
irradiated with blue LEDs centred at 445 nm, Fig. S14 and Table S2, in 
dimethylformamide as solvent, 1 M of triethanolamine as the sacrificial 
electron donor and 0.1 M aqueous tetrafluoroboric acid as the proton 
source, 0.1 mM of [Ru(bpy)3](PF6)2, and the cobalt-containing catalysts 

at 0.01 mM. The [Ru(bpy)3](PF6)2 is fully excited into the 1MLCT band 
to drive the photoreactions. The excess of PS permits the evaluation of 
the maximum TON of HER cobalt-containing catalyst. No hydrogen was 
detected for the control experiments of the PS in the presence of sacri
ficial electron donor and HBF4. When the illumination begins, a peak of 
activity occurred for both systems after a short lag time due to the 
required reduction of a Co(III) metal centre to a Co(I) metal centre [39]. 
The cobaloxime reaches a maximum turn over frequency (TOF) of 4500 
mmolH2 mol-1CAT min−1 and [Co(tpy)(phen)Cl](PF6)2 attains 3300 
mmol H2 mol-1CAT min−1 (Fig. 8). The activities decrease slowly to end 
after almost three hours. We observed a TON of 79 for [Co(tpy)(phen)Cl] 
(PF6)2 and TON of 141 for the cobaloxime in ca 3 h of illumination. 
Aliquots of fresh photosensitizer and catalyst are added at the end of the 
photoreactions (Fig. S15). For both catalysts, the activity starts again 
with addition of photosensitizer and no revival is observed in the case of 
catalyst addition indicating that the photosensitizer decomposes first. 
These results are comparable to the other systems reported in a smor
gasbord study of cobalt containing systems [30]. 

4. Conclusions 

The X-ray crystallographic structure of [Co(tpy)(phen)Cl](PF6)2 is 
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Fig. 5. Cyclic voltammogram of [Co(tpy)(phen)Cl](PF6)2. Solvent = acetoni
trile, [complex] = 1.0 mM, [nBu4N]ClO4 = 0.10 M, working electrode = (A) 
glassy carbon or (B) Pt, auxiliary electrode = Pt wire, reference electrode = Ag/ 
AgCl, and scan rate = 100 mV s−1. 

Scheme 2. A plausible redox behaviour of [Co(tpy)(phen)Cl](PF6)2 in CH3CN.  

Fig. 6. Spectroelectrochemical transformations of [Co(tpy)(phen)Cl](PF6)2. 
Solvent = acetonitrile, [complex] = 14.9 mM, [nBu4N]ClO4 = 0.10 M, working 
electrode = Pt mesh wire, auxiliary electrode = Pt wire, reference electrode =
Ag/AgCl, held potential = –1.20 V (top) and –1.52 V (bottom), and path length 
= 1 mm. 
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presented, along with its spectroscopic and cyclic voltammetric prop
erties. Unlike the report of its Co(II) analogue, we have demonstrated 
that that the Co(II/I) couple of [Co(tpy)(phen)Cl](PF6)2 possesses good 
reversible characteristics in aqueous and mixed aqueous environments. 
Like its analogous Co(II) counterpart, [Co(tpy)(phen)Cl](PF6)2 demon
strated excellent electrocatalytic hydrogen evolution at 830 mV over
potential in CH3CN, as well as photocatalytic hydrogen evolution with a 
high turnover number and moderate turnover frequency in DMF over a 
3 h period. 
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