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Chapter 4
Photocatalytic Hydrogen Evolution by 
a Synthetic [FeFe]hydrogenase Mimic 

Encapsulated in a Porphyrin Cage 
Abstract

In this study the design of a biomimetic and fully base–metal 
photocatalytic system for photocatalytic proton reduction in a ho-
mogeneous medium is described. A synthetic pyridylphosphole–ap-
pended [FeFe]hydrogenase mimic is encapsulated inside a supra-
molecular zinc porphyrin–based Fe4(Zn–L)6 metal–organic cage 
structure. The binding is driven by the selective pyridine–zinc por-
phyrin interaction and results in the catalyst being bound strongly 
inside the hydrophobic cavity of the cage. Excitation of the cap-
sule–forming porphyrin ligands with visible light, while probing 
the infrared spectrum, confirms that electron transfer takes place 
from the excited porphyrin cage to the catalyst residing inside the 
capsule. Light–driven proton reduction is achieved by irradiation 
of an acidic solution of the caged catalyst with visible light. 

* This chapter is in part adapted from: S. S. Nurttila, R. Becker, J. Hessels, S. 
Woutersen, and J. N. H. Reek, “Photocatalytic Hydrogen Evolution by a Synthetic 
[FeFe]hydrogenase Mimic Encapsulated in a Porphyrin Cage”, Chem. Eur. J. 2018 doi: 
10.1002/chem.201803351.
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Introduction
Molecular hydrogen is a viable alternative to fossil fuels, when produced sus-
tainably e.g. through photocatalytic water splitting. Platinum and other noble 
metals act as highly efficient heterogeneous hydrogen evolution catalysts, but 
their limited availability prevents large–scale applications.1 In nature, the [FeFe]
hydrogenase enzymes catalyze the reduction of protons at high rates of 9000 
s–1 and with overpotentials close to the thermodynamic limit using exclusively 
base metals in their structure.2 Vast research has been dedicated to mimic the 
structure and/or function of the active site, leading to a large number of mim-
ics for electro– and photocatalytic hydrogen production.3–46

Two functionalities of particular interest are the enzyme’s capability of pre–or-
ganizing protons and electrons in the vicinity of the active site. The active site 
consists of a [2Fe–2S] cluster that functions as the proton reduction catalyst, 
and it is connected through a cysteine residue to a [4Fe–4S] cluster which in 
turn supplies electrons to the active site during catalysis.2 The two sulfur at-
oms of the [2Fe–2S] cluster are bridged by an amine functionality which can 
be protonated and ensures a high local concentration of protons close to the 
active site, often referred to as ‘proton relay’. Importantly, all these processes 
occur within a protein structure protected from bulk solution.

To achieve photocatalytic proton reduction, three main components are re-
quired: a light–harvesting photosensitizer, a proton reduction catalyst and an 
electron donor.47 The photosensitizer absorbs visible light followed by electron 
transfer to the catalyst, and the reducing equivalents are used for the reduction 
of protons to molecular hydrogen. The role of the sacrificial electron donor is 
to reduce the oxidized photosensitizer to allow for catalytic turnovers. One of 
the challenges is to ensure that all three components come into close contact 
with each other to enable efficient catalysis, which is not trivial at low con-
centrations typically applied in catalysis.48 Nature has already evolved a highly 
efficient solution to this problem through its sophisticated photosynthetic ma-
chinery. Confinement of the light–harvesting antennae (porphyrins) and the 
[FeFe] catalyst in a shared protein matrix results in a catalytic system which 
displays high rates and nearly no overpotential in proton reduction catalysis. 

Inspired by nature, supramolecular catalysis applies concepts of molecular en-
capsulation to organo– and transition metal catalysis. Several beautiful exam-
ples of cage–controlled catalysis have appeared in the literature in the past 
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decades.49–63 The key is that the catalyst’s reactivity is altered upon encapsula-
tion in a synthetic cage–like structure. This can result in higher catalytic rates, 
modified product or substrate selectivity, and stabilization of species different 
than in bulk solution.

Keeping the pocket feature of natural hydrogenases in mind, we envisioned a 
purely synthetic photocatalytic system in which the [FeFe] catalyst is encapsu-
lated in a supramolecular cage and thereby isolated from bulk solution. Some 
examples of using metal–organic frameworks,64–67 micelles5 and dendrimers5 as 
second coordination spheres for photocatalytic proton reduction catalysis have 
been previously reported. These systems typically rely on the use of iridium 
polypyridyl–based complexes as photosensitizer. The key dyes of natural photo-
synthesis (porphyrins and metal porphyrins), however, have received relatively 
little attention in this field.35,47,68–72 Along these lines, we decided to use a 
porphyrin–based supramolecular cage, developed by the group of Nitschke,73 as 
a second coordination sphere for the previously published pyridylphosphole–ap-
pended [FeFe]hydrogenase mimic complex 1.74 The cage serves a dual role as it 

Figure 1. Concept of photocatalytic proton reduction catalysis with 1·Fe4(Zn–L)6. 
(top left) Molecular structure of cage Fe4(Zn–L)6. (top right) Molecular structure of 
[FeFe]hydrogenase mimic 1. (bottom) Concept of photoinduced electron transfer from 
the supramolecular cage to the encapsulated catalyst, followed by the reduction of pro-
tons to molecular hydrogen.



Chapter 4

— 144 —

site–isolates the catalyst in addition to acting as the photosensitizer. The here 
applied self–assembled tetrahedral cage Fe4(Zn–L)6 composed of six zinc por-
phyrin ligands connected by four iron(II) corners is soluble in organic solvents 
and has a sufficiently large cavity to allow for the selective encapsulation of 1 
(Figure 1). Upon irradiation with visible light, the porphyrin cage transfers its 
photo–excited electron to the encapsulated catalyst, and the formation of the 
mono–anion 1– is observed in transient–infrared measurements. The biomimetic 
base metal system is successfully applied in photocatalytic proton reduction 
catalysis leading to the evolution of molecular hydrogen in the presence of pro-
tons under visible light irradiation. Although the efficiency is rather low, this 
system, which contains only base metal ions, constitutes a working example of 
how supramolecular cages can be used in the combined function of second–co-
ordination sphere and photosensitizer.

Results and discussion

Molecular modelling of the host–guest complex

To confirm that complex 1 fits inside supramolecular cage Fe4(Zn–L)6, the 
volume of the complex was calculated with the online utility Voss Volume 
Voxelator.75 The volume of the empty cage was calculated earlier in Chapter 3, 
and the results of both calculations are displayed in Figure 2. Complex 1 has 
a molecular volume of 980 Å3 and consequently fills 56% of the cavity void. 
This is in good agreement with the 55% occupancy rule proposed by Rebek,76 
and verifies that the complex has the proper size for encapsulation. 

The orientation of the catalyst inside the cage was further studied by molec-
ular modelling studies using the ADF software. The structure of complex 1 
was extracted from the crystal structure of the previously crystallized com-
plex RuTPP(CO)·1·RuTPP(CO).77 A nickel porphyrin analogue of the cage was 
earlier published by the group of Nitschke73 and its crystal structure is used 
as a starting point for the molecular modelling studies. A geometry optimiza-
tion was undertaken using a tight–binding chemical method (GFN–xTB) that 
mimics DFT and is developed specifically for large molecular systems.78 In the 
empty cage the largest Zn–Zn distance between two porphyrin ligands of the 
cage is around 17 Å, which is suitable for encapsulation of complex 1 in which 
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the Npy–Npy distance is around 11 Å (Figure 3). A typical distance for a sin-
gle Zn–Npy distance is 2.2 Å,79 which means that the complex has a suitable 
size for encapsulation, in line with volume calculations. When 1 is located at 
one side of the cavity, the tetrahedral symmetry of the cage is lost. Also, the 
effective window aperture size is 7.9 Å (accounting for van der Waals radii), 
which is smaller than 1 and as such the catalyst cannot freely diffuse in and 
out of the cage.

Analysis of the host–guest complex by CSI–
MS and 1H NMR

Having established that the size and geometry of 1 is suitable for encapsu-
lation, its inclusion in Fe4(Zn–L)6 was confirmed by high resolution mass 
spectrometry. Cold–spray ionization mass spectrometry (CSI–MS) of a dilute 
solution of equimolar amounts of 1 and Fe4(Zn–L)6 in dry acetonitrile yields 

Figure 2. Results of the volume calculations performed with Voss Volume Voxelator. 
(top left) Calculated inner cavity volume (pale green) of empty cage Fe4(Zn–L)6 in 
relation to the total volume of the cage displayed in a grey mesh. (top right) Calculat-
ed volume of complex 1. (bottom left) Modelled structure of empty cage Fe4(Zn–L)6 
in stick representation. (bottom right) Modelled structure of 1 visualized with Pymol.
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a clean spectrum with signals assigned only to the host–guest complex; signals 
belonging to the empty host are absent. Charge states 8+, 7+, 6+, 5+ and 4+ 
are clearly visible and correspond to different numbers of CF3SO3

– counter ions 
lost during ionization in the spectrometer. Some fragmentation is also observed, 
despite the low temperature of the measurement (–40°C) as evident from sig-
nal with m/z ratio 661 corresponding to demetallated porphyrin cage building 
block. The high resolution of the mass spectra allows for the determination of 
the elemental composition. For each charge state the experimental and simulat-
ed isotope pattern match exactly. The full spectrum along with the experimen-
tal and simulated isotope pattern for the 4+ species is displayed in Figure 4 
(for all experimental and simulated isotope patterns, see Experimental section).

To gain further insight into the encapsulation of 1, the host–guest complex 
was studied by 1H NMR spectroscopy. Mixing of equimolar amounts of 1 
and Fe4(Zn–L)6 in deuterated acetonitrile under an inert atmosphere yields 

Figure 3. Molecular structure of the modelled host–guest complex 1·Fe4(Zn–L)6 dis-
playing two zinc porphyrin–pyridine interactions between 1 and the porphyrin walls of 
the cage. (top left) Side view of the host–guest complex. (top middle) Top view of the 
host–guest complex. (top right) Side view of the host–guest complex in space–filling 
mode. (bottom left) The Zn–Zn distance in the empty cage. (bottom right) The Npy–Npy 
distance in the free complex 1.  
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a red–dark purple solution that is analyzed by 1H NMR spectroscopy. In the 
spectrum broadening and shifts of all the cage peaks (see Experimental sec-
tion) is evident, which is in line with observations of 1H NMR encapsulation 
studies performed in Chapter 3 with other pyridine–functionalized guests. In 
the host–guest complex the binding of the guest molecule breaks the tetrahe-
dral symmetry of the cage, resulting in a desymmetrized spectrum and hence 
broadening of the signals. 2D 1H DOSY NMR spectroscopy of the solution 
yields a diffusion constant of 3.5·10–10 m2/s for 1·Fe4(Zn–L)6, which is com-
parable to the value (3.9·10–10 m2/s) obtained for the empty cage. Importantly, 
this experiment confirms that the host–guest complex has a similar size as the 
empty host and the diffusion of the host and guest are identical, in line with 
full encapsulation. The DOSY spectra of the empty cage Fe4(Zn–L)6 along 
with that of 1·Fe4(Zn–L)6 are displayed in Figure 5. 

Figure 4. Full spectrum obtained from the CSI–MS analysis of assembly 1·Fe4(Zn–L)6 
with an inset showing the experimental and simulated isotope pattern of the 4+ spe-
cies. The signal with m/z of 661 belongs to demetallated porphyrin cage building block.
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Determination of the binding constant of 1 to 
Fe4(Zn–L)6

Next, the binding strength of 1 to Fe4(Zn–L)6 was evaluated by a UV–vis 
titration study in acetonitrile at 298 K. Upon coordination of 1 to Fe4(Zn–L)6 
the typical batochromic shift of both the Soret band and the Q bands of the 
porphyrin cage was observed, as expected for axial pyridine binding to zinc 
porphyrins (Figure 6).80 After addition of more than 1 eq of guest, the isos-
bestic point at each Q band is lost. Such an inflection point in the titration 
curve indicates strong binding for the first guest, followed by a weaker binding 
event.81 A simple 1:1 binding model is therefore not an accurate description of 
this system. The obtained curves did not allow a reliable fit of a higher stoi-
chiometry (1:3 up to 1:5), but a good fit was obtained with the equilibrium 
equation for 1:2 host–guest binding (For all fitted curves, see Experimental 
section). The fitting yields microscopic association constants of K1 = 1.3·105 
M–1 and K2 = 4.5·104 M–1 for the two consecutive binding events: ditopic bind-
ing of one complex inside the cage followed by weaker monotopic binding at the 
outside of the cage. The binding constants have the same order of magnitude 
as previously studied bispyridylphosphine ligands (see Chapter 3) inside the 
same cage, indicating that 1 binds ditopically on the inside of the cage.82

Figure 5. 2D 1H DOSY spectra of (left) the empty cage Fe4(Zn–L)6 with experi-
mental diffusion constant of 3.9·10–10 m2/s and (right) the complex 1·Fe4(Zn–L)6 with 
experimental diffusion constant of 3.5·10–10 m2/s. 
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Fluorescence quenching studies of the cage

Next we evaluated if binding of 1 in Fe4(Zn–L)6 indeed results in quenching 
of the porphyrin excited state by steady state fluorescence studies. On exci-
tation at 550 nm, the empty cage exhibits two emission bands in the range 
560–700 nm corresponding to a S1–S0 transition.83  The difference in energy of 
the absorption and emission peaks shows a small stokes shift of 8 nm (Figure 
7, left).84 This corresponds to the literature value for the stokes shift of zinc 
tetraphenylporphyrin in acetonitrile.83 Upon encapsulation of 1 in the cavity 
of the cage, the stokes shift decreases to 5 nm, consistent with an increase in 

Figure 6. Binding titration between 1 and Fe4(Zn–L)6 in acetonitrile at 298 K. (left) 
Overlay of UV–vis spectra of the titration of Fe4(Zn–L)6 (host) and 1 (guest) at a con-
stant host concentration of 7.7 µM. (right) Variation in the absorption at the Q–bands 
vs the logarithm of the equivalents of added guest.

Figure 7. Normalized steady state absorption and fluorescence spectra overlapped. 
(left) Fe4(Zn–L)6 displays a stokes shift of 8 nm. (right) 1·Fe4(Zn–L)6 displays a 
stokes shift of 5 nm.
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the rigidity of the cage structure when its void is filled with a guest (Figure 
7, right).85 

Steady state fluorescence titration experiments reveal quenching of Fe4(Zn–L)6 
fluorescence by 1 in acetonitrile at 298 K. As depicted in Figure 8, complex 
1 quenches the fluorescence of the cage by about 40% (550 nm excitation), 
corresponding to static quenching of two porphyrin ligands of the cage through 
ditopic Zn–Npy interactions. The obtained titration curve is fitted to a 1:2 host–
guest equilibrium equation, giving K1 = 1.83·105 M–1 and K2 = 6.11·104 M–1 for 
the two consecutive binding events. These values are close to the ones obtained 
from the UV–vis titrations, confirming that the fluorescence quenching corre-
sponds to the same binding events observed during the UV–vis experiment. 
The quenching is attributed to electron transfer from the excited state of the 
porphyrin cage to encapsulated complex 1 in combination with a decreased 
fluorescence quantum yield of the formed host–guest complex. In fluorescence 
lifetime measurements the data obtained for the empty cage fits to a monoex-
ponential decay function, whereas the host–guest complex has a second time 
component and is fitted to a biexponential decay function (see Experimental 
section). For the empty cage a fluorescence lifetime of 1.5 ns is obtained, which 
is identical to the literature value of the fluorescence lifetime of a cyclic zinc 
porphyrin tetramer.86 The host–guest complex 1·Fe4(Zn–L)6 gives two lifetimes 
of 1.5 ns and 0.03 ns, respectively. The first component arises from porphy-
rins which are not coordinated by 1 and whose lifetime is unaffected by the 

Figure 8. Fluorescence quenching titration between 1 and Fe4(Zn–L)6 in acetonitrile 
at 298 K. (left) Overlay of inner and outer filter corrected fluorescence spectra of the 
titration of Fe4(Zn–L)6 (host) and 1 (guest) at a constant host concentration of 0.8 
µM. (right) Variation in the inner and outer filter corrected fluorescence emission in-
tensity at 640 nm versus the equivalents of added guest.



Photocatalytic Hydrogen Evolution by a Synthetic [FeFe]hydrogenase Mim-
ic Encapsulated in a Porphyrin Cage

— 151 —

presence of the catalyst. The shorter lifetime is attributed to uncoordinated 
porphyrins that are affected by the proximity of the catalyst. The amplitudes 
of the two lifetime species, which relate to their relative concentrations,87 are 
59.2% and 40.8% and are obtained from the biexponential fit (for the fits of 
the decay curves, see Experimental section). The two porphyrin ligands which 
are ditopically coordinated by complex 1 do not affect the lifetime of the host–
guest complex.

To gain further insight into the mechanism of quenching, a Stern–Volmer anal-
ysis of the obtained fluorescence titration data was performed. By plotting I0/I 
(ratio of fluorescence intensity in the absence and presence of quencher) against 
the concentration of guest 1 (quencher) a straight line is expected when purely 
static or dynamic quenching takes place.88 The curved shape of the obtained 
Stern–Volmer plot (Figure 9, left) suggests that neither mechanism by itself is 
an accurate description of the system. By using the simple Stern–Volmer equa-
tion, it is assumed that quenching occurs in a single type of environment.89 
By modifying the equation to include a term that accounts for the fraction 
of accessible fluorophore (fa), a modified Stern–Volmer plot can be used to 
interpret the results (Figure 9, right). From the obtained straight line, the 
intercept gives 1/fa and the slope gives 1/(faKSV), where KSV (KSV = kqτ0; kq is 
the quenching rate constant and τ0 is the fluorescence lifetime in the absence 
of quencher) is the Stern–Volmer quenching constant. In the present case, the 
extracted mean value of KSV is around 2.8·105 M–1, from which kq is calculated 

Figure 9. Stern–Volmer analysis of the fluorescence titration data. (left) Stern–Volmer 
plot of the fluorescence titration of 0.8 µM Fe4(Zn–L)6 vs the concentration of added 
guest/quencher 1. (right) Modified Stern–Volmer plot of the fluorescence titration of 
0.8 µM Fe4(Zn–L)6 vs the reciprocal of the concentration of added guest/quencher 1.
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to be 1.9·1014 M–1s–1, using the lifetime of the empty cage, 1.5 ns, as τ0 (vide 
supra). The quenching rate constant is several orders of magnitude higher than 
the diffusion–limited rate, indicating that binding is involved in the quenching 
mechanism.89 From the intercept a value of 0.44 is obtained for fa, in good 
agreement with the static fluorescence quenching studies. The results from the 
Stern–Volmer analysis infer that the ground–state host–guest complex forma-
tion promotes efficient static nonradiative quenching of the Fe4(Zn–L)6 singlet 
excited state through ditopic binding of 1 at the inside of the cage. 

Confirmation of photoinduced electron transfer 
by TR–IR

Having established that the fluorescence of the cage is quenched by 1, the next 
step is to assess whether photoinduced electron transfer can take place from 
excited Fe4(Zn–L)6 to encapsulated 1. The steady state IR spectrum of the 
encapsulated catalyst shows that the two most intense ν(CO) bands of the cat-
alyst are slightly blue shifted upon encapsulation in the cage (Figure 10). This 
is consistent with a more electron poor complex as a result of a change of the 
electronic properties of the ligand upon pyridine coordination.68 

Time–resolved infrared (TR–IR) measurements on a solution of 1·Fe4(Zn–L)6 
were performed in which the cage is selectively excited with a laser pulse (585 
nm), while probing the IR spectrum with sub–picosecond resolution. The ab-
sorption–difference spectra show bleaching of the neutral encapsulated complex 
1 at 2043 and 1989 cm–1 in the form of negative bands, while a new red–shift-

ed species that is assigned to the 
mono–anion 1– (2022 and 1958 cm–1) 
appears (Figure 11, left). The bands 
in the IR spectrum of the generated 
mono anionic species change shape 
in time, indicating that the geom-
etry of the diiron complex changes 
upon photo reduction.74 The band at 
2060 cm–1 is attributed to a “hot” 
vibrational state arising from direct 
excitation of 1 with the laser pulse 
similar to the “hot” singlet state ob-
served in time–resolved UV–vis ab-
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sorption measurements (for fitted species spectra, see Experimental section).90 
The average ν(CO) shift between 1 and 1– is 26 cm–1, which corresponds to the 
shift previously obtained for electron transfer from ZnIITPP to 1.74 By global 
biexponential fitting a time constant of 0.5 ps is obtained for charge separa-
tion and 37 ps for charge recombination (Figure 11, right). Compared to the 
previously published system with ZnIITPP, both processes are accelerated when 
the catalyst is bound in the cage. Use of the Rehm–Weller equation gives the 
Gibbs free energy for photo–induced electron transfer, which is calculated to be 
–0.26 eV for the cage and –0.18 eV for ZnIITPP (for calculations, see Exper-
imental section). Clearly there is a stronger driving force for electron transfer 
from the cage to 1 as compared to from ZnIITPP to 1, in line with the faster 
electron transfer kinetics observed for 1·Fe4(Zn–L)6. The estimated electron 
transfer yield is 1% as expected for a system with a relatively low driving force 
for electron transfer (for calculations, see Experimental section). This is also in 
line with time–resolved UV–vis measurements which give similar spectra and 
time constants in the presence and absence of 1, indicating that the catalyst 
has no real influence on the bulk behavior of the porphyrins of the cage (for 
time–resolved UV–vis measurements, see Experimental section).

Figure 11. Time–resolved infrared spectroscopy of 1·Fe4(Zn–L)6. (left) Spectral evo-
lution during TR–IR. The increasing band at 2060 cm–1 is due to a “hot” vibrational 
state. (right) Experimental and fitted rise and decay profiles from TR–IR at three 
wavelength maxima. mOD = milli optical density.
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Electrochemical characterization of 1·Fe4(Zn–L)6

To elucidate the redox behavior of the encapsulated catalyst, the empty cage 
Fe4(Zn–L)6 and the assembly 1·Fe4(Zn–L)6 were subjected to electrochemical 
investigations in acetonitrile in the presence of 0.1 M nBu4NPF6 as electrolyte. 
Cyclic voltammetry of the empty cage reveals a quasi–reversible redox event 
with a cathodic peak potential around –1.3 V (vs. Fc/Fc+), followed by a sec-
ond non–reversible reduction wave at –1.6 V (vs. Fc/Fc+) (Figure 12, top left). 
These waves are assigned to the sequential ligand–based reduction of two cage 
iminopyridine ligands at each corner of the cage. Similar sequential reductions 
have been previously reported for bipyridine–based tetrahedral iron(II) cages.91 
Semidifferential convolution analysis of the voltammogram indicates that the 
number of electrons in each wave is the same, as expected for the reduction of 
two identical moieties. A plot of the semidifferential peak current against the 
scan speed for each reduction wave separately yields a straight line, indicative 
of a solution–based redox event (Figure 12, bottom).92–94 Moreover, by inspect-
ing the slopes of the plots it is confirmed that the first reduction wave is more 
reversible than the second event.

Figure 12. Cyclic voltammogram of 0.4 mM Fe4(Zn–L)6 in acetonitrile containing 
0.1 M nBu4NPF6 as electrolyte. (top) Cyclic voltammogram at various scan speeds 
showing the two first reduction waves. (bottom left) Plot of the semidifferential peak 
current of the first reduction wave against the scan speed indicating that the redox 
event is solution–based. (bottom right) Plot of the semidifferential peak current of the 
second reduction wave against the scan speed indicating that the redox event is solu-
tion–based.
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Next, the electrochemistry of assembly 1·Fe4(Zn–L)6 was studied by cyclic 
voltammetry. The voltammogram features two reduction waves at –1.2 V (vs. 
Fc/Fc+) and –1.3 V (vs. Fc/Fc+), followed by a third reduction event at –1.6 
V (vs. Fc/Fc+) (Figure 13, blue trace). The two latter events belong to the 
earlier discussed sequential reductions at the corners of the cage. These two 
waves are slightly shifted as compared to the free cage as a result of electronic 
communication between 1 and the cage. The first wave, however, is not present 

Figure 13. Overlapped cyclic voltammograms of 0.4 mM Fe4(Zn–L)6 and 0.4 mM 
1·Fe4(Zn–L)6 at 0.1 V/s in acetonitrile containing 0.1 M nBu4NPF6. (a) Voltammo-
grams recorded until –1.8 V (vs Fc0/+). (b) Voltammograms recorded until –1.4 V (vs 
Fc0/+).

Figure 14. Cyclic voltammogram of 0.4 mM 1·Fe4(Zn–L)6 in acetonitrile containing 
0.1 M nBu4NPF6. (left) Cyclic voltammogram at various scan speeds showing the 
reduction wave of the encapsulated catalyst. (right) Plot of the semidifferential peak 
current of the reduction wave of the catalyst against the scan speed indicating that the 
redox event is solution–based.
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in the voltammogram of the empty cage and is assigned to the reduction of 
encapsulated complex 1. Reduction of the catalyst occurs at a potential which 
is nearly identical to the first reduction of the cage corners (Figure 13, com-
pare blue and orange traces). Using this wave that represents the encapsulated 
catalyst, a plot of the semidifferential peak current against the scan speed was 
constructed, yielding a straight line indicative of a solution–based redox event 
(Figure 14).

Stepwise addition of HNEt3PF6 (pKa = 10.8) as weak acid to the solution of 
1·Fe4(Zn–L)6 results in an increase in current at –1.2 V (vs. Fc/Fc+) (Figure 
15, left). This current continues to increase with higher acid concentrations 
and is assigned to protonation of the reduced catalyst. The acid is not strong 
enough to protonate the neutral catalyst as is clear from the 1H NMR spec-
trum of 1 that does not change upon addition of HNEt3PF6.74 The increase in 
acid concentration also decreases the reversibility of the back–oxidation wave, 
indicating that protonation of the reduced catalyst is fast on the timescale of 
the measurement. The re–oxidation of the protonated species is not observed 
in the window of the measurement. 

By scanning to a more negative potential a new band attributed to proton 
reduction catalysis is visible at around –1.9 V (vs. Fc/Fc+) (Figure 15, right). 
The current is five times higher than that of the wave belonging to the cata-
lyst, indicating that is represents a catalytic event. Moreover, the catalyst in 

Figure 15. Cyclic voltammogram of 0.4 mM 1·Fe4(Zn–L)6 and increasing concentra-
tions of HNEt3PF6 at 0.1 V/s in acetonitrile containing 0.1 M nBu4NPF6. (left) First 
wave showing the increase in current due to protonation of the reduced catalyst and 
decreased reversibility of the back–oxidation wave. (right) Second wave at around –1.9 
V (vs. Fc/Fc+) corresponding to proton reduction catalysis.
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bulk solution has been reported to catalyze the reduction of protons around 
this potential.74 To determine the rate constant for the catalytic proton re-
duction, a foot–of–the–wave analysis (FOTW) was performed to give a rate 
constant kcat of 7·104 M–1s–1 (Experimental section).95 This value has the same 
order of magnitude as that reported for free catalyst 1 in dichloromethane.74 
The calculated overpotential η is 0.64 V, which is 20 mV lower than for the 
catalyst in bulk solution. With the method reported by Artero and Savéant a 
Tafel plot is built from TOFmax = 2kcat[H+]0 = 1.4·105 s–1, which is extrapolated 
for a 1 M concentration of substrate (Experimental section).96

Photocatalytic proton 
reduction activity of 
1·Fe4(Zn–L)6

Having established that 
1·Fe4(Zn–L)6 functions as an 
electrocatalytic proton reduc-
tion catalyst, its photocatalyt-
ic activity in acetonitrile was 
evaluated at room temperature 
in the presence of CF3COOH 
(TFA) or H2O as the proton 
source and a number of differ-
ent sacrificial electron donors 
(SED) (Figure 16). The sac-
rificial electron donors are re-
quired to reach more than one turnover as the oxidized photosensitizer needs 
to be reduced before a second catalytic cycle can commence.97,98 The zinc por-
phyrin–based cage acts as the photosensitizer and at the same time it isolates 
the [FeFe] catalyst from bulk solution.

The solutions were continuously irradiated by 590 nm visible light by LED 
lights. The chosen wavelength allows for selective excitation of the porphyrin 
cage, as the catalyst shows negligible absorption in this region. Moreover, pho-
toinduced electron transfer was previously confirmed by TR–IR spectroscopy 
using a nearly identical wavelength (585 nm). After a certain reaction time, 
an aliquot of the headspace was analyzed by direct injection into a gas chro-
matograph. First, we studied the photocatalytic activity of 1·Fe4(Zn–L)6 in 

Figure 16. Molecular structures of the proton 
sources and the sacrificial electron donors used 
for the photocatalytic experiments. 
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the presence of TFA as the proton source and SED1 as the sacrificial electron 
donor inspired by conditions used by Sun et al. for a similar system (Table 
1, Entry 1).70 Thiols are useful due to their low oxidation potential and the 
irreversibility of their oxidation to disulfide compounds97:

Indeed, after 2 h of irradiation formation of dihydrogen is observed, but the 
amount corresponds to a turnover number of 0.4, which is the maximum due 
to the low acid concentration used in the experiment. Addition of another 0.4 

Table 1. Photocatalytic proton reduction experiments with various proton sources and 
sacrificial electron donors.

Entry 1·Fe4(Zn–L)6, 
mM

Proton 
source, mM

SED, mM λexc, 
nm

H2 
evolution

CO 
evolution

1a 0.08 TFA, 0.03 SED1, 0.2 590 Yes No
2b 0.08 TFA, 0.2 SED1, 0.8 590 No No
3c 0.08 TFA, 0.2 SED2, 0.8 590 No No
4c 0.08 TFA, 4.0 SED2, 20 590 No No

5d 0.08 TFA, 0.03 SED3, 0.2 590 No Yes

6 0.08 TFA, 0.03 SED4, 0.2 590 No No

7c 0.08 TFA, 0.03 SED4, 1.7 590 No No

8d 0.08 TFA, 0.8 SED5, 0.8 590 No Yes

9c,e 0.08 H2O, excess SED6, excess 590 No No

10d,f 0.08 H2O, excess SED6, excess 445 Yes Yes

Reactions were performed by using deareated acetonitrile solutions (5 mL) containing 
1·Fe4(Zn–L)6 formed in situ by mixing, proton source and SED under continuous irradiation 
by 2.6 W LED lights. Irradiation time was 2 h and the reaction temperature was 298 K. An 
aliquot of the headspace was injected into the GAS GC using a gastight syringe. a Additional 
0.4 eq TFA with respect to the catalyst was added after 1 h irradiation, which resulted in more 
H2 being formed. b The SED self-polymerizes and precipitates. c Decomposition of the cage was 
observed after precipitation of porphyrin building block. d Decomposition of the catalyst was 
observed as free CO in the gas chromatogram. e 5% NEt3 and 8.5:1 CH3CN:Milli Q H2O as 
solvent, proton source and SED. f 0.5% NEt3 and 99:1 CH3CN:Milli Q H2O as solvent, proton 
source and SED
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eq of TFA after 2 h leads to additional dihydrogen being formed, confirming 
that the catalyst is still active after 2 h of irradiation. The low acid concentra-
tion was used to prevent pyridine protonation and subsequent catalyst de–co-
ordination from the zinc porphyrin cage. To promote more efficient catalysis, 
both the acid and SED concentration were increased while maintaining the 
original catalyst concentration (Table 1, Entry 2). However, during irradiation 
SED1 self–polymerizes due to the elevated concentration.99 To prevent polymer-
ization we decided to use 2–mercaptobenzoic acid (SED2) as SED (Figure 16). 
No hydrogen was formed irrespective of the concentrations used, because the 
used donor leads to cage decomposition as evident from the formation of purple 
precipitation (Table 1, Entries 3–4). Now the donor stays in solution as self–po-
lymerization is prevented, but it decomposes the self–assembled cage structure 
due to chelation to the iron corners. Also the use of the ester analogue (SED3) 
or thiophenol (SED4) did not lead to hydrogen formation, although with these 
SED’s the cage was stable (Table 1, Entries 6–7). Moreover, free CO is de-
tected in the chromatogram, indicating catalyst decomposition. Utilization of 
ferrocene as the sacrificial donor yields the same result (Table 1, Entry 8). 
Most likely the acid functionality in the SED is required to guarantee a higher 
proton concentration and thereby promote the protonation of anionic interme-
diates in the catalytic cycle.

Finally, water was used as the proton source and triethylamine as the SED. 
Utilization of an 8.5:1 mixture of acetonitrile and water in the presence of 5% 
triethylamine precipitates the cage and no hydrogen is formed after irradiation 
of the solution (Table 1, Entry 9). The solubility of the cage is limited by the 
rather high water content. Indeed, by decreasing the water and triethylamine 
content cage precipitation is prevented and dihydrogen is formed after irradi-
ation at the Soret band (445 nm) of the porphyrin to ensure maximum light 
absorption. Unfortunately, under these conditions also CO is detected indicat-
ing catalyst decomposition most likely as a result of direct excitation of the 
catalyst (Table 1, Entry 10). 

It is clear that 4–mercaptobenzoic acid is the only SED that allows for photo-
catalytic dihydrogen evolution with 1·Fe4(Zn–L)6 and under these conditions 
catalyst and cage decomposition is not observed. By using triethylamine as the 
SED, dihydrogen is also formed but also catalyst decomposition occurs. No 
hydrogen is evolved in any experiment when the assembly precipitates. We did 
not further explore the use of other SED’s such as triethanolamine and isopro-
panol, as the efficiency of the current system is limited by the relatively weak 
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driving force for electron transfer from the cage to the catalyst in combination 
with the short lifetime (37 ps) of the charge separated state. The pre–organiza-
tion of the catalyst–chromophore complex resulted in a change from reductive 
quenching (via the SED) to oxidative quenching (to the catalyst), which results 
in these short lifetimes.

Conclusions
In this work we have discussed the self–assembly of 1·Fe4(Zn–L)6 that produc-
es molecular hydrogen as photocatalyst by using visible light as the primary 
energy source. Catalyst 1 is strongly bound inside the cage by selective ditopic 
pyridyl–zinc porphyrin interactions with the inner walls of the cavity. Fast pho-
toinduced electron transfer (0.5 ps) from the cage porphyrins to the catalyst re-
siding inside the cage is observed, but also charge recombination is fast (37 ps). 
Time–resolved IR measurements confirm monoreduction of the catalyst with a 
quantum yield of 1%, which could be increased by increasing the driving force 
for electron transfer. By visible light irradiation in the presence of acid, the 
novel system reduces protons photocatalytically. Although the turnover number 
is low at the moment, the system represents one of the few successful exam-
ples utilizing zinc(II) porphyrin–based photosensitizers. In addition, this system 
bears a resemblance to nature as it lowers the overpotential of the catalyst by 
encapsulation in a second coordination sphere. 
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Experimental

Materials and methods

General Procedures

All reactions were carried out under an atmosphere of N2 using standard 
Schlenk techniques unless otherwise noted. All solvents were distilled prior to 
use by conventional methods. Complex 1 and cage Fe4(Zn–L)6 (see Chapter 
3) were prepared according to literature procedures.73,74 The supporting electro-
lyte nBu4NPF6 was prepared from saturated solution of KPF6 and nBu4NBr in 
water and recrystallized from hot methanol and dried under vacuum at 80°C 
overnight. The acid HNEt3PF6 was prepared following a literature procedure.100 
All other reagents were purchased from commercial suppliers and used without 
further purification.

NMR spectroscopy

1H NMR spectra were recorded on a Bruker AV300 and AV400 spectrometer 
and they are referenced to the solvent residual signal (5.32 ppm for CD2Cl2 
and 1.32 ppm for CD3CN). 2D 1H–DOSY spectral data were acquired with 
temperature and magnetic gradient calibration prior to the measurements, and 
the temperature was kept at 298 K during the measurements.

 Mass spectroscopy

High resolution mass spectra were collected on a HR–ToF Bruker Daltonik 
GmbH (Bremen, Germany) Impact II, an ESI–ToF MS capable of resolution 
of at least 40000 FWHM, which was coupled to a Bruker cryospray unit. De-
tection was in positive–ion mode and the source voltage was between 4 and 6 
kV. The flow rates were 18 uL/hr. The drying gas (N2) was held at –35°C and 
the spray gas was held at – 40 °C. The machine was calibrated prior to every 
experiment via direct infusion of a TFA–Na solution, which provided a m/z 
range of singly charged peaks up to 3500 Da in both ion modes. 
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Steady state UV–vis and IR spectroscopy

Steady state UV–Vis spectra were acquired on a single beam Hewlett Packard 
8453 spectrometer in a quartz cuvette with a path length of 10 mm using 
the solvent as a background. For the determination of the binding constant, a 
solution of Fe4(Zn–L)6 kept at a constant concentration of 7.7 µM was titrat-
ed with an increasing concentration of 1. The obtained titration curves were 
then fitted to a 1:2 host–guest model using a Matlab script.101 Steady state IR 
measurements were conducted on a Thermo Nicolet Nexus FT–IR spectrometer 
in a CaF2 IR cell. 

Steady state fluorescence spectroscopy

Steady state fluorescence spectra were recorded on a Spex Fluorolog 3 spec-
trofluorimeter, equipped with double grating monochromators in the excitation 
and emission channels. The excitation light source was a 450 W Xe lamp and 
the detector a Peltier cooled R636–10 photomultiplier tube. 

In a fluorescence quenching titration, a solution of Fe4(Zn–L)6 kept at a con-
stant concentration of 0.8 µM was titrated with an increasing concentration of 
1. Inner and outer filter corrections were applied for each titration point on the 
excitation wavelength (550 nm) and the emission wavelength (640 nm) with b 
= 0.5 cm:

The obtained titration curves were then fitted to a 1:2 host–guest model using 
a Matlab script.101

Time–resolved fluorescence spectroscopy

Time–resolved fluorescence was measured with a time–correlated single–photon 
counting (TCSPS) setup. A cavity dumped DCM dye laser (Coherent model 
700) is pumped by a mode–locked Ar+ laser (Coherent 486 AS Mode Locker, 
Coherent Innova 200 laser). A microchannel plate (Hamamatsu R3809) was 
used as the detector. The overall response function (IRF) was measured from 
the Rayleigh scattering of colloidal silicon dioxide. The fluorescence decay times 
were obtained by fitting the fluorescence decays with mono– or biexponentials 
by numerical iterative reconvolution with the software Igor Pro 5.  

Icorrected = Imeasured·10
b·((ǫ1@550nm+ǫ1@640nm)[1]+(ǫFe4(Zn−L)6@550nm+ǫFe4(Zn−L)6@640nm)[Fe4(Zn−L)6]
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Time–resolved IR spectroscopy

Time–resolved IR spectroscopy was measured as previously described.74 Two 
commercial beta barium borate (BBO)–based optical parametric amplifiers 
(OPAs; Spectra–Physics OPA–800C) were pumped by a Ti:sapphire laser 
(Spectra–Physics Hurricane, 600 μJ) at a repetition rate of 1 kHz. IR probe 
pulses were generated by difference–frequency mixing signal and idler from one 
of the OPAs in a AgGaS2 crystal. The visible pump pulses (585 nm; pulse en-
ergy, 2.2 μJ) were generated by doubling the signal of the other OPA. The de-
lay positions were scanned by mechanically adjusting the beam path of the UV 
pump using a Newport ESP300 translation stage. The sample cell with CaF2 
windows spaced 500 μm apart was placed in the IR focus. From the full width 
at half–maximum of the pump probe cross–correlation function, a temporal 
resolution of 200 fs was obtained. A custom–built 30–pixel mercury cadmium 
telluride (MCT) detector coupled to an Oriel MS260i spectrograph was used to 
record the transient spectra by subtracting nonpumped absorption spectra from 
the pumped absorption spectra. The sample was pumped at 3 µL/min through 
the cell during the measurements to ensure fresh solution at all times. 

Time–resolved UV–vis spectroscopy

Femtosecond visible transient absorption experiments were performed with a 
commercially available Ti:sapphire lasers (Spectra–Physics Hurricane, 600 J,  
100 fs FWHM).  2.5% of the 800 nm fundamental light was used to generate 
a white–light continuum from 350 to 850 nm by focusing on a CaF2 plate. The 
fundamental light used for the white–light generation was passed twice over a 
delay stage, providing up to 3.6 ns time delay. The sample cell was a 1 mm 
quartz cuvette. A commercially available beta barium borate (BBO)–based 
optical parametric amplifier (OPAs; Spectra–Physics OPA–800C) was pumped 
with the fundamental 800 nm light to generate a signal which was doubled 
to create 585 nm pump light (2.2 µJ).  The pump light ran at 500 Hz, using 
a mechanical chopper to produce a non–pumped signal acting as a reference 
measurement. The spectra were measured using a spectrograph (Shamrock 193i 
with a 150 lines/mm grating) and a 6 single diode–array (Hamamatsu NMOS 
S3901–512Q) detector. The readout was done using fast electronics (TEC5).
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Electrochemistry

Cyclic voltammetry was acquired of deaerated solutions in freshly distilled 
acetonitrile. The voltammograms were recorded in a gas–tight single compart-
ment 3–electrode cell with a glassy carbon working electrode, a platinum wire 
as auxiliary electrode and a leakless Ag/AgCl (3 M KCl) reference electrode 
(Metrohm 6.0750.100). A 663–VA stand was used along with a PGSTAT302N 
potentiostat (Metrohm/Autolab). All redox potentials are reported against the 
ferrocene/ferrocenium (Fc/Fc+) redox couple used as internal standard. In elec-
trocatalytic studies different amounts of the acid HNEt3PF6 were added with a 
microsyringe into the solution in the CV cell.

Hydrogen evolution

In photocatalytic experiments 1 (0.08 mM), Fe4(Zn–L)6 (0.08 mM), the proton 
source and the sacrificial electron donor were transferred into a 5 mL Schlenk 
flask and dissolved in 5 mL degassed (freeze–pump–thaw) and dry acetonitrile. 
The solution was continuously stirred at 1000 rpm and subjected to irradiation 
by LED lights (17.5 V) at 590 nm for 2 h at 298 K. Gas chromatographic 
analysis of the headspace was performed by direct injection into an Interscience 
CompactGC, separating H2, CO, CH4, O2 and N2 on a 5 Å molsieve column, 
by using argon carrier gas and a TCD detector. As direct injection was used, 
quantification of the formed hydrogen was not possible.

xTB calculations

For coordinates of xTB calculations please check the supporting information 
of ref:102.
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CSI–MS analysis of 1·Fe4(Zn–L)6

Figure 17. CSI mass spectrum (full spectrum) of the host–guest complex 1·Fe4(Zn–L)6 
with a spray temperature of –40°C and a dry gas temperature of –35°C. The peak with 
m/z ratio of 661 belongs to demetallated Zn–P cage building block (see also Chapter 
3). 

Table 2. Different charged species observed in the CSI mass spectrum of the host-
guest complex 1·Fe4(Zn–L)6 and the corresponding found and calculated [m/z].

Species Charge Found [m/z] Calculated [m/z]
Fe4(Zn-L)6(1)1(OTf)0 8+ 799.7373 799.7334
Fe4(Zn-L)6(1)1(OTf)1 7+ 935.2636 935.2599
Fe4(Zn-L)6(1)1(OTf)2 6+ 1116.1331 1116.1286
Fe4(Zn-L)6(1)1(OTf)3 5+ 1369.1499 1369.1448

Fe4(Zn-L)6(1)1(OTf)4 4+ 1748.6746 1748.6691
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Figure 18. Expanded spectrum for different charged species observed (top) in the CSI 
mass spectrum of the host–guest complex 1·Fe4(Zn–L)6 and simulated isotope distri-
bution (below). a) [Fe4(Zn–L)6(1)1(OTf)0]8+. b) [Fe4(Zn–L)6(1)1(OTf)1]7+. c) [Fe4(Zn–
L)6(1)1(OTf)2]6+. d) [Fe4(Zn–L)6(1)1(OTf)3]5+. e) [Fe4(Zn–L)6(1)1(OTf)4]4+.
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1H NMR analysis of 1·Fe4(Zn–L)6

Figure 19. 1H NMR (300 MHz, 298 K) of 1 in CD2Cl2 (top) and 1·Fe4(Zn–L)6 
in CD3CN (bottom). The bottom spectrum is obtained from a 1:1 mixture of 1 and 
Fe4(Zn–L)6. 

Figure 20. 1H NMR (300 MHz, 298 K) of Fe4(Zn–L)6 (top) and 1·Fe4(Zn–L)6 
in CD3CN (bottom). The bottom spectrum is obtained from a 1:1 mixture of 1 and 
Fe4(Zn–L)6. 
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UV–vis binding study between 1 and 
Fe4(Zn–L)6

The obtained UV–vis titration data were fitted with the general titration fitting 
procedure described in Chapter 2.

Figure 21. Titration of Fe4(Zn–L)6 (host) with 1 (guest) at a fixed host concentration 
of 7.7 µM in acetonitrile at 298 K. (left) Overlay of UV-vis spectra. (right) Fitted UV-
vis titration curves.

Figure 22. Titration of Fe4(Zn–L)6 (host) with 1 (guest) at a fixed host concentra-
tion of 7.7 µM i in acetonitrile at 298 K. (left) Error distribution for the fitted curves. 
(right) Calculated species concentrations.
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Fluorescence lifetimes of Fe4(Zn–L)6 and 
1·Fe4(Zn–L)6

Figure 23. Fluorescence decay of Fe4(Zn–L)6 in acetonitrile. Monoexponential fit: τ 
= 1.49 ns. The Y–axis is the logarithm of the fluorescence intensity and the X–axis is 
the delay in ns.  

Figure 24. Fluorescence decay of 1·Fe4(Zn–L)6 in acetonitrile. Biexponential fit: τ1 = 
1.51 ns and τ2 = 0.03 ns. The amplitudes obtained from the fit are 59.2% and 40.8%, 
respectively. The Y–axis is the logarithm of the fluorescence intensity and the X–axis 
is the delay in ns.  
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Fitted species spectra from TR–IR 
measurements

Estimation of the electron transfer yield

We can estimate how much of the cage porphyrins are excited by one pulse of 
light during TR–IR measurements. The focal area of the pump pulse is around 
200 µm wide and the sample cell is 500 µm long. With a cage concentration 
of 0.5 mM and 6 porphyrins per cage, the number of molecules in the excited 
area is around 5·1013. The sample has an absorption of 0.4, so 1–10–0.4 = 60% 
of the photons is absorbed. A 2 µJ pulse of 2.1 eV (585 nm) light contains 
around 6·1012 photons, of which 0.6×6·1012 = 4·1012 photons are used to excite 
molecules. The percentage of excited molecules is then 4·1012 / 5·1013 is around 
10%.

We can also estimate how much catalyst mono–anion is approximately formed. 
The catalyst concentration is also 0.5 mM, with an absorptivity of 104 M–1cm–1, 
leading to an absorption of 0.25 in the 500 µm cell. The ground–state deple-
tion is around 0.25 mOD, and therefore 0.1% of the catalyst is reduced to the 
mono–anion. Dividing both ratios, we see that for each excited porphyrin, 1% 
of catalyst mono–anion is formed. 
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Figure 25. Fitted differential spectra of the vibrational species and the anionic species 
observed in TR–IR. 
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Gibbs free energy for photo–induced electron 
transfer

The Gibbs free energy for photo–induced electron transfer (ΔGET) is obtained 
by using the Rehm–Weller equation103:

The last term of the equation is a correction factor that is needed when the 
photoinduced electron transfer is studied in a different solvent than in which 
the potentials are determined. In our case all data are measured and calculated 
in acetonitrile and the last term equals zero. E0

D/D
+. is the oxidation potential 

of the porphyrin cage, E0
A/A

–. is the first reduction potential of the diiron cat-
alyst, ΔE00 is the energy difference between the HOMO and the excited state 
from which electron transfer occurs of the porphyrin cage, e is the elementary 
charge, ε0 is the vacuum permittivity, εEC is the dielectric constant of the used 
solvent (acetonitrile) and Rc is the center to center distance between the donor 
and the acceptor pair (determined from the molecular model of the host–guest 
complex to be 7.5 Å). The reduction potential of the catalyst is assumed to be 
identical in acetonitrile, which many not be the case. Thus the order of mag-
nitude of the calculated energies are correct but the absolute numbers may be 
somewhat different. The catalyst is poorly soluble in acetonitrile and therefore 
its reduction potential in this solvent cannot accurately be measured.   

Time–resolved UV–vis spectra of Fe4(Zn–L)6 
and 1·Fe4(Zn–L)6

Comparing the two samples (with and without catalyst), it seems that they are 
almost the same, and the catalyst has no real influence on the bulk behavior 
of the porphyrins in the cage. For the time–resolved UV–vis data, it can be 
seen qualitatively that there is a fast (10 ps) and a slow (few ns) decay present 
after excitation.

∆GET = e
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Table 3. Values used for Gibbs free energy calculation.

Photosensitizer E0
D/D+ [V] E0

A/A- [V] ΔE00 [eV] ΔGET [eV]
Fe4(Zn–L)6 0.53 vs Fc0/+ –1.2 vs Fc0/+ 1.94 -0.26
ZnIITPP104,105 0.89 vs Fc0/+ –1.2 vs Fc0/+ 2.05 -0.18
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The absorption data contained a large apparent bleach signal around the ex-
citation wavelength due to scattering of the pump pulse and long integration 
time of the detector. The wavelength region between 500 and 600 nm was 
therefore excluded from the data fitting procedure. The measured absorption 
data was fitted to:

using the Matlab function lsqcurvefit, yielding the concentration profiles cs(t) 
and spectra εs(λ) for all species. The concentration profiles were a function of 
the rate constants, but independent of the initial excited state concentration 
[S1]0 (since they all contain it as a pre–factor).

To be able to interpret the data, kinetic equations for the concentration time–
dependence of all species was determined. Since we could not discriminate be-
tween non–radiative (IC) and radiative (f) ground state reformation, we could 
only determine their sum kf + kIC = kG. For the vibrationally hot singlet ex-
cited state decay:

The (cooled) singlet excited state decay:

 then leads to a double–exponential decay weighed by the rate constants as:

The concentration profiles of the triplet and ground state are weighed integrat-
ed forms of cS1(t):

where the “– 1” in cG(t) accounts for the depleted ground state concentration 
at t=0, since all equations are normalized to [S1]0 = [G] – [G]0. The fitting 
procedure thus yielded values for the rate constants kIVR, kG and kISC, and the 
spectra for all species.

A (λ; t) =
∑

cs(t) · ǫs(λ)

d[S1]

dt
= [S1]0 − kIV R[S1] → [S1](t) = cS1(t) = [S1]0exp(−kIV Rt)

d[S1]

dt
= kIV R[S1]− (kG + kISC)[S1]

[S1](t) = cS1(t) =
kIV R

kIV R − kG − kISC
(exp(−(kG + kISC)t)− exp(−kIV Rt))

[T ](t) = cT (t) = kISC ·
kIV R

kIV R − kG − kISC
(
exp(−kIV Rt)− 1

kIV R

−
exp(−(kG + kISC)t)− 1

kG + kISC
)

[G](t) = cG(t) = kG·
kIV R

kIV R−kG−kISC
(
exp(−kIV Rt)−1

kIV R
− exp(−(kG+kISC)t)−1

kG+kISC
)−1
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Figure 26. Time–resolved absorption spectra of 13 µM Fe4(Zn–L)6 with different 
delay times. (top) Experimental data. (bottom) Fitted data.

Figure 27. (left) Experimental and fitted kinetic trace of the time–resolved absorption 
spectra at five different wavelengths with different delay times of 13 µM Fe4(Zn–L)6 
in acetonitrile. (right) Fitted species concentrations of the different species of the time–
resolved absorption spectra as a function of time of 13 µM Fe4(Zn–L)6 in acetonitrile. 
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Figure 28. Time–resolved absorption spectra of 13 µM 1·Fe4(Zn–L)6 with different 
delay times. (top) Experimental data. (bottom) Fitted data.

Figure 29. (left) Experimental and fitted kinetic trace of the time–resolved absorption 
spectra at five different wavelengths with different delay times of 13 µM 1·Fe4(Zn–L)6 
in acetonitrile. (right) Fitted species concentrations of the different species of the time–
resolved absorption spectra as a function of time of 13 µM 1·Fe4(Zn–L)6 in acetoni-
trile. 
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Full system description

The general scheme for porphyrin excited state chemistry is as follows. Q–band 
excitation leads to population of the (vibrationally hot) singlet excited state  
from the ground state G at time t = 0. This state then “cools” to the (vibra-
tionally cold) singlet excited state S1 with a rate constant kIVR:

For ZnIITPP the lifetime for this hot singlet state  is 10 to 20 ps, depending 
on the solvent. Next, the (cold) singlet excited state S1 decays via two path-
ways: radiative (fluorescence, f) and non–radiative (inter–system crossing, ISC, 
and internal conversion, IC). The fluorescence pathway (with rate constant kf) 
and the internal conversion pathway (with rate constant kIC) reform the ground 
state G through:

The inter–system crossing pathway forms the triplet state with a rate constant 
kISC:

Since these triplet states generally live for milliseconds (τT for ZnIITPP in ben-
zene is 1.2 ms), and our measurement window is only a few nanoseconds, we 
do not include the triplet decay in our models.

S
∗

1

kIV R→ S1

S1

kf
→ G+ hν;S1

kIC→ G+ heat

S1

kISC→ T

Figure 30. Full system description in the form of a Jablonski diagram.
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FOTW analysis and Tafel plot

Figure 31. FOTW analysis of the voltammograms of 1·Fe4(Zn–L)6 in the presence 
of weak acid (HNEt3PF6) in acetonitrile. One single plot is shown here for clarity, but 
the analysis was averaged over several acid concentrations.

Figure 32. Tafel plot of catalyst 1·Fe4(Zn–L)6 in the presence of weak acid (HNEt-
3PF6) in acetonitrile. The value of TOFmax is extrapolated for a 1 M concentration of 
acid.
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