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Nieuwe klimaatwet; new law for climate

5% CO2 emission in 2050

Wind, solar……
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Wind, solar……chemistry

Solar Fuel for a sustainable Future

n Required for applications that need fuel (plane)
n Energy storage of sustainable intermittent energy

New opportunities: 
Electrocatalytic processes for sustainable chemical applications
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Solar Fuel: techno-economic analysis

This journal is©The Royal Society of Chemistry 2018 Energy Environ. Sci.

both PEM and SOE electricity consumption is the major cost
component. Due to a low learning rate for AE, CAPEX and O&M
become the dominant component of the H2 production costs
via this route within a decade.

The PEC approach to produce REN H2 might also yield a
competitive production cost during the timeframe considered,
by 2031 in our most optimistic scenario. Like with the AE and
PEM routes, however, PEC technology does not reach compe-
titivity before 2050 in our base case. The high learning rate of
this novel technology allows for fast cost reductions if enough
capacity is installed. Before the PEC route can be implemented
on the necessary scale, many technical hurdles still have to be
overcome. To date, PEC technology has only been shown to
work in the laboratory and has not entered the demonstration
or commercial phase yet. As a result, high uncertainties exist in
our cost projections, as can be observed in Fig. 7. PEC technol-
ogies might for a long time to come continue to suffer from
high upfront investment costs, since they involve ‘‘all-in-one’’
systems and thus cannot directly benefit from cost reductions

realized in existing systems such as those based on solar PV.
This is also demonstrated in the cost-breakdown curves for the
base case and optimistic scenario, which reveal that the major
cost-components are CAPEX and O&M, while electricity demand
is very low (Fig. S1 and S2, ESI†).

Fig. 7 shows that REN syngas production by CO2-SOE becomes
competitive in 2039 under optimistic technology deployment
assumptions, but remains uncompetitive in 2050 in the base
case. If CO2-SOE is coupled to FT synthesis producing REN diesel,
a more competitive situation is obtained. With this approach (see
last plot in Fig. 7) the base case arrives at break-even costs in 2037,
while in our most optimistic scenario competitive costs are
reached already in 2025. For PEM electrolysis coupled to
CO2-based REN methanol production, break-even costs are
not achieved before 2050 in the base case, but are in our most
optimistic scenario, by 2032. Under our most conservative
projections, none of the seven REN fuel routes reach break-
even cost values before 2050. For all carbon-based REN fuels,
for the optimistic scenario in 2050, not only electricity but

Fig. 7 Projected levelized costs (in US$(2015) per kg) until 2050 for the production of REN fuels based on learning curves for the underlying
technologies. Among the four routes presented for REN H2 production with H2O as feedstock are three electrolysis options (AE, PEM, and SOE) and one
photoelectrochemical approach (PEC). In three routes CO2 is introduced as additional feedstock for the production of carbon-based REN fuels (syngas,
methanol, and diesel). The horizontal dotted break-even lines represent the current costs of producing these fuels on the basis of fossil fuels.
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Economic competitive  2025-2040

Detz, van der Zwaan, Reek Energy Environ Sci.   2018 in press ECN/TNO

n PV-Electrolysis n Integrated device

Dam, vd Krol et al. Nat Commun 2013

Solar Fuel

Catalysts may be the same!
Overpotential/rate crucial
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Solar to fuel device based on molecular components

Ir, Ru, Ni, Fe Co, Ni, Fe

Solar to fuel device based on molecular components

Artificial Photosynthesis

Molecular approaches

Solar to fuel devices 
Based on molecular
components

Molecular components 
to make new catalyst 
materials

Molecular components to 
make functional MOF’s

Molecular catalysts
for electrochemical
processes
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Example:   Ir-NHC-WOC
n Highest activity with 
non-coordinating anions 
in the buffer at pH 3-4
n Onset overpotential is 
ca. 300 mV in ClO4-media

With Hetterscheid/Koper
Diaz-Morales et al., JACS 2014, 10432-10439
Chem Commun 2011, Chem.Eur J 2014

   

 51 

a rational assumption can be made that explains the trend of the graphical rate equations 
constructed for compounds 19, 14, 21 and 12. 
 

As mentioned in the introductory section, earlier studies report a first order dependence in the 
catalyst and CAN concentration for NHC IrCp*(OH)2 complex 20. The experimental 
evaluation, however, was performed at much higher catalyst and CAN concentrations.21,39 
Under the experimental conditions used in the current study, the structurally related complex 
19 and both the pyridine complex 21 and the tris-aqua complex 14 show a broken order in the 
catalyst concentration of 1.65. The broken order points at the presence of a monomer-dimer 
equilibrium before the rate determining step (RDS) of the mechanistic cycle that affects the 
overall rate of the catalytic oxidation of H2O. The existence of a monomer-dimer equilibrium 
was previously suggested by Crabtree for the tris-aqua complex 14 after evaluation of a variety 
of IrCp* water oxidation catalysts.12,26,38 It is assumed that the broken order of 1.65 found for 
NHC complex 19 and pyridine complex 21 is the result of a similar monomer-dimer 
equilibrium. This equilibrium is assumed to be caused due to the reversible formation of 
catalytically active bis-µ-oxo bridged dimeric species in solution, displayed in figure 2.11, of 
which the molecular structure resembles the dimeric species found for complex 20 when 
studied under electrocatalytic conditions (bottom-right panel in figure 2.5).25 
 

 
Figure 2.11 (left) Monomer-dimer equilibrium before the rate determining step (RDS) leads to a 
broken order in catalyst concentration. (right) Postulated in-situ dimer formation for NHC complex 19 
(L = NHC) and tris-aqua complex 14 (L = H2O). 
 
The graphical rate equation for pyridine complex 21 and tris-aqua complex 14 show a similar 
trend in the maximum TOF and the reaction order in [Ir]. The graphical rate equation for NHC 
complex 19 is also similar in terms of the maximum TOF and the reaction order in [Ir] but 
differs in the change of the Ce4+ consumption rate at the start of the reaction where 
[Ce4+]t/[Ce4+]0 equals 1 (depicted in figure 2.12, indicated by the arrow). The similarities 
between pyridine complex 21 and tris-aqua complex 14 implies that under the experimental 
conditions the pyridine ligand is readily decoordinated to be replaced with H2O, forming 
essentially the same catalytic precursor as tris-aqua complex 14.‡ This has been assumed to be 
the case for tetramethylethylenediamine complex 11 as well (see figure 2.2), as similar kinetic 

                                                           
‡ In the event that both chloride ions dissociate as well upon dissolving complex 12 in 0.1 M HNO3.  

In situ MS/Raman on gold electrode

Martin Koelewijn, ACS Catalysis, 2016, 3418-3427

Anchoring water oxidation catalysts
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Electrode preparation

Electrode: glass/FTO/TiO2 coated with Ir-NHC-catalyst

co
nd
uc
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r

e-

Catalyst

Anode in Clark electrode with CAN

 

  

Figure 4.2 (left) chronoamperometric measurement of FTO/TiO2/2 at 2.0 V vs NHE in 0.1 M 
phosphate buffer at pH 2.0; (right)  ATR-IR surface analysis of FTO/TiO2/2 after operation. 

Electrocatalysis

1.5 V vs NHE

Molecular approach to make new catalyst materials

H2IrCl4

With dr Ning Yan
Suschem UvA
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Molecular approach to make new catalyst materials

H2IrCl4

Single Ir on MnOx

H2IrCl4

a After 100 CV cycles
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How to use supramolecular chemistry to 
promote redox catalysis for water splitting

Overall reaction: 2H2O = O2 + 4H2

Water oxidation: 2H2O = O2 + 4e- + 4H+

Proton reduction: 4e- + 4H+ = 2H2

L. Sun, et al., Nat. Chem. 4, 418–423 (2012).
L. Sun, et al., Angew. Chem. Int. Ed. 2013, 52, 3398–3401.
L. Sun, et al., Chem. Commun., 2014, 50, 12947-12950.
L. Sun, et al., J. Am. Chem. Soc., 10397–10399 (2009)

Ruthenium catalysts for water oxidation

Dinuclear mech!
Conception et al., Chem Soc Rev., 6170 (2017)
Reek et al., Chem Eur J., 16413 (2017)
Meyer et al., Chem Soc Rev., 6148 (2017)
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L. Sun, et al., J. Am. Chem. Soc., 10397–10399 (2009)

Ruthenium catalysts for water oxidation

Fastest catalyst with chemical oxidant
Radical coupling; second order in catalyst.

T. J. Meyer, et al., Proc. Natl. Acad. Sci. 
112, 4935–4940 (2015).

Electrochemical water oxidation
First order in catalyst;
KIE: D2O/H2O around 2

L. Sun, et al., J. Am. Chem. Soc., 10397–10399 (2009)

Ruthenium catalysts for water oxidation

Fastest catalyst with chemical oxidant
Radical coupling; second order in catalyst.

T. J. Meyer, et al., Proc. Natl. Acad. Sci. 
112, 4935–4940 (2015).

Electrochemical water oxidation
First order in catalyst;
KIE: D2O/H2O around 2

?
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Nanoconcentrator for water oxidation ?

Fengshou Yu, submitted

Nanoconcentrator for water oxidation ?

Upto 12 ruthenium catalysts
bound in the nanosphere
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CV measurements with the ratios of complex 1 to sphere from 1 to 12 at scan rate of 10
mV s-1. The overall catalyst concentration is 2.5 * 10-5 for all samples.

Electrochemical water oxidation: effect of local
catalyst concentration

CV measurements with the ratios of complex 1 to sphere from 1 to 12 at scan rate of 10
mV s-1. The overall catalyst concentration is 2.5 * 10-5 for all samples.

Effect of local catalyst concentration on 
electrochemical water oxidation rate
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Rate determining step depends on local ruthenium concentration

Relative rate

KIE

The nano-concentrator concept for proton reduction?

Hydrogenase: 
9000 m/m/sec
No overpotential

Molecular cages to facilitate for proton reduction
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Examples of some hydrogenase mimics

Players in the field: Raughfuss, Darensbourg,Gloaguen, Sun, Wu, Wang,
Fontecave, Eisenberg, Nocera, Picket, Ott, Reek,Dubois …….

Recent Reviews: Coord. Chem. Rev. 2014, p127; Energy Environ Sci, 2012, 6763;
Energy Environ Sci, 2012, 6012; Chem Soc. Rev., 2012, 6763

Organic solvents
Instable

Overpotential
Lower activity
…..

Hydrogenase mimics
catalysis where the current is limited by the rate of diffusion of

the acid to the electrode. In view of the merits of the mild

reduction potential of 34 as compared to other [FeFe]–H2ase

mimics, the two-electron transfer process and the good stability

of the reduced species, this family of [FeFe]–H2ase mimics

deserve further deep study of the electro- and photocatalytic H2

production.

The mechanisms for electrochemical H2 production catalyzed

by diiron complexes depend on the basicity of diiron centers, the

internal bases and the ligands in the catalysts, as well as the

reaction conditions, such as the acids and media employed.

Four possible pathways have been reported for electrocatalytic

H2 generation by diiron complexes, namely EECC, ECCE,

CECE and CCEE (Scheme 3). The EECC mechanism has been

proposed for electrochemical H2 production with a weak acid

(HOAc) in CH3CN catalyzed by all-CO diiron complexes,

while the ECCE mechanism has been proposed for the PR3-

substituted diiron complexes.58 The CECE pathway is a plau-

sible mechanism for the PR3-substituted diiron complexes

without an internal base when a stronger acid (HOTs) is

employed as the proton source and the protonation occurs at

the diiron center.70 For catalysts containing an internal base, the

CECE mechanism is also possible with an internal base as the

proton relay, which is normally an amine base, if the pKa of

the acid used matches the basicity of the internal base.71 In the

presence of a strong acid (H2SO4) in CH3CN, the H2-evolving

reaction catalyzed by (m-pdt)[Fe(CO)2(PMe3)][Fe(CO)2(CN)]!

possibly proceeds by a CCEE mechanism.54 In addition, the

ECEC mechanism has been proposed for photochemical H2

production catalyzed by diiron complexes,72 but has not been

assumed for the diiron-based electrochemical H2-evolving

catalyst systems.

4 Electrocatalytic H2 production with earth-
abundant metal complexes in aqueous solutions

4.1 Electrocatalytic production of H2 in acidic aqueous
solutions

4.1.1 With [FeFe]–H2ase mimics as the catalysts. Water

solubility, at least to a certain extent, is one of the desired

properties for H2-evolving catalysts, considering that the ulti-

mate goal is to build H2 production systems combining the

proton reduction catalysts with a water oxidation system. Most

iron-based molecular catalysts are only soluble in organic

solvents. Therefore, studies on their electrocatalytic H2 produc-

tion are usually made in organic solvents, such as CH3CN, DMF

and THF, in the presence of various acids. Some efforts have

been made to enhance the water solubility of diiron dithiolate

Table 5 The influence of CO-displacement on the electrocatalytic properties of [FeFe]–H2ase mimicsa

Set Complex Non-CO ligand Ep (V) OPb (V) C.E.c [HOAc] (mM) [Catalyst] (mM) Ref.

I 21 — !2.35 0.89 0.06 100 2.0 58
22 PTA !1.94 0.48 0.03 100 2.0 59
23 2 PTA !2.18 0.72 0.08 100 2.0 59
24 2 PMe3 !2.25 0.79 0.11 100 2.0 59

II 25 DAPTA !1.83 0.37 0.43 4 1.0 60
26 2 DAPTA !2.0 0.54 0.65 4 1.0 60

III 27 PPh2(2-Py) !1.86 0.40 0.43 5 1.0 61
28 PPh2(2-Py) PMe3 !2.20 0.74 0.70 5 1.0 61

IV 29 IMe2
d !2.08 0.62 0.19 10 1.0 62

30 IPyMee !2.30 0.80 1.10 10 1.0 62

aConditions: a GC working electrode, a platinum wire counter electrode and a Ag/AgNO3 (0.01 M in acetonitrile) reference electrode, in acetonitrile.
bOP¼ overpotential¼ |Ep ! E#

HA|.
c The C.E. values are either cited from ref. 15 or calculated according to eqn (1). d IMe2 ¼ 1,3-dimethylimidazol-2-

ylidene. e IPyMe ¼ 1-methyl-3-(2-pyridyl)imidazol-2-ylidene.

Table 6 The influence of changing the dithiolato group on the electrocatalytic properties of [FeFe]–H2ase mimicsa

Complex Ep (V) OPb (V) C.E.c [HOAc] (mM) [Catalyst] (mM) Ref.

31 !2.20 0.74 0.40 10 1.0 63
32 !2.28 0.82 0.91 10 1.0 64
33 !2.10 0.74 0.19 10 1.0 65
34d !2.11 0.65 0.64 5 1.0 68,69

aConditions: a GCworking electrode (except 34) in acetonitrile. bThe same as those in Table 5. c The same as those in Table 5. d With a mercury film on
a gold disk working electrode.

Fig. 7 The structures of [FeFe]–H2ase mimics 21–34.

6772 | Energy Environ. Sci., 2012, 5, 6763–6778 This journal is ª The Royal Society of Chemistry 2012
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Becker, Dalton 2013

Van den Bosch

photosensitizer side-attached via a phosphine ligand.7 In
contrast, an intermolecular electron transfer from photo
reduced [Ru(bpy)3]

+ to [(μ-SCH2)2XFe2(CO)6] (X = CH2
or NCH2Ph) was proven with transient absorption (TA)
spectroscopy.8 More recently, the formation of a Fe0FeI species
via one-electron transfer from the photogenerated organic
radical, Et2NĊHCH3, to [(μ-pdt)Fe2(CO)5(PMe3)] (pdt =
propane-1,3-dithiolate), was confirmed by quenching experi-
ments monitored in situ by electron paramagnetic resonance
(EPR) spectroscopy.9

The first example of a self-assembled porphyrin-diiron
complex, namely, [(μ-SCH2)2NC(O)C5H4N]Fe2(CO)6·
ZnTPP, was reported by Song and co-workers.10 A
luminescence quenching efficiency up to 78% within this self-
assembly supported the proposed electron transfer. Two years
later, the first evidence from time-resolved (TR) spectroscopy
was obtained for the electron transfer from excited ZnTPP to
[{(μ-SCH2)2N(CH2CH2OOCPy)}Fe2(CO)6] in a noncova-
lent assembly. The diiron core photoreduction was verified by
using nanosecond flash photolysis in the Sun’s laboratory.11

Shortly afterward, our group reported a family of self-assembled
Fe2S2−PPh2(pyridyl)-zinc porphyrin complexes that exhibited
photocatalytic activity, notably in the presence of two different
porphyrin chromophores. Infrared (IR) spectroscopic monitor-
ing of the photoreaction has revealed that a disubstituted
catalyst, namely, [(μ-pdt)Fe2(CO)4(PPh2Py)2], was formed via
disproportionation of the photo reduced parent pentacarbonyl
complex.12

More recently, a photodriven ultrafast intramolecular
electron transfer from photoexcited zinc porphyrin to a
hydrogenase-model diiron dithiolate complex was thoroughly
investigated by Wasielewski and co-workers in covalently linked
zinc porphyrin-NMI-S2−Fe2(CO)6 (NMI = naphthalene
monoimide) with femtosecond TA spectroscopy.13 The study
yielded lifetimes for the charge separation and recombination
processes, namely, τCS = 24 ± 1 ps and τCR = 57 ± 1 ps
(CH2Cl2), respectively. Compared to the NMI-lacking
reference complex, that is, [(μ-naphdt)Fe2(CO)6] (1, naphdt
= naphthalene-1,8-dithiolate)14 (Chart 1), the incorporation of
the electron-withdrawing NMI group in [μ-(tol-NMI-S2)-
Fe2(CO)6] (tol = toluene) (2; Chart 1) positively shifted the
first reduction potential by ca. 0.4 V and made the electron
transfer from zinc porphyrin (ZnP) to the diiron part in 2-ZnP
thermodynamically favorable (ΔG = −0.63 V).13a Notably, the
charge recombination process slowed down to τCR = 67 ± 2 ns
by incorporating a ferrocenyl (Fc) substituent on a phenyl
group of ZnTPP, leading to a subsequent second electron

transfer from Fc to ZnTPP•+.13b These reports have introduced
an ideal model system to study the ultrafast electron transfer
process closely related to photocatalytic dihydrogen produc-
tion. However, the formation of the reduced diiron dithiolate
species was only monitored by transient electronic absorption
with a maximum at 616 nm, most likely corresponding to the
reduced NMI-S2−Fe0FeI(CO)6 species.
On the other hand, IR spectroscopy has been established as a

powerful tool for the direct characterization of active
intermediates formed during electrochemical redox reactions
and protonation of diiron dithiolate complexes in the ground
state,15 that is, without photoexcitation of a light harvesting
chromophore component in the assembly, benefiting from the
high sensitivity of CO stretching modes to changes in the π-
back-donation from the substituted diiron core. For example, a
mixed-valence paramagnetic FeIFeII hydride-bridged species has
recently been characterized by IR spectroelectrochemistry.16 To
obtain a detailed understanding of photoinduced electron
transfer in potential dihydrogen-producing catalytic complexes,
one ideally would like to combine the high sensitivity of the IR
response with the subpicosecond time resolution that has
already been achieved in the visible wavelength region. To the
best of our knowledge, the electron transfer process from a
photoexcited chromophore to a diiron hydrogenase model
complex has yet not been investigated by transient IR
spectroscopy (TRIR). Here we report such an ultrafast TRIR
spectroscopic study of photoinduced electron transfer in a self-
assembled Fe2S2·ZnTPP system, Fe2S2 standing for [μ-(4-
pyCH2−NMI-S2)Fe2(CO)6] (3, Chart 1), wherein the ZnTPP
chromophore in the selectively populated singlet excited state
transfers an electron to the Fe2S2 complex unit. The photo
reduced species, 3•−, was also characterized separately by IR
and ultraviolet−visible (UV−vis) spectroelectrochemistry, EPR
spectroscopy and density functional theory (DFT) calculations.
Furthermore, we investigated the influence of carbonyl
substitution at the diiron center on its redox properties with
[μ-(4-pyCH2−NMI-S2)Fe2(CO)4(dppv)] (3-dppv, dppv = cis-
1,2-bis(diphenylphosphino)ethylene; Chart 1). This study
shows for the first time by TRIR the rate of electron transfer
from the photoexcited state of the chromophore to the [FeFe]-
Hydrogenase model complex, and that the spin density is
located mainly on the organic NMI ligand rather than on the
metal, thereby explaining the adverse effect on the light-driven
proton reduction.

Chart 1. Schematic Molecular Structures of Selected Diiron Hydrogenase Model Complexes

Inorganic Chemistry Article
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photosensitizer side-attached via a phosphine ligand.7 In
contrast, an intermolecular electron transfer from photo
reduced [Ru(bpy)3]

+ to [(μ-SCH2)2XFe2(CO)6] (X = CH2
or NCH2Ph) was proven with transient absorption (TA)
spectroscopy.8 More recently, the formation of a Fe0FeI species
via one-electron transfer from the photogenerated organic
radical, Et2NĊHCH3, to [(μ-pdt)Fe2(CO)5(PMe3)] (pdt =
propane-1,3-dithiolate), was confirmed by quenching experi-
ments monitored in situ by electron paramagnetic resonance
(EPR) spectroscopy.9

The first example of a self-assembled porphyrin-diiron
complex, namely, [(μ-SCH2)2NC(O)C5H4N]Fe2(CO)6·
ZnTPP, was reported by Song and co-workers.10 A
luminescence quenching efficiency up to 78% within this self-
assembly supported the proposed electron transfer. Two years
later, the first evidence from time-resolved (TR) spectroscopy
was obtained for the electron transfer from excited ZnTPP to
[{(μ-SCH2)2N(CH2CH2OOCPy)}Fe2(CO)6] in a noncova-
lent assembly. The diiron core photoreduction was verified by
using nanosecond flash photolysis in the Sun’s laboratory.11

Shortly afterward, our group reported a family of self-assembled
Fe2S2−PPh2(pyridyl)-zinc porphyrin complexes that exhibited
photocatalytic activity, notably in the presence of two different
porphyrin chromophores. Infrared (IR) spectroscopic monitor-
ing of the photoreaction has revealed that a disubstituted
catalyst, namely, [(μ-pdt)Fe2(CO)4(PPh2Py)2], was formed via
disproportionation of the photo reduced parent pentacarbonyl
complex.12

More recently, a photodriven ultrafast intramolecular
electron transfer from photoexcited zinc porphyrin to a
hydrogenase-model diiron dithiolate complex was thoroughly
investigated by Wasielewski and co-workers in covalently linked
zinc porphyrin-NMI-S2−Fe2(CO)6 (NMI = naphthalene
monoimide) with femtosecond TA spectroscopy.13 The study
yielded lifetimes for the charge separation and recombination
processes, namely, τCS = 24 ± 1 ps and τCR = 57 ± 1 ps
(CH2Cl2), respectively. Compared to the NMI-lacking
reference complex, that is, [(μ-naphdt)Fe2(CO)6] (1, naphdt
= naphthalene-1,8-dithiolate)14 (Chart 1), the incorporation of
the electron-withdrawing NMI group in [μ-(tol-NMI-S2)-
Fe2(CO)6] (tol = toluene) (2; Chart 1) positively shifted the
first reduction potential by ca. 0.4 V and made the electron
transfer from zinc porphyrin (ZnP) to the diiron part in 2-ZnP
thermodynamically favorable (ΔG = −0.63 V).13a Notably, the
charge recombination process slowed down to τCR = 67 ± 2 ns
by incorporating a ferrocenyl (Fc) substituent on a phenyl
group of ZnTPP, leading to a subsequent second electron

transfer from Fc to ZnTPP•+.13b These reports have introduced
an ideal model system to study the ultrafast electron transfer
process closely related to photocatalytic dihydrogen produc-
tion. However, the formation of the reduced diiron dithiolate
species was only monitored by transient electronic absorption
with a maximum at 616 nm, most likely corresponding to the
reduced NMI-S2−Fe0FeI(CO)6 species.
On the other hand, IR spectroscopy has been established as a

powerful tool for the direct characterization of active
intermediates formed during electrochemical redox reactions
and protonation of diiron dithiolate complexes in the ground
state,15 that is, without photoexcitation of a light harvesting
chromophore component in the assembly, benefiting from the
high sensitivity of CO stretching modes to changes in the π-
back-donation from the substituted diiron core. For example, a
mixed-valence paramagnetic FeIFeII hydride-bridged species has
recently been characterized by IR spectroelectrochemistry.16 To
obtain a detailed understanding of photoinduced electron
transfer in potential dihydrogen-producing catalytic complexes,
one ideally would like to combine the high sensitivity of the IR
response with the subpicosecond time resolution that has
already been achieved in the visible wavelength region. To the
best of our knowledge, the electron transfer process from a
photoexcited chromophore to a diiron hydrogenase model
complex has yet not been investigated by transient IR
spectroscopy (TRIR). Here we report such an ultrafast TRIR
spectroscopic study of photoinduced electron transfer in a self-
assembled Fe2S2·ZnTPP system, Fe2S2 standing for [μ-(4-
pyCH2−NMI-S2)Fe2(CO)6] (3, Chart 1), wherein the ZnTPP
chromophore in the selectively populated singlet excited state
transfers an electron to the Fe2S2 complex unit. The photo
reduced species, 3•−, was also characterized separately by IR
and ultraviolet−visible (UV−vis) spectroelectrochemistry, EPR
spectroscopy and density functional theory (DFT) calculations.
Furthermore, we investigated the influence of carbonyl
substitution at the diiron center on its redox properties with
[μ-(4-pyCH2−NMI-S2)Fe2(CO)4(dppv)] (3-dppv, dppv = cis-
1,2-bis(diphenylphosphino)ethylene; Chart 1). This study
shows for the first time by TRIR the rate of electron transfer
from the photoexcited state of the chromophore to the [FeFe]-
Hydrogenase model complex, and that the spin density is
located mainly on the organic NMI ligand rather than on the
metal, thereby explaining the adverse effect on the light-driven
proton reduction.

Chart 1. Schematic Molecular Structures of Selected Diiron Hydrogenase Model Complexes

Inorganic Chemistry Article

dx.doi.org/10.1021/ic500777d | Inorg. Chem. 2014, 53, 5373−53835374

Ping Li, Inorg chem 2014
oxide ligands, and a tri-bridging sulfido atom (Scheme 1). Al-
though more complex, this cluster features some of the char-
acteristics of the Fe2S2 model. In analogy to the Fe2S2 hexacar-
bonyl complex, treatment of compound 1 with phosphine li-
gands readily afforded a series of mono- or disubstituted com-
plexes, [(m2-pdt)(m3-S)Co4(CO)5(PCy3)] (2) and [(m2-pdt)(m3-S)-
Co4(CO)4(L)] [L = Ph2PCH=CHPPh2, 3 ; Ph2PCH2N(Ph)CH2PPh2, 4 ;
Ph2PCH2N(iPr)CH2PPh2, 5] . In this contribution, we report the
syntheses, structures, and protonation properties of this series
of tetracobalt compounds. All of the tetracobalt compounds
1–5 have been demonstrated to be electrocatalysts for the
HER.

Results and Discussion

Syntheses and spectroscopic characterization

Reaction of Co2(CO)8 and 1,3-propanedithiol in toluene at 40 8C
overnight resulted in a dark-brown suspension. After an insolu-
ble black powder was removed by filtration, complex 1 was
isolated by column chromatography in 31 % yield based on
cobalt (Scheme 1).

Phosphine-substituted analogues 2–5 were readily prepared
in moderate to high yields (65–89 %) by carbonyl displacement
reactions of complex 1 in the presence of one equivalent of
the corresponding mono- or diphosphine ligand, as shown in
Scheme 2. All of these carbonyl substitution reactions were
conducted in toluene or dichloromethane solution at room
temperature and TLC analysis was used to monitor their prog-
ress.

All of the tetracobalt complexes 1–5 reported in this study
have been spectroscopically characterized by IR, 1H NMR, and
31P{1H} NMR, as well as by elemental analysis. Complex 1 dis-
played three n(CO) bands at ñ= 2062, 2020, and 1986 cm!1 in
its IR spectrum recorded in CH2Cl2 (Figure S1). The PCy3-substi-
tuted complex 2 exhibited a more complicated IR pattern in
the region ñ= 2014–1913 cm!1, with a red shift of about
40 cm!1 in the average value of n(CO) compared to that for
complex 1, indicative of enhanced p-back-donation to the CO
ligands (i.e. , enhanced electron density at the relevant cobalt
atoms). Even larger red shifts of n(CO) of 46, 56, and 58 cm!1

were observed for the diphosphine-substituted complexes 3,
4, and 5, respectively. Broad 31P{1H} NMR signals were observed
at d= 53.6, 65.2, 19.5, and 17.5 ppm for 2–5, respectively.
These broad 31P{1H} NMR signals indicate exchange processes,
as might be expected for a flexible coordination sphere about

the cobalt atom ligated by the phosphine ligand. The results
of elemental analyses of complexes 1–5 were in good agree-
ment with the compositions revealed by X-ray diffraction
studies, showing incorporation of co-crystallized solvent mole-
cules.

Molecular structures

ORTEP plots of the molecular structures of complexes 1–5 are
presented in Figure 1. Selected bond lengths, angles, and dihe-
dral angles are listed in Table 1.

The molecular structures of 1–5 each display a butterfly-like
tetracobalt core assembled from two m2-!SCH2CH2CH2S!

groups and a m3-sulfido atom. Each cobalt atom is ligated by
at least one carbonyl group. The three carbonyl ligands coordi-
nated to Co1, Co2, and Co3 lie in the plane defined by these
three cobalt atoms. The geometry at Co1 is distorted square-
pyramidal, made up of one CO and four sulfur ligands, while
Co2 and Co3 reside in identical environments. The dihedral
angles between the Co1-Co2-Co3 and Co2-Co3-Co4 planes
range from 150.70(4) to 141.27(2)8 (Table 1). The six-membered
Co4-P1-C-N1-C-P2 rings in complexes 4 and 5 each adopt
a chair configuration.

As shown in Figure 1, a distorted tetrahedral geometry was
found for Co4 in complexes 1–5, regardless of the metal–metal
bonds. Carbonyl displacement reactions took place at Co4 in
the presence of diphosphine ligands and the original geometry
of Co4 was retained in the resulting disubstituted complexes
3–5. This phenomenon is consistent with the similar bond dis-
tances for Co4-C4 (1.815(2) !) and Co4-C5 (1.8268(19) !),
which suggest significantly weaker bonds than Co4-C6
(1.794(2) !) in complex 1. On the other hand, the geometry at
Co4 in complex 2 became more symmetrical after one of the
carbonyl ligands was displaced by PCy3. This rearrangement
significantly affected the redox and protonation properties, as
discussed below.

Scheme 1. Synthesis of complex 1.

Scheme 2. Syntheses of complexes 2–5.
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played three n(CO) bands at ñ= 2062, 2020, and 1986 cm!1 in
its IR spectrum recorded in CH2Cl2 (Figure S1). The PCy3-substi-
tuted complex 2 exhibited a more complicated IR pattern in
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C, N, and O could not be distinguished at the available
crystallographic resolution. Therefore, additional mimics
[Fe2(adt)(CO)4(CN)2]

2− 1a (adt = azadithiolate) and
[Fe2(odt)(CO)4(CN)2]

2− 4 (odt = oxadithiolate) were
synthesized39,40 (see Figure 1c). As free complexes in solution
1a, 2a, and 4 have a low activity1 and can therefore be classified
as structural rather than functional active site models. A few
years later, based on arguments related to the possible catalytic
mechanism and a reanalysis of the crystal structure, Nicolet et

al. proposed the nature of the bridgehead atom to be
nitrogen.19 This assignment was later experimentally supported
by the magnetic resonance studies of Silakov et al.41 and Erdem
et al.42

Very recently, Berggren et al. demonstrated that 1a, 2a, and 4
can be bound to the native maturase HydF, which subsequently
delivers the model compound to the unmaturated form of
HydA1 that only contains the [4Fe-4S]-cluster but not the
[2Fe]-subsite.43 Since only the hybrid enzyme containing
mimic 1a showed full hydrogenase activity, this experiment
provided unequivocal evidence for an amine function in the
dithiolate bridging ligand.43 Shortly thereafter, Esselborn et al.
showed that 1a can be inserted also directly into unmaturated
HydA144 (i.e., unassisted by HydF). The hybrid HydA1-1a is
fully active and indistinguishable from the native hydro-
genase.43,44 The electron paramagnetic resonance (EPR) and
Fourier transform infrared (FTIR) spectra of HydA1-1a
showed the same redox states as the native Chlamydomonas
reinhardtii hydrogenase HydA1.43−45 Subsequent FTIR spec-
troelectrochemical experiments revealed reduction potentials
identical to those of the native enzyme.45 The FTIR spectra of
HydA1-bound 2a and 4 exhibited vibrational modes from CO,
bridging CO, and CN− ligands similar to those of the native H-
cluster, but no H2 production activity was reported.43

In the current study, we investigate a series of model
compounds that can be introduced into unmaturated HydA1
(Figure 1c). The central bridgehead atom was replaced by
sulfur or the bulkier NCH3 group (5 and 3a, respectively).
Furthermore, the free volume of the protein pocket was probed
by introducing methyl groups on the adt methylene moieties
(6 ). Finally, three variants with only one CN− ligand were
synthesized in order to explore the function of the CN− ligands
(1b, 2b, and 3b). The successful insertion of these variants was
monitored by FTIR spectroscopy and the new hybrid proteins
were tested for their residual H2 production and oxidation
activity using gas chromatography and UV spectroscopy,
respectively. None of these variants showed improved hydro-
genase activity. Nevertheless, very interesting insight into the
conformational and functional features of the active site could
be gained by studying the properties of these hybrid
hydrogenases.

■ MATERIALS AND METHODS
Preparation of Unmaturated HydA1. The structural

gene of C. reinhardtii HydA1 was heterologously overexpressed
in E. coli BL21(DE3)ΔiscR46 according to a procedure
previously described by Kuchenreuther et al.47 but without
expression of the maturases HydE, HydF, HydX, and HydG.
For overexpression, a pET21b expression plasmid containing an
E. coli codon optimized C. reinhardtii HydA1 gene with an N-
terminal Strep-tag followed by a TEV (tobacco etch virus)
cleavage site (WSHPQFEKSSGRENLYFQ|G) was used. After
purification on a Strep-Tactin Superflow high capacity resin
(IBA GmbH), TEV protease was added to unmaturated HydA1
at a ratio of 1:30 (w/w) and incubated overnight at room
temperature to cleave the Strep-Tag. The plasmid for
expression of the TEV protease was a gift from the Arrowsmith
laboratory (University of Toronto). The His6-tagged TEV
protease was removed by addition of Talon metal affinity resin
(Clontech, 350 μL column volume Talon beads per mg TEV),
incubation for 1 h, and separation of the beads from the protein
solution by filtration. Successful TEV-cleavage was confirmed
by mass spectrometry (Supporting Information Figure S1a).

Figure 1. (a) Active site (H-cluster) of C. reinhardtii [FeFe]-
hydrogenase HydA1 in its protein surrounding. The protein backbone
is shown as well as the amino acid residues near the H-cluster. An
alignment of the crystal structures of C. reinhardtii HydA1 (3LX431)
and Clostridium pasteurianum (3C8Y32) was used for the image,
generated using the program PYMOL.33 (b) Schematic structure of
the H-cluster with the open coordination site shown as an ellipsoid.
(c) Series of all [2Fe]-model compounds that were synthesized and
used in the artificial maturation attempts of C. reinhardtii HydA1.
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Conclusion

Molecular approaches can be very powerful 
in electrocatalysis

Supramolecular approaches: ditto!
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