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Towards a Base-Metal Molecular 
Artificial Leaf Photocathode

Abstract. In this chapter we describe our efforts in designing a molecular proton 
reduction photocathode for use in an artificial leaf. The design is based around 
the pyridylphosphole-appended [FeFe]H2ase mimic as proton reduction catalyst (cf. 
Chapter 4) coupled to zinc porphyrins as photosensitizers. The first part of the 
chapter is dedicated to the geometric considerations to be imposed on a porous, 
porphyrinic material for encapsulation of the catalyst. The second part focuses on 
the preparation and characterization of porphyrinic metal-organic framework thin 
films on electrodes which can ultimately be used as photoactive, heterogeneous 
electrode constructs. Although fabrication of a functional photocathode was not 
yet achieved using the applied methods, we provide routes towards a plausible de-
sign of a molecular artificial leaf using molecular materials based around zirconi-
um, zinc and iron.
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Introduction

The ultimate goal of the research project outlined in this thesis is the development 
of a molecular photocathode that can be used for the proton reduction half-reaction 
in an artificial leaf. This photocathode should be at least comprised of proton re-
duction catalysts, chromophores and all interconnecting parts, with the latter based 
on supramolecular zinc-pyridine interactions to be able to create ‘plug and play’ 
molecular assemblies. In Chapter 4 we have shown that the phosphole-appended 
[FeFe]H2ase mimic 1 is an efficient (pre-)catalyst for proton reduction in aqueous 
media at mild potentials. When zinc tetraphenylporphyrin (ZnTPP) is coordinated 
with its central metal atom to the pyridyl moieties of 1, visible light excitation of 
this chromophore leads to electron transfer from ZnTPP to 1. As this process is es-
sential for photo-driven proton reduction, similar chromophores will be used in the 
construction of the artificial leaf. Metal-organic frameworks (MOFs) provide a good 
means of immobilizing porphyrin chromophores on an electrode as a heteroge-
neous yet well-defined, multi-layered and porous structure.1 Such MOF-functional-
ized electrodes could then allow for supramolecular anchoring of complex 1 inside 
the pores of the MOF by zinc-pyridine interactions. Porphyrinic MOF structures 
that suit our purpose should be stable under the used conditions (slightly acidic 
water) and should be electrochemically addressable2 from the electrode. Moreover, 
the MOF should be able to encapsulate the catalyst, which means that the catalyst 
needs to have an anchoring point inside the porous structure, the pores should be 
big enough to accommodate the catalyst and the windows should be sufficiently big 
to allow diffusion of the catalyst into the material (alternative strategies such as 
ship-in-a-bottle approaches will not be considered here).

The geometric considerations to be imposed on a MOF candidate structure are 
largely dependent on the geometry of the catalyst-porphyrin assembly. This infor-
mation was provided by the solid-state structure of the molecular assembly of 1 
with two RuTPP(CO) molecules, such as the optimal distance between two porphy-
rin planes that could be engineered into a three-dimensional electrode material. 
We then transferred this knowledge to the selection of suitable macromolecular 
zinc porphyrin structures and studied the encapsulation of 1, being particularly 
interested in determining the mode of encapsulation, i.e. whether it is needed to 
‘trap’ the catalyst inside under dynamic conditions or whether the catalyst should 
to be able to freely diffuse in and out of the structure. A dynamic trapping study 
was performed using a cubic ZnTPP-based molecular cage with a window size that 
was intrinsically too small for catalyst diffusion, but with a pore size that would al-
low for encapsulation on geometric grounds. However, the conditions required for 
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opening up this particular structure to allow 1 to penitrate the cage showed to be 
similar to conditions where zinc-pyridine interactions are weak. We then switched 
to a metal-organic framework with similar pore size, but lacking ‘side walls’, 
thereby alleviating the need for structural dynamics to induce encapsulation. This 
‘pillared paddlewheel’ structured MOF should have allowed for a structure with 
suitable catalyst inclusion properties at ambient conditions in apolar media. Al-
though the desired (kinetic) structure could be synthesized, no encapsulation was 
observed. This  is attributed to the window size, which was apparently still not big 
enough for proper diffusion of the catalyst into the MOF.

The last part of this chapter describes the study of a MOF structure (MOF-545) that 
is stable under acidic conditions and has the largest known window and pore size 
of any known porphyrinic MOF, allowing for free diffusion of large guest mole-
cules throughout the macrostructure. This material was successfully grown on an 
FTO electrode under solvothermal conditions, yielding a MOF thin film that is ful-
ly electrochemically addressable from the electrode with properties well-suited for 
use in an artificial leaf. Although this MOF structure was capable of encapsulating 
a variety of (bi)pyridine guest molecules at ambient conditions in apolar solvent, 
encapsulation of complex 1 was not observed.

Results and discussion

Determination of the porphyrin-catalyst geometry

To gain insight in the structure of assemblies of ZnTPP with catalyst 1, we at-
tempted to crystallize the ZnTPP∙1∙ZnTPP assembly from dichloromethane using 
either vapor diffusion or layering with apolar solvent (pentane, cyclohexane, etc.), 
and failed on all attempts. We could, however, crystallize the assembly RuTP-
P(CO)∙1∙RuTPP(CO) by slow diffusion of pentane into a solution of 1 and two equiv-
alents of RuTPP(CO) in dichloromethane. The assembly crystallized as monoclinic 
crystals, and its structure was resolved in the P21/m space group. As can be seen in 
Figure 1, the unit cell contains four porphyrins and two catalyst moieties, and has 
rotational symmetry. The two halves of the unit cell (containing two porphyrins 
and one catalyst moiety) have a symmetry plane, similar to the catalyst itself. The 
resolved structure shows disorder, with a major (77%) and a minor (23%) component. 
This disorder is mostly present in the catalyst, which can rotate slightly around 
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the Ru-phosphole-Ru axis. For all further study, we focus on the major component.

The geometry of 1 in the RuTPP(CO)∙1∙RuTPP(CO) assembly deviates from the crys-
tal structure of its phenyl-functionalized counterpart 1Ph and the DFT calculated 
structure of 1. In the Ru-1-Ru assembly the dihedral angle between the peripheral 
pyridine planes is 141.5° versus 154.3° in the DFT calculated structure of 1 and 
150.8° in the XRD structure of 1Ph. We expect that these geometric changes to the 
structure of 1 are induced by different levels of stacking of the porphyrins during 
crystallization and the presence of an axial CO ligand in the current assembly. The 
distance between two ruthenium centers in the crystal structure is 14.749 Å, with a 
Ru-N distance of 2.205 Å. The Ru-N distance in RuTPP(CO)∙1∙RuTPP(CO) is slightly 
longer than the 2.052 Å reported for the crystal structure of RuTPP(CO)∙pyridine,3 
which can be ascribed to the nitrogen lone pair in 1 being less electron-rich than 
the one in pyridine, as was also observed in the lower binding constant for 1 to 
ZnTPP (4.6∙103 M–1) compared to pyridine to ZnTPP (6.9∙103 M–1).

The ruthenium porphyrin-catalyst assembly could be a viable candidate for photo-
catalytic proton reduction, because the reduction potential of the analogous RuTP-
P(CO) is –1.93 V (vs. Fc/Fc+) when dissolved in pyridine4 and the reduction potential 
of 1 is −1.76 V. To assess whether photo-induced electron transfer can take place 
from excited RuTPP(CO) to coordinated 1, the assembly was studied using time-re-
solved infrared spectroscopy analogous to the 2:1 complex of ZnTPP with 1 (cf. 
Chapter 4). Simple mixing of the two components RuTPP(CO) and 1 in a 2:1 ratio 
in dichloromethane yielded a UV-vis spectrum with Q-band absorption maxima at 
532 nm and 566 nm (respectively 4 nm and 6 nm red-shifted with respect to RuTP-
P(CO)4) and an IR spectrum with the ν(CO) band of the porphyrin shifted from 1956 

Figure 1. Unit cell (P21/m) of the crystal structure of RuTPP(CO)∙1∙RuTPP(CO).
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Figure 2. Crystal structure of RuTPP(CO)∙1∙RuTPP(CO).
Top: ORTEP representation including disorder (thermal ellipsoids drawn at the 50% proba-
bility level). Bottom: Major component (77% occupancy) visualized using PyMOL.

cm–1 (non-coordinated RuTPP(CO)5) to 1940 cm–1 (RuTPP(CO)(py) exhibits a ν(CO) at 
1943 cm–1).6 The ν(CO) bands belonging to the carbonyl ligands in complex 1 did not 
shift upon coordination, indicating that no substantial electronic communication 
takes place between this chromophore and the iron-carbonyl subsite of 1 in the 
ground state.
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During time-resolved infrared spectroscopy, the most intense Q-band of the coordi-
nated RuTPP(CO) chromophore was excited with a femtosecond 532 nm laser pulse. 
After excitation, the ν(CO) bands of both chromophore and catalyst were probed 
with sub-picosecond resolution. Visual inspection of the spectra recorded between 
0.2 ps and 1.0 ns after excitation shows bleaching of neutral RuTPP(CO) at 1940 
cm–1 with the appearance of a major band at 1920 cm–1, as well as bleaching of the 
characteristic peaks of 1 (2054 and 1994 cm–1) in favor of broad absorption features 
in the region between 1950 and 2050 cm–1. To gain more insight into the dynamics 
of the system after visible light excitation, the time constants of the rise and decay 
profiles of the ν(CO) bands were determined by global exponential fitting.

After excitation of RuTPP(CO) two bands appear at 1905 and 1920 cm–1. The two 

Figure 3. UV-vis (left) and IR (right) spectra of a solution of RuTPP(CO) (2 mM) and 1 (1 
mM) in CH2Cl2 in CaF2 cell with 0.23 mm optical path.

Figure 4. Time-resolved infrared spectroscopy on the assembly RuTPP(CO)∙1∙RuTPP(CO). 
Middle: Spectral evolution after excitation at selected delay times. Left: Decay profile of the 
excited state of 1 with a 19 ps exponential fit. Right: Rise and decay profiles of the CO bands 
belonging to RuTPP(CO) with global fits (0.8 ps, 5 ps and 240 ps).
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smallest time constants of 0.8 ps and 5 ps are most probably related to the tran-
sition from the singlet excited state to the lowest-lying triplet state.7 This triplet 
state decays with a time-constant of 240 ps, which is much faster than the reported 
triplet lifetime of RuTPP(CO)(py) (30 μs in toluene). Although we cannot explain 
the fast kinetics of triplet relaxation of the chromophore, we can rule out electron 
transfer to 1, as the time profile of the ν(CO) bands of 1 (1972 and 1988 cm–1) only 
shows a decay process with a time constant of 19 ps. The absence of a rise process 
indicates that there is no electron transfer from the excited chromophore to 1, and 
most likely the decay process originates from relaxation of 1* to its ground state 
after direct excitation of 1 with the laser pulse, as was also previously observed 
with a similar [2Fe-2S] complex from our group.8 In the case of a similar system 
where ZnTPP was employed as chromophore, electron transfer from bound ZnTPP* 
to 1 was observed with a time-constant of 2.5 ps (cf. Chapter 4). Here, the lifetime 
of the singlet excited state of RuTPP(CO) is most probably too short for (significant) 
electron transfer to 1 to occur.

Encapsulation studies under dynamic conditions

In 2011, the group of Nitschke reported on a cubic M8L6 cage C consisting of six 
porphyrin edges connected by eight Fe(II)(iminopyridine)3 corners.9 Previous results 
from our group show that a tetrapyridylporphyrin can be successfully encapsulat-
ed in an enlarged version of this cage under dynamic conditions.10 In the original 

Figure 5. Molecular representation of the 1∙C assembly visualized using PyMOL.
Crystal structure of the M8L6 cubic porphyrin cage C (CCDC 780771) with the crystal struc-
ture of 1 from the RuTPP(CO)∙1∙RuTPP(CO) assembly docked inside the cavity of the cage. 
Left: side view of 1. Right: top view of 1.
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cage structure, the metal-metal distance between opposing edges of the cube is 
14.99 Å (from the XRD structure), which would allow for the inclusion of complex 
1 on the basis of an Npy-Npy distance of 10.88 Å (XRD structure of 1Ph) and a typical 
Zn-Npy distance of around 2.20 Å for slightly bent (ca. 30°) Zn-Npy bonds.11 This cubic 
cage would be a good model for the unit cell of a MOF, and would allow studying 
molecular interactions, electrochemical and photochemical behavior in solution af-
ter inclusion of 1 into the void of the cage. Unfortunately, we were unable to encap-
sulate 1 in C (see Experimental Section). For successful inclusion of complex 1 into 
multi-porphyrin assemblies, it would be more straightforward to use materials that 
have windows sufficiently large to allow the complex to move freely in and out of 
the system. This would then allow for encapsulation of bipyridine guests (such as 
1) through regular zinc-pyridine interactions using non-coordinating solvents such 
as CH2Cl2 or toluene.12

Encapsulation studies in a pillared-paddlewheel MOF

Metal-organic frameworks often allow for tuning of cavity and window sizes by 
careful selection of the organic linkers, and a number of porphyrinic MOFs have 
been used successfully in photocatalytic applications such as proton reduction.13–20 
For the current approach, we selected the class of pillared paddlewheel frameworks 
(PPF) as a suitable material for inclusion of 1, as the zinc-zinc distance of the por-
phyrins in these structures can be easily tuned through the size of the used bipyr-
idine pillar.

Figure 6. Simplified scheme for the synthesis of pillared paddlewheel MOFs and their var-
ious stacking forms.
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The synthesis of porphyrin PPFs requires three main components and can be per-
formed as a ‘one-pot’ reaction under solvothermal conditions. A carboxylic ac-
id-functionalized porphyrin (H2TCPP) is reacted with zinc acetate to form two-di-
mensional porphyrin sheets (during which the free base porphyrin is metalated 
with zinc) which are then stacked by bipyridine pillars into a three-dimensional 
structure (Figure 6). These bipyridine pillars can coordinate to two sites of the 2D 
sheets: the zinc atoms of the nodes and the zinc atoms of the porphyrin. Although 
the binding strength of pyridines to the zinc nodes is likely to be stronger than 
binding to the zinc porphyrins (cf. binding of pyridine to zinc salphen vs. zinc 
porphyrin),21 the thermodynamically most stable structures – when regular bipyr-
idines are used as pillars – are the so-called AB and ABBA stacked sheets. These 
stacking patterns do not allow for bipyridine guest inclusion, as the zinc porphy-
rins are coordinatively saturated. A general method to access the desired AA stack-
ing pattern involves the use of more sterically demanding bipyridines, which have 
a preference for binding to the pillared-paddlewheel nodes and much less so to the 
zinc atoms in the (flat) porphyrin rings.22

The crystal structure of PPF-11-Zn/Zn (prepared from H2TCPP and the sterically 
encumbered 2,2’-dimethyl-4,4’-bipyridine (Me2bipy)) shows a geometry with plane-
plane (between sheets) separation of 14.04 Å.22 As this distance is slightly smaller 
than the ca. 15 Å needed for encapsulation of 1, we also attempted to synthesize 
a second structure with a bigger Zn-Zn distance by using the extended bipyri-
dine linker 1,4’-di(2-methyl-4-pyridyl)benzene (Me2exbipy). To probe the formation 
of MOFs with the desired stacking pattern when even more sterically demanding 
bipyridines are employed, we also performed the synthesis employing 2,2’,6,6’-te-
tramethyl-4,4’-bipyridine (Me4bipy). The formation of PPF-type MOFs in their var-
ious stacked configurations as well as the 2D porphyrin sheets was deduced from 
the corresponding powder X-ray diffraction (pXRD) patterns (Figure 7). The pXRD 
pattern of the MOF synthesized from Me2bipy (M1) shows the expected reflections 
around 2θ values of 7.5, 9.8, 10.6, 12.9, 15.1, 19.3 and 21.3° reported in literature.22 
For the M2 material obtained with the more sterically demanding pillar Me4bipy, 
no unambiguous assignments can be made for the features observed in the pXRD 
pattern, but a PPF-like MOF most presumably did not form. However, employing 
the extended pillar Me2exbipy gave material M3 with a pXRD pattern with features 
similar to PPF-11, showing reflections at 7.5 and 10.6° due to the 2D porphyrin sheet 
structure,22 and reflections at 19.3 and 21.3° (green) that are identical to PPF-11 and 
not observed in the 2D sheets alone.23 The remaining reflections at 15.5 and 16.9° 
(blue) could well be due to the formation of an enlarged structure compared to 
PPF-11. However, thermogravimetric analysis (TGA) of the Me2exbipy-based MOF 
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showed considerable mass losses immediately upon heating, indicating that the 
thermal instability of the material is much higher than for PPF-11. More in-depth 
analysis on this material was therefore not performed. The MOF based on Me2bipy 
(M1) shows good thermal stability with a TGA trace similar to the one reported 

Figure 7. Powder X-ray diffraction (pXRD) patterns plus Gaussian fits (Fytik) of the syn-
thesized MOFs (from the corresponding sterically demanding bipyridines) and the refer-
ence pXRD patterns of PPF-11-Zn/Zn (experimental and simulated).22 Orange diamonds 
depict reflections due to the 2D porphyrinic sheet structure.
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for PPF-11-Zn/Zn. Even though the Znpor-Znpor distance determined from the crystal 
structure would not allow for encapsulation of 1, framework flexibility through 
“breathing” of the structure – a feature not uncommon for MOFs24 – might allow 
the porphyrin planes to adjust slightly to the presence of a guest. However, com-
paring the reflectance UV-vis spectra of M1 and M1 soaked with 1 in CH2Cl2 did 
not give the expected Q-band shift generally observed for zinc-pyridine coordina-
tion. It was thus concluded that MOF M1 did not have the properties desired for 
encapsulation of 1.

We envisioned that a similar structure with enhanced breathing properties could 
be obtained by decreasing the number of 2D porphyrin sheets stacked on top 
of each other.25 To obtain such a structure, we used an automated layer-by-layer 
(LbL) protocol as reported by Hupp and Farha.26,27 An FTO-coated glass slide was 
pre-functionalized with a monolayer of (3-aminopropyl)triethoxysilane to obtain 
an amine-terminated surface. This slide was then successively submerged in eth-
anolic solutions (40 °C) of Zn(OAc)2, H2TCPP and 4,4’-bipyridine for a total of 50 
cycles. In contrast to the aforementioned solvothermal synthesis, the LbL synthe-
sis is performed at lower temperature, yielding MOF M1lbl(H2) with non-metalated 
porphyrins. Because there is no possibility for the pillars to coordinate to the zinc 
in the porphyrins, this method only yields the AA stacking pattern without the 
need for sterically demanding pillars. After synthesis, the MOF could be (partially) 
metalated with zinc (as monitored by transmittance UV-vis) to form M1lbl with-
out rearrangement to the thermodynamically more stable AB or ABBA stacking 
patterns (as in that case a shift of the Q-bands should be observed). Even though 
the synthesis of M1lbl was successful, complex 1 is again not encapsulated by the 

Figure 8. Left: Reflectance UV-vis of M1, 1 and M1 (Kubelka-Munk representation) soaked 
with 1 in CH2Cl2. Right: Transmittance UV-vis of M1lbl and metalated M1lbl(Zn) as pre-
pared through layer-by-layer (lbl) synthesis on FTO-coated glass.
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structure, as no changes in the UV-vis spectrum were observed after soaking the 
slides in a CH2Cl2 solution of 1 overnight. Moreover, due to the parallel stacking 
of porphyrin sheets with respect to the slide surface, cyclic voltammetry on M1lbl 
showed no redox activity, and it is concluded that the pillars effectively block elec-
tronic communication between the electrode and the porphyrin sheets.

Encapsulation studies in MOF-545-Zn

The encapsulation studies from the previous section clearly show the importance of 
proper design of a suitable structure for encapsulation of complex 1. Regarding the 
MOF geometry, both window and pore size should be sufficiently large to ensure 
proper diffusion of the guest into the porous material. In addition, the porphyrins 
in the MOF should be electrochemically addressable from the electrode surface, 
implying that there should be electronic communication between electrode and 
MOF, and between the porphyrins inside the MOF. Moreover, it should be possi-
ble to grow or deposit the MOF onto a (pre-functionalized) electrode surface. Re-
cently, the group of Yaghi reported on a new class of porphyrinic MOFs based on 
H2TCPP and zirconium oxide nodes.28 Two different morphologies were reported: a 
cubic (MOF-525) and a hexagonal (MOF-545) structure. Besides their large surface 
areas, these zirconium MOFs proved to be exceptionally stable, even when treat-
ed with concentrated hydrochloric acid for 24 hours.29 Moreover, it was shown by 
the group of Hupp and Farha that MOF-525 could be grown solvothermally30 or 
deposited electrostatically31 onto an FTO-coated glass slide, yielding a MOF thin 
film with electrochemically addressable porphyrins. Moreover, the solvothermally 
grown MOF thin films can be post-metalated with either cobalt or zinc. MOF-525 is 
a cubic network of porphyrins connected by zirconium oxide clusters with suitable 
pore size (opposing Znpor-Znpor distance of 19.39 Å)28 but limited aperture size simi-

Figure 9. Schematic representation of the synthesis and geometries of MOF-525 and MOF-
545 from H2TCPP and a zirconium precursor. Zn-Zn distances as determined from the 
respective reported crystal structures.
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lar to the aforementioned Nitschke cage. In contrast, MOF-545 features the largest 
window and pore sizes for any porphyrinic MOF reported in literature, but this 
material has not been grown or deposited on surfaces, nor characterized electro-
chemically to date.

Both MOF-525 and MOF-545 are synthesized from the same molecular components, 
but using different reaction conditions (temperature, solvent, template ligands). We 
adapted the reported procedure for the growth of MOF-525 thin films30 to reac-
tion conditions that yield MOF-54529 and conducted this synthesis in presence of 
H2TCPP-functionalized FTO-coated glass slides. After heating for three days at 120 
°C, dark red uniform thin films were obtained. Solvent (diethylformamide) and tem-
plate ligands (benzoic acid) were removed by soaking the films in dimethylforma-
mide. During solvothermal synthesis of the thin films, most of the MOF deposits 
as a powder, which was treated in the same way as the thin films to serve as a 
reference material. Analysis of the films and powder by pXRD and comparison 

Figure 10. Top: Synthetic scheme for the preparation of MOF-545-Zn thin films on 
FTO-coated glass slides. Bottom: pXRD patterns of MOF-545-H2 on FTO-coated glass 
slides and as powder, compared to the simulated pXRD pattern from the previously re-
ported MOF-545-Fe.
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with previously reported pXRD patterns plus simulation of the reported crystal 
structures of MOF-545-Fe shows that the material is composed of MOF-545-H2 (Fig-
ure 10). The free-base porphyrin films were metalated with zinc to form uniform 
thin films of MOF-545-Zn on the FTO-coated glass slides by heating the slides in 
a ZnCl2 solution in dimethylformamide at 100 °C overnight. Metalation was moni-
tored by UV-vis spectroscopy of a digested sample in 1M NaOH, where the collapse 
of 4 Q-bands into 2 Q-bands was observed (Experimental Section, Figure 19).

Electrochemical characterization of MOF-545-Zn thin films

To determine whether the films are electroactive, an FTO-coated glass slide with 
MOF-545-Zn thin film was used as working electrode in a standard three-electrode 
electrochemical set-up using 0.1 M TBAPF6 in CH2Cl2 as electrolyte solution. Differ-
ential pulse voltammetry of the MOF-545-Zn thin film gave a single oxidation wave 

Figure 11. Electrochemical characterization of the MOF-545-Zn thin film on FTO-coated 
glass slide.
The cyclic voltammetric (CV)  response indicates a hopping mechanism through an assem-
bly of redox centers. Differential pulse voltammetry (DPV) gives the standard potential of 
the redox centers. Controlled-potential electrolysis (CPE) and fitting of the curve to the 
Cottrell equation gives the concentration of redox centers and the ‘diffusion’ coefficient for 
electron hopping. Integration of this curve yields the surface concentration of redox centers 
and thereby the film thickness.
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with a standard potential of +0.62 V (vs. Fc/Fc+), close to the standard potential of 
ZnTPP in dichloromethane (+0.59 V). Cyclic voltammetry at 0.01 and 0.1 V/s showed 
both an anodic oxidation wave as well as a cathodic re-reduction wave, indicating 
that the MOF thin film is electrochemically addressable for both forward and back-
ward electron transfer, as was the case for similar films based on MOF-525.30,31 The 
cyclic voltammograms show a peak-to-peak separation larger than 0.3 V and a peak 
current versus scan rate behavior reminiscent of diffusion-like behavior, indicating 
that the dominant electron transfer occurs via a redox-hopping mechanism.32

Next, the electron hopping rate through the film was determined electrochemical-
ly, analogous to a procedure reported by Hupp and Farha.33 The ‘concentration’ of 
redox active centers in the MOF was determined from the number of porphyrins 
per unit cell divided by the unit cell volume through Ce = 6/26282 Å3 = 0.38 M. 
Controlled potential electrolysis of the MOF thin film (by applying a potential step 
from –0.2 V to +0.9 V vs. Fc/Fc+) was conducted to give a surface concentration of 
redox active moieties of Γe = 5∙10–9 mol/cm2, which is roughly 10 times less than 
for the previously reported (electrostatically deposited) MOF-525 thin film.31 The 
thickness of the film is then straightforwardly calculated through df = Γe/Ce = 0.13 
μm. Fitting the coulometric curve with the Cottrell equation yields the diffusion 
coefficient of electron hopping De = 3.7∙10–11 cm2/s. To obtain a rate constant for 
electron hopping, it is necessary to know what the average distance is between re-
dox centers in the film. From the crystal structure, this distance was determined to 
be dr = 16.7 Å, which is the porphyrin-to-porphyrin distance along the hexagonal, 
tubular pores. This distance was used together with the diffusion coefficient for 
electron hopping to determine the self-exchange rate constant for electron transfer 
through k0 = 6De/(Cedr

2) = 2.1∙104 M–1 s–1 and the hopping rate constant through khop 
= k0∙Ce = 8.0∙103 s–1.33 This hopping rate is in the same range as previously reported 
for electropolymerized films of metal porphyrins on electrodes.34

Guest encapsulation into MOF-545-Zn

Having established that we can form a redox active, porous porphyrinic thin film 
on an FTO electrode, the next step is to evaluate the ability of MOF-545-Zn to en-
capsulate guests via pyridine-zinc interactions. The binding constant of pyridine 
to the zinc porphyrins in the material was determined by titration of a solution 
of pyridine in CH2Cl2 with increasing amounts of solid MOF-545-Zn, where every 
sample was allowed to equilibrate overnight. The decrease in pyridine concentra-
tion was determined by UV-vis, monitoring the λmax of pyridine in CH2Cl2 (257 nm). 
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Fitting of the titration curve to an equilibrium reaction model yields an adsorption 
constant of 6.7∙103 M–1, which is very close to the association constant of pyridine 
to ZnTPP in CH2Cl2 (6.9∙103 M–1).35 Plotting the corresponding Langmuir isotherm 
yields (an upper limit to) the number of accessible binding sites, which is θa = 77%. 
The remaining non-accessible binding sites are possibly obstructed or not metalated 
with zinc. It should be noted here that the percentage of actual accessible binding 
sites may be less than 77%, because the applied method does not discriminate be-
tween guest uptake through zinc-pyridine interactions and other adsorption pro-
cesses.

Next, the encapsulation of pyridine guests with multiple binding sites was inves-
tigated by solid-state UV-vis and IR spectroscopy. After soaking equivalent masses 
of MOF-545-Zn and a pyridine guest in CH2Cl2 overnight, the resulting solids were 
isolated by centrifugation and dried, and ground to a Nujol mull in a mortar and 
pestle. The resulting paste was additionally homogenized by careful grinding be-
tween CaF2 windows and measured in transmittance mode spectroscopy. Grinding 
of metal-organic frameworks or their constituents under mechanochemical con-
ditions has previously led to synthetic transformations such as MOF formation 
or changes in topology.36,37 As these transformations were reported for relatively 
weak interactions,38 we assume no significant changes in material topology during 
sample preparation for zirconium based MOF-545, although possible grinding-in-
duced transformations or encapsulation were not excluded a priori. In the homog-
enized samples, pyridine-zinc interactions were observed in the UV-vis spectra by 
a red-shift of the Q-band at 565 nm. MOF-545-Zn exhibited a Q-band at 565 nm 
and introduction of pyridine into the system led to red-shifting of the λmax is by 2 

Figure 12. Adsorption of pyridine into MOF-545-Zn.
Left: Titration curve of pyridine ([G0] = 2.0 mM in CH2Cl2) with increasing amounts of solid 
MOF-545-Zn and the association constant as determined by non-linear regression. Right: 
Langmuir isotherm [H]0,actual versus the theoretically predicted ‘concentration’ of host sites 
[H]0,theoretical in MOF-545-Zn and the determination of the fractional occupancy factor θa from 
the slope of the curve.
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nm. Interestingly, 4,4’-bipyridine (bipy) and 1,4-di(4-pyridyl)benzene (exbipy) gave a 
stronger red-shift to 569 and 570 nm, respectively. The intermediate red-shifts could 
be caused by partial binding to the MOF, by guest-induced transformations of the 
material or by other unidentified factors.

Unfortunately, soaking of complex 1 into MOF-545-Zn did not give any red shift 
of the Q-band. Possible encapsulation of iron carbonyls was monitored by IR spec-
troscopy using the same solid-state sample as used for UV-vis, which showed no 
appearance of bands in the characteristic carbonyl stretch region from 1900 to 2100 
cm–1. It was thus assumed that 1 is not encapsulated into the MOF under the ap-
plied conditions (overnight soaking at room temperature). As the aperture and pore 
size would allow free diffusion of 1 in and out of the material, we suggest that the 
encapsulation of 1 might be severely kinetically limited. (The intrinsic decompo-
sition pathway of the catalyst in solution – displacement of carbonyl for pyridine 
ligand – limits the soaking time to around 24 hours.) As a possible alternative 
strategy to encapsulate a [FeFe]H2ase mimic into MOF-545-Zn, a ship-in-the-bottle 
method was tried. First, the para-pyridyl phosphine ligand (4-Py)Ph2P was encap-
sulated into MOF-545-Zn, as indicated by a red-shift of the porphyrins Q-band by 
2 nm to 567 nm. This material was isolated by centrifugation, after which it was 
reacted with the hexacarbonyl precursor Fe2(μ-bdt)(CO)6 in THF at 50 °C overnight 
– conditions that allow for displacement of one carbonyl fragment with a phos-
phine ligand when carried in the homogeneous phase. However, the isolated solids 
did not show any ν(CO) bands in IR spectroscopy, although the λmax of the Q-band 
remained at the same position (567 nm). Even though the kinetic radii of the iron 
carbonyl compounds and the phosphine ligand are comparable, we have not found 
any indication of encapsulation of [FeFe]H2ase mimics into MOF-545-Zn under the 
applied conditions.

Figure 13. Preliminary encapsulation of pyridine guests into MOF-545-Zn monitored by 
transmittance-mode UV-vis spectroscopy.
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Conclusions and outlook

In this chapter we have discussed the design, synthesis and guest uptake studies 
of various porphyrinic materials that may potentially be used as the chromophor-
ic part of the proton reduction photocathode in an artificial leaf. When grown 
on a suitable electrode, these molecular materials should serve as photosensitizer, 
electron transport material and heterogeneous support for proton reduction cata-
lysts. On the basis of geometric considerations from a crystallographically char-
acterized assembly of ruthenium porphyrins with a [FeFe]hydrogenase mimic, we 
have successfully prepared a porous zinc porphyrin metal-organic framework thin 
film on an electrode. The electrochemical properties of the thin films show that 
the electron hopping rates in the film can attain the flux of incident photons from 
sunlight (ca. 103 s–1 nm–2 at 500 nm),39 and the singlet excited-state potential of zinc 
porphyrins is suited to drive proton reduction catalysis using 1 as a catalyst. How-
ever, preliminary guest uptake experiments have not yet provided evidence for the 
encapsulation of 1 into the MOF-545-Zn thin film. As it seems that size matters, a 
smaller [FeFe]H2ase mimic equipped with a pyridyl dithiolate bridge could poten-
tially be encapsulated by the MOF.40

To create a proton reduction photocathode for use in an artificial leaf, two main 
objectives still have to be fulfilled: Apart from the anchoring of a suitable proton 
reduction catalyst, the MOF thin film should be grown on a suitable hole-accepting 
material such as nickel(II) oxide (NiO) for efficient charge collection under irradi-
ation conditions.41 We expect that the synthesis of MOF-545 on H2TCPP-function-
alized NiO (e.g. on an oxidized nickel electrode) is straightforward when similar 

Figure 14. Schematic diagram illustrating a plausible artificial leaf photocathode.
Left: Simplified band diagram and molecular orbital (MO) scheme for the electrode/hole ac-
ceptor/photosensitizer/catalyst construct. Right: Anchoring strategies that can be employed 
for covalent and supramolecular coupling of small [FeFe]H2ase mimics into MOF-545-Zn.
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solvothermal conditions are employed. Anchoring of a suitable proton reduction 
catalyst in the MOF thin film could alternatively be performed using covalent at-
tachment of a carboxylic acid-functionalized catalyst onto the zirconium oxide 
nodes by solvent-assisted ligand incorporation (SALI).33 A small [FeFe]H2ase mim-
ic that could potentially be incorporated in this way is the mono-carboxylic acid 
functionalized Fe2(µ-mcbdt)(CO)6.

42
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Experimental

General

The bipyridine linkers 2,2’-dimethyl-4,4’-bipyridine (Me2bipy, 72% yield) and 
2,2’,6,6’-tetramethyl-4,4’-bipyridine (Me4bipy, 56% yield) were prepared according to 
a literature procedure from the bromopyridine derivatives using Ni(PPh3)4 in DMF.43 
Diethylformamide (TCI Europe D4234), H2TCPP (TCI Europe A5015), ZrCl4 (Sigma 
Aldrich 647640) and all other chemicals (p.a. grade) were used as received. 1H NMR 
spectra were acquired on a Bruker AV400 spectrometer. UV-visible spectra were 
acquired on a Hewlett Packard 8453 spectrophotometer. TGA was performed on a 
Netzsch Jupiter STA 449 F3 by vacuum drying 2 mg of sample and exposing it to a 
5K/min temperature ramp from 30°C to 800 °C under argon. Powder X-ray diffrac-
tion was performed on a Rigaku Miniflex II (3° < 2θ < 50° at 2°/min).

RuTPP(CO)∙1∙RuTPP(CO) assembly

Structure determination by single crystal X-ray diffraction. X-ray Crystal 
Structure Determination of complex xxx: X-ray intensities were measured on a 
Bruker D8 Quest Eco diffractometer equipped with a Triumph monochromator (λ 
= 0.71073 Å) and a CMOS Photon 50 detector at a temperature of 150(2) K. Intensity 
data were integrated with the Bruker APEX2 software.44 Absorption correction and 
scaling was performed with SADABS.45 The structures were solved using intrin-
sic phasing with the program SHELXT.44 Least-squares refinement was performed 
with SHELXL-201346 against F2 of all reflections. Non-hydrogen atoms were refined 
with anisotropic displacement parameters. The H atoms were placed at calculated 
positions using the instructions AFIX 13, AFIX 43 or AFIX 137 with isotropic dis-
placement parameters having values 1.2 or 1.5 times Ueq of the attached C atoms.

Time-resolved infrared spectroscopy. The experimental set-up for time-resolved 
infrared spectroscopy has been described in Chapter 4. The sample was a solution 
of RuTPP(CO) (3 mM) and 1 (1.5 mM) in CH2Cl2, measured in a CaF2 cell with 0.23 
mm optical path.
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Nitschke cage

Encapsulation strategies and results. Encapsulation of 1 in C was attempted 
using two strategies and monitored by 1H-NMR. In the first method, preformed cage 
C was mixed with one equivalent of 1 in a solvent that would allow for cage dy-
namicity (CH3CN, THF, acetone) while still having substantial zinc-pyridine inter-
actions. Stirring the solution overnight at either room temperature or 70 °C did not 
give any encapsulation of 1. Attempts to encapsulate the dipyridylphosphole ligand 
or 1,4-di(4-pyridyl)benzene (exbipy) failed as well. In a second strategy, encapsula-
tion was attempted by forming the cage in presence of 1 under dynamic conditions 
(70 °C overnight), which showed either no cage formation or no encapsulation when 
using CH3CN, DMF or acetone. To form the cage under less dynamic conditions, the 
zinc tetra-imine porphyrin building blocks (ZnTIPP) were pre-synthesized by con-
densation of the zinc tetra(aminophenyl)porphyrin (ZnTAPP) with four molecules 
of 2-pyridinecarboxaldehyde under Dean-Stark conditions in benzene. Unfortunate-
ly, also using this pre-formed building block, the cage did not form under any of 
the applied conditions. as both complex 1 and smaller bipyridine guests did not get 
encapsulated in cage C, whereas the tetrapyridylporphyrin did encapsulate under 
similar conditions in the enlarged cage Cex, we attribute the encapsulation of the 
latter to the enhanced (tetradentate versus bidentate) chelate effect.

Synthesis of ZnTIPP. Zinc tetra(aminophenyl)porphyrin (100 mg) and pyri-
dine-2-carboxaldehyde (5 mL) were refluxed in a Dean-Stark apparatus in benzene 
(60 mL) overnight. After evaporation of solvent, the gummy solid was washed thor-
oughly with ether and taken up in chloroform. This solution was washed very thor-
oughly with dilute sodium bicarbonate, dried over sodium sulfate, filtered and all 
solvent removed to give 62 mg of the product in a 44% yield. 1H NMR (300 MHz, 

Figure 15. TGA analysis of (left) M1 (Me2bipy-MOF) and M3 (Me2exbipy-MOF) and (right) 
the previously reported PPF-11-M/M.22
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Figure 16. Automated set-up for the layer-by-layer synthesis.

DMSO-d6) δ 9.00 (s, 4H, imine), 8.91 (s, 8H, pyrrole), 8.83 (d, J = 4.4 Hz, 4H, pyridine), 
8.36 (d, J = 7.9Hz, 4H, pyridine), 8.28(d, J = 7.8Hz, 8H, phenyl), 8.08 (t, J = 7.8 Hz, 
4H, pyridine), 7.81 (d, J = 7.9 Hz, 8H, phenyl), 7.63 (dd, J = 7.6, 4.0 Hz, 4H, pyridine).

Pillared-paddlewheel MOF

Solvothermal synthesis of PPF MOFs. To a 1 dram vial was added Zn(NO3)2.6H2O 
(8.9 mg, 30 μmol), H2TCPP (8.0 mg, 10 μmol), bipyridine linker (20 μmol), dimethyl-
formamide (1.5 mL) and ethanol (0.5 mL). The mixture was sonicated for 5 minutes, 
after which a solution of nitric acid in ethanol (1.0 M, 20 μL) was added to the vial. 
After sonication for 5 more minutes, the vial was heated in an oven at 80 °C for 24 
hours and then slowly cooled down to room temperature over a period of 9 hours. 
The dark purple crystals were gently washed with dimethylformamide (3 × 2 mL) 
and stored in dimethylformamide.
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Layer-by-layer synthesis of PPF MOFs. Lay-
er-by-layer synthesis of MOF thin films was 
performed using a homemade ‘dip coater’ set-
up. An XY displacement arm was built from 
1 mm thick aluminium strips moving over 
ball-bearing drawer slides obtained from a 
hardware store. The actuators were L12-P and 
L16-P linear actuators from Firgelli Technolo-
gies, controlled by an Arduino Uno equipped 
with a motor shield (Velleman VMA03). The 
main part of the source code consists of a PID 
controller to obtain a precision of around 1 
mm without overshoot.

FTO-coated glass slides were cleaned accord-
ing to a reported procedure.47 The slides were then heated at 70 °C in a solution of 
3-aminopropyltriethoxysilane (0.1% v/v in toluene) overnight, cooled to room tem-
perature and washed with copious amounts of toluene, sonicated in toluene for 5 
minutes, washed with ethanol and air dried. In an automated set-up, the slides were 
submerged in ethanol solutions of Zn(OAc)2 (0.1 mM), H2TCPP (2 μM) and 4,4’-bipyr-
idine (2 μM) for 5, 10 and 10 minutes, respectively, at 40 °C. This cycle was repeated 
50 times to obtain a uniform thin film. This film was metalated by submerging the 
slide in a methanol solution of Zn(OAc)2 for 3 days at room temperature.

MOF-545-Zn thin films on FTO-coated glass slides

H2TCPP-functionalized FTO-coated glass slides. FTO-coated glass slides were 
cleaned according to a reported procedure.47 In short, FTO-coated glass was cut to 
pieces of approximately 15x40 mm, rubbed clean with ethanol, sonicated in 0.5% 
aqueous detergent solution (deconex 24 FORTE, Borer Chemie AG) for 15 min, 
rinsed with milli-Q water (18 MΩ cm) and ethanol. After  drying in air, the slides 
were treated in a UV-O3 plasma cleaner for 30 min. The slides were then placed in a 
glass petri-dish with the FTO side facing up and layered with a solution of H2TCPP 
in dimethylformamide (400 mg/L) overnight at room temperature. After rinsing the 
slides with copious amounts of dimethylformamide, the slides were rinsed with 
ethanol and air dried.

Figure 17. FTO-coated glass slides 
before (left) and after (right) syn-
thesis of a MOF thin film through 
layer-by-layer synthesis.
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MOF-545 on FTO-coated glass slides. MOF-545 was grown solvothermally on 
H2TCPP-functionalized FTO-coated glass slides analogous to the reported proce-
dure for MOF-525.48 To a 250 mL Erlenmeyer flask was added benzoic acid (18.9 g), 
diethylformamide (56 mL), H2TCPP (350 mg) and ZrCl4 (525 mg). The solids were 
dissolved by sonication for 15 min and the solution divided over seven 20 mL Pyrex 
vials. One FTO-coated glass slide was placed diagonally in each vial, with the FTO 
side facing down. The vials were capped tightly and placed in a pre-heated oven 
at 120°C for 72 hours. After cooling to room temperature, the slides were carefully 
taken out of the vials (the MOF film is easily scratched off). The powder in the vials 
was collected and combined, and washed analogously to the MOF-functionalized 
slides: The MOF was submerged in fresh dimethylformamide overnight for three 
consecutive days (to remove organic molecules from the pores of the structure), 
then in fresh acetone overnight for three consecutive days (to replace all dimeth-
ylformamide with acetone). The MOF powder can then be activated (removal of 
solvent from the pores) by heating the powder under vacuum at 120 °C overnight. 
(Note that the MOF thin films do not survive this treatment, and flake off the sur-
face of the slides.)

Metalation of MOF-545 with zinc to form MOF-545-Zn. Activated MOF-545 (570 
mg) was suspended in dimethylformamide (100 mL) containing Zn(OAc)2.2H2O (1.1 
g) and heated overnight at 100 °C. Thin films of MOF-545 on FTO-coated glass slides 
were placed in a 20 mL Pyrex vial and covered with 15 mL of a solution of ZnCl2 
(300 mg/L) in dimethylformamide/water (100:1) and placed in a pre-heated oven at 
100 °C overnight. Metalation progress was followed by UV-vis spectroscopy through 

Figure 18. Metalation of MOF-545-H2 to form MOF-545-Zn as followed by UV-vis through 
digestion of the solid material in 1 M NaOH.
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digestion of a few grains of the sample in 1 M NaOH and monitoring the collapse 
of the 4 Q-bands of the freebase porphyrin into 2 Q-bands for the metalated por-
phyrin. After cooling to room temperature, the powder and films were washed 
analogously to MOF-545 and stored under dimethylformamide in air.

Guest inclusion into MOF-545-Zn. In a 2 mL glass vial, approximately 10 mg of 
MOF-545-Zn and 10 mg of guest were covered with 0.5 mL of CH2Cl2. After soaking 
overnight (excluding air and light), pentane (ca. 5 mL) was added to decrease the 
density of the solution, and the MOF was centrifuged quickly out of the suspension. 
The solids were washed several times with CH2Cl2/pentane and air dried. Samples 
for spectroscopy were prepared by grinding a few grains of the solid in a few drops 
of Nujol to a (darkly colored) mull, which was sandwiched between two CaF2 win-
dows and homogenized by gentle rotation. Guest inclusion was studied by UV-vis 
spectroscopy (monitoring the highest-energy Q-bands between 565 nm and 570 nm) 
and IR spectroscopy (monitoring iron-carbonyl vibrations between 1900 cm–1 and 
2100 cm–1). UV-vis spectra were filtered from noise by a 9-point FIR Kaiser-Bessel 
window with α = 1.5.

Adsorption titration of pyridine into MOF-545-Zn. The binding constant of 
pyridine to the zinc porphyrin in MOF-545-Zn was determined by titration of a 
constant concentration of pyridine (guest G) in CH2Cl2 with increasing amounts 
of MOF (each Zn atom is considered a host molecule H), soaking the solids over-
night to ensure equilibration. The initial guest (pyridine) concentration [G]0 was 
kept constant at 1.0 mM. Free guest concentration [G] was measured using UV-vis 
spectroscopy (l = 2 mm), monitoring the transition at 257 nm. The initial host “con-
centration” [H]0 was calculated from mass of the MOF added divided over the mo-
lecular weight of the MOF per porphyrin unit (1230 g/mol). The obtained titration 
curve (A257 nm vs. [H]0/[G]0) was then fitted to a 1:1 HG model using Matlab, which 
gave an association constant Ka = 6.7∙103 M–1. The accessible number of binding sites 
was calculated using a Langmuir isotherm through:

H G G
G
G

K
Kaccessible

a

a
[ ] = [ ] −[ ]( ) [ ]

[ ]
⋅

+
0 0
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,

Plotting [H]0,accessible vs. [H]0 a straight line with a slope of 0.77 was obtained. This 
means that in this MOF-545-Zn sample maximally 77% of the zinc atoms are acces-
sible for the binding of pyridine.
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Figure 19. Determination of association constant of pyridine to MOF-545-Zn in CH2Cl2.
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