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ABSTRACT 

We report on the first systematic study of cobaloxime-based hydrogen 

photoproduction in mixed pH 7 aqueous/acetonitrile solutions and demonstrate 

that H2 evolution can be tuned through electronic modifications of the axial 

cobalt ligand or through introduction of TiO2 nanoparticles. The photocatalytic 

systems consist of various cobaloxime catalysts [Co(dmgH)2(L)Cl] (L = nitrogen-

based axial ligands) and a water soluble porphyrin photosensitizer. They were 

assayed in the presence of triethanolamine as sacrificial electron donor. Optimal 

turnover numbers related to photosensitizer are obtained with electron-rich 

axial ligands such as imidazole derivatives (1131 TONs with N-methyl imidazole). 

Lower stabilities are observed with various pyridine axial ligands (443 TONs for 

para-methylpyridine), especially for those containing electron-acceptor 

substituents. Interestingly, when L is the para-carboxylatopyridine the activity of 

the system is increased from 40 to 223 TONs in the presence of TiO2 

nanoparticles 
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INTRODUCTION   

The development and optimization of methods allowing storing renewable 

energy sources such as sunlight is a major challenge to tackle both problems of 

decreasing stocks of fossil fuels and accumulating CO2 greenhouse gas in the 

atmosphere.1 A fairly promising path for the efficient conversion of solar energy  

into fuels, so-called solar fuels,2 is to develop efficient photocatalytic systems for 

hydrogen (H2) production from water,3, which constitutes a great endeavor of 

artificial photosynthesis. Typical photocatalytic systems contain distinct 

photosensitizer and catalyst, the former achieving light harvesting and initial 

charge separation. The system is generally assessed in the presence of a 

sacrificial electron donor, which allows decoupling the optimization of reductive 

and oxidative sides of water splitting. Great challenges in the field of 

photocatalytic hydrogen production include the development of systems based 

on earth-abundant materials together with the enhancement of their activity and 

durability.4, 5 Bioinspiration is a key feature in the design of such molecular 

systems. Water soluble porphyrins and metallated porphyrins, due to their 

similarity to natural photosynthetic dyes, are excellent candidates for efficient 

absorption of photons and charge separation in this context.6, 7 In addition 

cobaloximes gained great attention in the past ten years and have been used as 

catalysts in photocatalytic systems because of their low-cost, high activity and 

straightforward synthesis.8-30 

Recently our group reported an homogeneous system involving a porphyrin 

sensitizer and a cobaloxime catalyst  [Co(dmgH)2pyCl] (dmgH2 = 

dimethylglyoxime) for photoinduced hydrogen evolution from water.31 Upon 

continuous visible irradiation of mixed 50/50 acetonitrile/H2O solutions 

hydrogen was produced with the best result obtained at pH 7 with a TON of 320 

with respect to the porphyrin after 35 h.9, 10, 12, 32 In this study, we use same 

conditions to examine the influence of different axial ligands on the cobaloxime 

catalyst. 

 

RESULTS AND DISCUSSION 

A series of cobalt bisdimethylglyoximato complexes [CoIII(dmgH)2(L)Cl] (1-10) 

with different pyridine and imidazole axial ligands (Figure 1) were synthesized 
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according to the literature procedure by dissolving CoCl2·6H2O, 2 equivalents of 

dimethylglyoxime and 1 equivalent of NaOH in 95% ethanol at 70°C.33
 Then, 1 

equivalent of the appropriate ligand was added. All complexes were isolated in 

excellent yields after work-up (see Experimental Section for details). Compound 

[Co(dmgH)(dmgH2)Cl2] (10) was prepared and used as reference.34 Cyclic 

voltammograms (CVs) were recorded in DMF and displayed an irreversible 

reduction process assigned to the Co(III)/Co(II) transition and a reversible wave 

assigned to the Co(II)/Co(I) process. All cobalt complexes show similar 

behaviors (Table 1). Figure 2 (top) shows cyclic voltammograms of selected 

compounds in the series. We first note that the potential of the reversible Co(II)/Co(I) 

process depends on the nature of the axial N ligand. Secondly, on the return scan a 

novel Co(II) to Co(III) process is observed, the position of which also depends on the 

nature of the axial ligand. In both cases, a more electron-donating (respectively 

electron-withdrawing) substituent of the pyridine axial ligand results in a cathodic 

(respectively anodic) shift of the potential of the redox process. Collectively, these 

data indicate that the chloride ligand is reductively eliminated at the Co(II) state and 

that the N-ligand remains coordinated in the Co(II) state and probably also in the 

Co(I) state since the wave is electrochemically reversible. Multiple scan 

measurements indicate that the chloride ligand only slowly rebinds to the Co(III) 

center (Figure 2, bottom). 

Compounds 1-10 were characterized using FTIR spectroscopy. Table 1 gathers the 

wavenumbers corresponding to the Co-Naxial and Co-Cl stretching vibrations.35 It 

appears clearly that the Co-Cl bond strength decreases when the Co-Naxial bond 

strength increases, following an increase of the basicity of the axial N-ligand. 

Photocatalytic hydrogen production using 1-10 as catalysts, zinc meso-tetrakis 

(1-methylpyridinium-4-yl) porphyrin chloride [ZnTMPyP4+]Cl4 as 

photosensitizer (PS) and triethanolamine (TEOA) as sacrificial donor was 

measured as a function of time. All experiments were carried out under similar 

conditions as in our previously published work but with a slightly different setup 

(detailed conditions are provided in Experimental Section).31 The pH was 

adjusted to 7 through addition of aqueous HCl.  We note that, under such 

conditions, 10 is likely deprotonated with consequent detachment of (at least) 

one axial chloride ligand and ligation of neutral solvent molecule(s). Therefore 

Page 5 of 23 Dalton Transactions

D
al

to
n

Tr
an

sa
ct

io
ns

A
cc

ep
te

d
M

an
us

cr
ip

t



this compound displays a H+-annulated structure similar to other cobaloximes. 

The activity for each photocatalytic system is measured in turnover number 

versus photosensitizer (TON), which evolves as a function of time. The results 

are gathered in Figures 3 and 4.  Two photocatalytic behaviors can be 

distinguished. First cobaloximes containing imidazole or pyridine ligand with 

donor substituents prove highly active and stable.  By contrast, cobaloximes 

without pyridine ligands (for example with two chloride ligands) or with 

electron-withdrawing group-substituted pyridine ligands display significantly 

lower stability. Another difference is seen in the time-profile of H2 evolution: 

while the less stable systems immediately produce H2 on irradiation, the more 

stable systems display an S-shaped activity curve with lower initial rates of H2  

photoproduction. 

N-methyl imidazole-containing catalyst 9 proved to be the most stable one of the 

cobaloximes with 1135 turnovers achieved for H2 production after 50 hours of 

irradiation. Moreover, catalyst 8, containing imidazole axial ligand, exhibits a 

total TON of 565 under similar conditions. Using pyridine ligands with electron 

donating groups  as axial ligands also yield highly effective catalysts 4-7 

exceeding the activity of 3 (TON = 320, Figure 3).  Such an activity can be 

rationalized on the basis of the basicity of these N-based aromatic ligands, 

resulting in various electron-donor ability, after binding to cobalt. The higher pKa 

of imidazole derivatives (Table 2) correlates well with the higher stability of the 

corresponding systems compared to pyridine-based ones. In addition, the 

performances of systems using 3-5 follow their pKa values: the activity is 

increased following the order 5 (pKa = 6.02) > 4 (pKa=5.30) > 3 (pKa =5.22).   

Pyridine ligands with electron withdrawing groups and therefore lower pKa 

values form less effective catalysts 1-2 (Figure 3) as compared to 3. Because of 

its higher pKa value 2 is expected to produce more H2 than 1. This is however not 

the case, maybe due to the formation of carboxylate species under the conditions 

used.  Addition of TiO2 nanoparticles into the solution allows the attachment of 

the catalysts at the surface of the particles26 and the catalytic performance of 2 is 

improved by a five-fold factor. Upon irradiation of the system up to 223 

turnovers of H2 obtained after 29 hours of irradiation. We posit that binding of 

the carboxylate group of the pyridine ligand to TiO2 forms a mixed organic-
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inorganic ester26 with lower electron-withdrawing property but we cannot 

exclude the fact that TiO2 particles partake in catalysis as electron reservoirs as 

previously demonstrated by Reisner, Durrant and coworkers.28, 36 We note that 

cobaloxime 6 proves inactive under such conditions. This can be attributed to 

the amine being protonated at pH=7 (pKa = 9.12) therefore resulting in a strong 

electron-withdrawing ammonium group.37 The absence of catalytic activity 

observed with 4-hydroxypyridine derivative (7), may be due to the formation of 

a 4-pyridone tautomer.38 The above results are in agreement with literature data 

reported by us18 and by Reisner and coworkers.39 Both studies indeed 

demonstrated enhanced electrochemical H2 evolution activity for cobaloximes 

with electron-enriched axial ligands. 

Systems containing catalysts 1, 10 and 2-TiO2 rapidly produce H2 immediately 

upon irradiation, but H2 evolution stops after 10 h. By contrast, the other series 

of catalysts, achieving higher turnover number, display a significantly lower 

initial rate for H2 production than the second series. The highest TON is also 

achieved after a longer irradiation time (~50 hours).  

The efficiency and stability of a homogeneous photochemical system for H2 

evolution is actually controlled by four main processes: (i) light harvesting, 

charge separation and generation of a reducing agent; (ii) catalyst reductive 

activation;  (iii) H2 evolution catalysis and (iv) deactivation processes.  Under the 

conditions used, the efficiency of (i), as well as the rate of a possible deactivation 

of the photosensitizer are likely constant.  This is quite different for process (ii). 

In our previous work involving the same porphyrin photosensitizer,31 we used 

transient absorption measurements to show that that the triplet excited state of 

the porphyrin PS* contributes to H2  production. However, the potential of this 

state can be estimated to –0.45 V vs NHE40  so that only electron transfer to 

Co(III) generating the  Co(II)  species is thermodynamically possible. The 

formation of the Co(I) state of the catalyst can therefore only be possible from 

the reduced porphyrin photosensitizer PS– (E° ~ –0.85 V vs NHE 40), generated 

through reductive quenching by TEOA. The catalytic mechanism for H2 

production mediated by cobaloximes indeed involves formation of Co(III)-

hydride intermediates by protonation of Co(I). Next, Co(III)-hydrides are 

reduced into Co(II)-hydrides through electron transfer either from the 
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photosensitizer or from Co(I) species.10, 41-43 H2 is then formed through 

protonation of these Co(II)-H species regenerating the cobaloxime in the Co(II) 

state.   

Comparing redox potentials measured in distinct solvents is always challenging. 

In the present case, we use a mixture of water and acetonitrile in the presence of 

a high concentration of TEOA so that extrapolations are almost impossible. It 

seems however from the comparison of E0(PS–/PS) and E0(CoII/CoI) that the 

driving force for the formation of Co(I) from PS– is quite small. Under such 

conditions, small variations of the redox potential of the Co(II)/Co(I) process due 

to the  influence of the axial ligand can control the reduction activation process 

(ii) and explain the large difference in reactivity observed within the series. In 

particular, the lower initial rates for H2 evolution observed with the catalysts 

containing the stronger axial ligands correspond to a lower driving force for 

electron transfer from the reduced photosensitizer to the Co(II) catalyst.  

In addition, the nature of the axial ligand alters the properties of the 

intermediate Co(III)-hydride derivative, both through a modification of the 

Co(III)-H/Co(II)-H redox potential and through a modification of the 

nucleophilicity of the Co(II)-H derivative.18, 44-46  In particular, as said above, 

electron-donating axial ligands enhance the rate of H2 evolution catalysis 

(process iii).18, 39 This effect is however not observed here since (ii) is the rate 

determining process. We note that this behavior contrasts with that described 

for a related photocatalytic diimine-dioxime cobalt system, in which the 

introduction of an electron-withdrawing axial ligand capable of stabilizing low 

oxidation states was observed to slow down the rate of photocatalytic hydrogen 

evolution.47, 48 In that system, the potential of the Co(II)/Co(I) couple is however 

more positive than for cobaloxime so that process (iii), not (ii), is rate-

determining. Consequently, the electron-withdrawing phosphine ligand 

decreases the rate of H2 evolution catalysis and initial rates for light-driven H2 

evolution. 

Factors governing the stability against degradation (process iv) of reduced 

cobaloxime derivatives, including hydridocobaloximes are still unclear. We 

recently showed using time-resolved X-ray absorption spectroscopy that, in 

some cases, Co(I) species that accumulate under photocatalytic conditions22 are 
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not catalytically active. The mechanism for such degradation is still under 

investigation, although it may be attributed to hydride transfer from the metal 

center to the ligand, competing catalytic H2 evolution.49, 50 In that perspect, the 

fastest catalysts are less prone to degradation. The more nucleophilic hydride 

species indeed preferably reacts with protons, rather than migrating to the 

ligand, causing deactivation. This  results in increased total turnover number, as 

observed with the stronger axial ligands in this study.39 Such a rational however 

does not stand for the diimine-dioxime cobalt system,47, 48 in which stabilization 

of the low valent redox states by electron-withdrawing phosphine ligand is 

accompanied by an increase of the total turnover number. While more studies 

are needed to fully understand the reactivity of intermediate species in this 

popular, though complex, series of catalysts, it seems clear that electron-rich 

ligands positioned in trans position to the hydride enhance its electron density 

and therefore its nucleophilicity/hydridicity, favoring protonation and H2 

evolution over hydride transfer and resulting in higher stability of the catalytic 

system.  

 

CONCLUSIONS 

In this study we have for the first time investigated different cobaloximes with 

various axial ligands as catalysts in photocatalytic hydrogen production. This 

systematic study shows a subtle influence of axial ligands on the performances of 

the system, both in terms of initial catalytic rate and overall catalytic stability. 

Weak axial ligands display rapid initial catalysis but result in low stability. By 

contrast, stronger axial ligands induce a reduced initial rate, but a better long-

term stability. Further studies are still needed to fully understand the nature of 

the degradative process. In that prospect, the use of various techniques such as 

time-resolved X-ray absorption spectroscopies20-22 may be very valuable to 

identify all species at work during catalysis.  

 

EXPERIMENTAL SECTION  

Materials. All chemicals were purchased from the usual commercial sources and 

used as received. 
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Spectroscopy. 1H NMR spectra were recorded on Bruker AMX-500 MHz and Bruker 

DPX-300 MHz spectrometers as solutions in deuterated solvents by using the solvent 

peak as the internal standard. UV-Vis absorption spectra were measured on a 

Shimadzu UV-1700 spectrophotometer using 10 mm path-length cuvettes. IR spectra 

were recorded on Bruker IFS 66 spectrometer. 

Electrochemistry. Cyclic voltammetry experiments were carried out at room 

temperature using an SP-300 Bio-Logic potentiostat. All measurements were carried 

out in DMF with a solute concentration of ca. 1.0 mM in the presence of 

tetrabutylammonium tetrafluoroborate (0.1 M) as supporting electrolyte. A three-

electrode cell setup was used with a glassy carbon working electrode, a silver/silver 

chloride reference electrode, and a platinum wire as counter electrode. All potentials 

are reported versus the ferrocene/ferricinium couple added in the electrolyte at the end 

of each measurement. 

Synthesis of the Photosensitizer 

The dye [ZnTMPyP]4+Cl‐4 (PS) were synthesized according to the literature.51  

General synthesis of catalysts 1-10 

The general synthesis of cobalt complexes with dimethylglyoxime, 

[Co(dmgH)2(L)(L’)] is described in the literature.33 CoCl2·6H2O (500 mg, 2.15 mmol), 

dimethylglyoxime (551 mg, 4.70 mmol), and NaOH (86.0 mg, 2.15 mmol) were 

dissolved in 95% ethanol (20 mL) and heated to 70°C. Ligand (L) (2.15 mmol) was 

then added and the resulting solution cooled to room temperature. A stream of air was 

then passed through the solution for 30 min, which caused precipitation of a brown 

solid. The suspension was stirred for 1 h and filtered. The precipitate was successively 

washed with water (5 mL), ethanol (2 x 5 mL), and diethyl ether (3 x 5 mL). The 

product was then extracted with acetone. Removal of the solvent from the extracts 

yielded pure complex. 

Synthesis of the [Co(dmgH)2(4-CN-py)Cl] (1). 

4-cyano-pyridine used as the axial ligand yielding the desired complex with 87%. 

Anal. Calcd for C14H18ClCoN6O4: C, 39.22; H, 4.23; N, 19.60. Found: C, 39.14; H, 

4.28; N, 19.53. 1H NMR (500 MHz, CDCl3): δ= 18.12 (broad, OH), 8.53 (d, J = 6.7 

Hz, 2H), 7.47 (d, J = 6.7 Hz, 2H), 2.41 (s, 12H). 13C NMR (125 MHz, CDCl3): 

δ=153.27, 152.51, 127.32, 123.73, 114.57, 13.37.  

Synthesis of [Co(dmgH)2(4-COOH-py)Cl] (2). 
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4-carboxy-pyridine used as the axial ligand yielding the desired complex with 58%. 

Anal. Calcd for C14H19ClCoN5O6: C, 37.56; H, 4.28; N, 15.64. Found: C, 37.44; H, 

4.35; N, 15.72. 1H NMR (300 MHz, DMSO): δ=18.44 (s, 2H, OH), 14.14 (s, 1H, OH), 

8.21 (d, J = 6.1 Hz, 2H), 7.85 (d, J = 6.0 Hz, 2H), 2.31 (s, 12H). 13C NMR (75 MHz, 

DMSO): δ= 164.61, 152.73, 151.37, 141.17, 125.17, 12.70.  

Synthesis of [Co(dmgH)2(py)Cl] (3). 

Pyridine used as the axial ligand yielding the desired complex with 52%. Anal. Calcd 

for C13H19ClCoN5O4: C, 38.68; H, 4.74; N, 17.35. Found: C, 38.74; H, 4.61; N, 17.30. 
1H NMR (300 MHz, CDCl3): δ=18.20 (broad, OH), 8.27 (d, J = 5.4 Hz, 2H), 7.70 (t, J 

= 7.5 Hz, 1H), 7.22 (d, J = 7.0 Hz, 2H), 2.40 (s, 12H). 13C NMR (75 MHz, CDCl3): 

δ=152.73, 151.21, 139.03, 125.78, 13.24.  

Synthesis of [Co(dmgH)2(4-SH-py)Cl] (4). 

4-thiolo-pyridine used as the axial ligand yielding the desired complex with 61%. 

Anal. Calcd for C13H19ClCoN5O4S: C, 35.83; H, 4.39; N, 16.07. Found: C, 35.93; H, 

4.23; N, 16.12. 1H NMR (300 MHz, DMSO): δ= 18.25 (broad, 4H), 14.45 (broad, 

1H), 8.12 (d, J = 5.9 Hz, 2H), 7.52 (d, J = 7.1 Hz, 2H), 2.25 (s, 12H). 13C NMR (75 

MHz, DMSO): δ=173.88, 150.33, 149.25, 127.36, 12.38.  

Synthesis of [Co(dmgH)2(4-CH3-py)Cl] (5). 

4-methyl-pyridine used as the axial ligand yielding the desired complex with 89%. 

Anal. Calcd for C14H21ClCoN5O4: C, 40.25; H, 5.07; N, 16.77. Found: C, 40.32; H, 

4.99; N, 16.65. 1H NMR (300 MHz, CDCl3): δ=18.30 (broad, OH), 8.07 (d, J = 6.1 

Hz, 2H), 7.01 (d, J = 5.8 Hz, 2H), 2.36 (d, J = 15.1 Hz, 12H), 2.32 (s, 3H). 13C NMR 

(75 MHz, CDCl3): δ=152.56, 151.47, 150.34, 126.77, 21.00, 13.20.  

Synthesis of [Co(dmgH)2(4-NH2-py)Cl] (6). 

4-amino-pyridine used as the axial ligand yielding the desired complex with 28%. 

Anal. Calcd for C13H20ClCoN6O4: C, 37.29; H, 4.81; N, 20.07. Found: C, 37.20; H, 

4.94; N, 19.99. 1H NMR (300 MHz, DMSO): δ=19.33 (broad, OH), 7.61 (s, 2H), 6.74 

(s, 2H), 6.33 (s, 2H, NH2), 2.47 (s, 12H). 13C NMR (75 MHz, DMSO): δ= 165.53, 

152.73, 150.57, 115.11, 12.67.  

Synthesis of [Co(dmgH)2(4-OH-py)Cl] (7). 

4-hydroxy-pyridine used as the axial ligand yielding the desired complex with 26%. 

Anal. Calcd for C13H19ClCoN5O5: C, 37.20; H, 4.56; N, 16.69. Found: C, 37.12; H, 

4.65; N, 16.65. 1H NMR (300 MHz, DMSO): δ=18.49 (s, 2H, OH), 11.80 (s, 1H, OH), 
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7.65 (s, 2H), 6.79 (s, 2H), 2.32 (s, 12H). 13C NMR (75 MHz, DMSO): δ=166.60, 

152.18, 150.68, 114.17, 12.55.  

Synthesis of [Co(dmgH)2(imidazole)Cl] (8). 

Imidazole used as the axial ligand yielding the desired complex with 77%. Anal. 

Calcd for C11H18ClCoN6O4: C, 33.64; H, 4.62; N, 21.40. Found: C, 33.52; H, 4.73; N, 

21.30. 1H NMR (300 MHz, DMSO): δ=18.67 (s, 2H, OH), 12.78 (s, 1H), 7.28 (s, 1H), 

7.08 (s, 1H), 6.43 (s, 1H), 2.30 (s, 12H). 13C NMR (75 MHz, DMSO): δ=151.40, 

136.21, 125.84, 118.98, 12.42.  

Synthesis of [Co(dmgH)2(N-methyl-imidazole)Cl] (9). 

N-methyl-imidazole used as the axial ligand yielding the desired complex with 78%. 

Anal. Calcd for C12H20ClCoN6O4: C, 35.44; H, 4.96; N, 20.66. Found: C, 35.36; H, 

4.98; N, 20.55. 1H NMR (300 MHz, CDCl3): δ=18.46 (broad, OH), 6.69 (d, J = 15.7 

Hz, 2H), 3.60 (s, 3H), 2.38 (s, 12H). 13C NMR (75 MHz, CDCl3): δ=151.93, 137.89, 

128.60, 122.05, 35.20, 13.06.  

Synthesis of [Co(dmgH2)(dmgH)Cl2] (10). 

CoCl2·6H2O (500 mg, 2.15 mmol) dissolved in acetone (17mL). Dimethylglyoxime 

(551 mg, 4.70 mmol) was then added and the resulting solution stirred at room 

temperature for 20 minutes and filtered. The product was then extracted with acetone. 

Removal of the solvent from the extracts yielded pure 10 with 72%. Anal. Calcd for 

C8H14Cl2CoN4O4: C, 26.69; H, 3.92; N, 15.56. Found: C, 26.79; H, 3.84; N, 15.42. 1H 

NMR (300 MHz, DMSO): δ=7.98 (broad, OH), 2.34 (s, 12H). 13C NMR (75 MHz, 

DMSO): δ=149.60, 12.31. 

Hydrogen production measurements. 

For photoinduced hydrogen evolution, each sample was prepared in a 30 mL 

Schlenck flask. Prior to sample preparation, an aqueous solution of TEOA (10% vol) 

was adjusted to pH=7 using conc.HCl. The components were then dissolved in 10 mL 

of a 1:1 (v/v) mixture of acetonitrile= and the aqueous TEOA (10%) solution. The 

sample flask was sealed with a Suba‐seal septum and degassed by bubbling nitrogen 

through the solution for 20 min at room temperature. The samples were irradiated 

with a 500 W Xenon lamp using a cutoff filter designed to remove all light with λ < 

440 nm. The amounts of hydrogen evolved were determined by gas chromatography 

(external standard technique) using a Shimadzu GC‐2010 plus chromatograph with a 

TCD detector and a molecular sieve 5 Å column (30m-0.53 mm). Control 

experiments were run under the same conditions as the hydrogen evolution 
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experiments with the removal of one of the components of the hydrogen generating 

samples.  

For some control experiments a filter assembly was used consisting of a narrow 

bandpass filter at 572nm (bandwidth about 10nm FWHM) and a color‐glass filter 

KG5. The color‐glass filter transmits almost everything between 330 and 700nm but 

blocks the deep UV and IR radiation of the lamp. Extra care was taken to prevent 

stray UV light from reaching the sample by covering the area around the filter 

assembly with a large black carton.  

An excess of mercury (ca 30eq) was added to our in order to investigate the effect of 

mercury during hydrogen production. More particularly, hydrogen production was not 

affected by the presence of mercury in the reaction mixture indicating that metallic 

cobalt particles are not formed as active catalytic species during the experiment. 

Metallic mercury remains shiny without forming an amalgam. 

For the hydrogen evolution experiments the conditions were as follows: Hydrogen 

production upon irradiation (λ>440nm) of solution (Acetonitrile-TEOAaq (10%, pH 

7) (1:1 v/v) containing 1 (4.0 × 10‐5M) and the respective catalyst (4.9 × 10‐4M). In 

the case of the experiments containing TiO2 the procedure was the following.  A 

solution of 2 (0.1 µmol in 0.5mL of TEOA, 10% v/v, pH 7) was added to a stirred 

dispersion of TiO2 (20mg in 1mL TEOA). The mixture was left  stirring for 1 h, 

was  then centrifuged,   and   the   filtered, clear   supernatant was then 

analysed   by   UV-vis spectrophotometry.  The amount of 2 adsorbed to TiO2 was 

quantified by the absorbance difference at 244 nm before and after exposure to TiO2 

nanoparticles.  The amount    adsorbed to TiO2 particles after 1 h was 89 ± 2 %.26  
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Figure 1. Structures of meso-tetrakis (1-methylpyridinium-4-yl) porphyrin 

chloride ([ZnTMPyP4+]Cl4)  and of the series of cobaloxime with 

different axial ligands 1-10 used in this study. 
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Figure 2. top: Cyclic voltammograms of selected cobaloxime complexes (1mM, 

normalized with regards to the Co(II)/Co(I) signal of 3) recorded in DMF 

(+ 0.1 mol.L–1 n-Bu4NBF4) at glassy carbon electrode (scan rate 100 
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mV.s–1); bottom: first two cycles recorded under similar conditions as 

above with cobaloxime complex 9.  
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Table 1. IR spectral data for catalysts, pKa
52 of corresponding axial ligands in 

water, and redox potentials of their Co(III)/Co(II) (irrev) and 

Co(II)/Co(I) (rev.) processes. 

 
Catalyst pKa ̅v Co-Naxial (cm–1) v Co-Cl (cm–1) E (V vs Fc+/Fc) 

    Epc 

Co(III)/Co(II) 
(Epc+Epa)/2 
Co(II)/Co(I) 

1 1.90 435 428 –0.98 –1.50 

2 4.18 441 428 –1.11 –1.55 

3 5.22 455 420 –1.10 –1.53 

4
2
 5.30 480 419 –1.09

1
 –1.59 

5 6.02 483 418 –1.15 –1.54 

6
3
 9.17 515 416 –1.08 –1.61 

7
2
 11.0 507 409 –1.17 –1.55 (–1.65)4

 

8 6.90 495 413 –1.26 –1.58 

9 7.40 503 412 –1.31 –1.57 

10 -  414 –1.29 –1.52 

 
1 additional processes in this region assigned to thiol/ disulfide transition 
2 low solubilty 
3  low electrochemical response despite good solubility 
4  two reversible processes indicating the presence of isomeric species. 
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Figure 3. Comparison of photocatalytic H2 production of 3 with catalysts 4, 5, 8 and 

9. Conditions used are listed in Table 2 and experimental section. 
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Figure 4. Comparison of photocatalytic H2 production of 3 with catalysts 1, 2, and 

10. Conditions used are listed in Table 2 and experimental section. 
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Table 2. Photocatalytic Hydrogen Production Using Different Cobaloximes as the 
Catalysts 

 

Catalyst pKa TON TOF (h
-1

) Time for reaching plateau (h) 

1 1.90 77 10 11 
2 4.18 40 2 26 

2-TiO2 - 223 9 29 
3 5.22 320 8 63 
4 5.30 425 12 43 
5 6.02 443 9 40 
6 9.17 - - - 
7 11.0 - - - 
8 6.90 565 11 50 
9 7.40 1135 23 50 

10 - 290 10 23 
 

1 Difference for the TON with the previously work31 is due to the use of a slightly different setup for 

the photocatalytic process (a new reactor with 12 positions has been built). Therefore, the irradiation 

conditions are not exactly the same. 

 

Conditions: Hydrogen production upon irradiation (λ>440nm) of solution 

(Acetonitrile-10% aqueous solution of TEOA (1:1 v/v) adjusted to pH=7 using 

HClconc. containing PS (4.0 × 10‐5M) and the respective catalyst (4.9 × 10‐4 M).  The 

ratio PS / catalyst is 0.082. 
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