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Chapter 3

Effects of Electron-Withdrawing and Electron-Donating Substituents on the
pH Dependence of Co(lll)-porphyrin Catalysts for Homogeneous
Photocatalytic Hydrogen Evolution

A series of anionic Co(lll)- and Zn(ll)-porphyrin complexes bearing either electron-donating
(IM-OMeP]™, [M-MeP]™, M = Co, n =3 or M = Zn, n = 4) or electron-withdrawing ([M-
F8P]™, [M-F16P]™) substituents were prepared to study the role of electronic effects on
homogeneous photocatalytic hydrogen evolution in presence of [Ru(bpy)s]?* as photosensitizer
(PS), blue light irradiation (450 nm), and ascorbate and tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) as sacrificial electron donor. Electronic effects not only controlled the
redox properties of the metal-porphyrin catalysts, they also changed the photocatalytic
hydrogen evolution mechanism. Electrochemical studies and kinetic studies in photocatalytic
conditions indicated that the two best catalysts, i.e., the electron-rich [Co-OMeP]* and
electron-poor [Co-F16P]* compounds, catalyzed the hydrogen evolution reaction (HER) via
two different mechanisms: one centered on the metal for [Co-OMeP]*, whereas for [Co-
F16P]%> HER catalysis more likely proceeds via a mechanism involving both the metal center
and the porphyrin ligand. Strikingly, the pH dependence of the photocatalytic activity of these
two catalysts was found to be very different. For [Co-F16P]* the highest activity and stability
was observed at pH 7.0, with a maximum TOF of 6.7 + 0.3 h"t and a TON of 70 + 3 after 39.5
hours of irradiation, while [Co-OMe]* performed more classically, with better performances
at pH 4.1: in such conditions the maximum TOF was 7.2 + 0.4 h't and the TON 175 + 5 after
39.5 h irradiation. In this family of hydrogen-evolution catalysts, it is hence preferable to
functionalize the complex with electron-withdrawing groups to maximize photocatalytic
activity at neutral pH. With [Co-F16P]* or [Co-OMeP]* as catalyst, photocatalysis was
limited by the PS decomposition.
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Chapter 3

3.1 Introduction

Light-induced Hz evolution in aqueous solutions has generated great attention since it could
contribute to providing a sustainable and environmentally friendly energy conversion system. !
In order to drive this photoreaction efficiently, well-performing hydrogen-evolving catalysts
(HECs) must be prepared, the design of which is not yet fully understood.>* Recently, studies
on molecular hydrogen evolution catalysts have multiplied due to their numerous advantages:
1) they mimic the active sites of heterogeneous catalysts and allow to approach catalytic
mechanisms with atomic precision;>"1 2) ligand functionalization allows for fine-tuning of the
coordination sphere and electronic density of the metal center, which is a powerful tool to
establish relationships between the properties of the metal center and its photocatalytic
performances;!"® and 3) they can be integrated in supramolecular water splitting systems, also

in combination with solid-state materials and catalysts.[>

In principle, a good molecular HEC should have three characteristics: 1) it should include a
metal center that can switch between different oxidation states;™ 2) it should be made with a
ligand set that provides a stable coordination environment to the metal ion, especially for labile
low-valent metal ions;[*4 and 3) its electronic density should balance the reaction rates and
over-potential of the different catalytic steps, to achieve the highest possible rate.[#l In the last
decade, molecular HECs have been extensively studied for photocatalytic hydrogen evolution,
especially those made of first-row transition metals.*2-2] Many of those catalysts are based on
cobalt, which is available in large quantities on Earth and has more than five available oxidation
states.[?>%% Usually, these catalysts show better catalytic properties in mildly acidic conditions
(pH = 4-5), where enough protons are available for the fast generation of H.. On the other hand,
coupling proton reduction and water oxidation to achieve a full water splitting scheme, may be
more favorable in neutral conditions, because water oxidation becomes very challenging at low
pH. Still, examples of cobalt-based HECs working at pH 7.0 in homogeneous aqueous

solutions are very rare.[3%%2
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Figure 3.1 Energy scheme and simplified photocatalytic mechanism of the reductive quenching

Potential

pathway in a three-component molecular photocatalytic hydrogen-evolution system. ED:
sacrificial electron donor; PS: photosensitizer; Cat: hydrogen evolution catalyst; E(T): triplet
excited state energy of the PS; #: overpotential of the catalyst; Eqr: driving force of the

electron-transfer step from the reduced photosensitizer PS™ to the catalyst.

Photocatalytic H»-evolving systems contain, next to the catalyst, a photosensitizer (PS) and
a sacrificial electron donor (ED). In such 3-component systems the much higher concentration
of the ED, compared to the catalyst (Cat), usually favors kinetically the excited state PS* to be
quenched reductively by ED to afford PS™ (Step 2 in Figure 3.1).1*! PS then reduces Cat to
Cat (Step 3), an electron-transfer step driven by the driving force Eqr. This process, when
repeated twice, catalytically leads to the formation of an H> molecule (Step 4). In such a system
a good balance between Eqr and the overpotential of the catalyst (1) is needed to keep both Step
3 and Step 4 fast enough.®! Functionalization of the catalyst with electron-donating or electron-
withdrawing groups in principle allows for optimization of Eqr and n. However, for synthetic
reasons it is not always easy to vary systematically the redox properties of a cobalt complex to

optimize its redox potential for catalytic hydrogen reduction. In addition, the pH dependence
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of the highest activity of a cobalt catalyst (Step 4 in Figure 3.1) may also depend strongly on
the electron-density on the metal catalyst. In the two studies where systematic ligand
functionalization by electron-donating or -withdrawing groups has been realized,*33 the pH
dependence of the activity of the HEC has not been investigated. In general, it remains poorly
understood which influence electron-withdrawing or electron-donating groups have on the

(photo)catalytic activity of HEC, and in particular on their pH dependence.

Porphyrin ligands offer stable and rigid coordination sites for cobalt ions, while being
readily tunable with electron-donating or -withdrawing substituents, which makes them very
attractive for the fine-tuning of molecular catalysts.34%! In this work, a family of water-
soluble Co(lll) porphyrin complexes was prepared bearing either electron-donating ([Co-
OMeP]?*, [Co-MeP]*) or electron-withdrawing ([Co-F8P]*, [Co-F16P]*) substituents (Figure
3.2). This series of compounds was used to investigate the effect of the electron-richness of the
ligand on homogeneous photocatalytic hydrogen evolution in presence of [Ru(bpy)s]Cl2 as
photosensitizer (PS), and ascorbic acid (AA) and tris(2-carboxyethyl)phosphine hydrochloride
(TCEP) as sacrificial electron donor (ED).[*2%! The pH dependence of their (photo)catalytic
properties was investigated and compared to those of their Zn?* analogues, in which the metal
center cannot accommodate any changes of the oxidation state. This study demonstrates that
the cooperation of the ligand during HEC and the pH dependence of the catalyst both strongly
depend on the electron-richness of the porphyrin ligand. Thus, we show that good catalysts can
be obtained for the HER at pH 7, provided that the ligand is very electron-poor.

[Co-OMeP]3: M = Cao", R=0CH3, R'=H
[Co-MeP]®: M =Co",R=CH;, R =H
[Co-F8P]*:M=Co".R=F R =H
[Co-F16P]*:M=Co. R=F R =F
[Zn-OMeP]*: M = Zn", R = OCH3, R’ = H
[Zn-MeP]*: M = zn", R = CH3, R" = H
[Zn-F8P]*:M=2Zn" R=F R =H

SO; [Zn-F16P]*:M=zn", R=F R =F
[H,-OMeP]4: M =2 H*, R=0CHs;, R’ = H
[Ho-MeP]*: M =2 H*, R=CH3, R =H
[H-F8P]*:M=2H", R=F, R =H
[H,-F16P]*:M=2H* R=F, R =F

~05S
Figure 3.2 Chemical structures of the water-soluble metal porphyrin complexes and free base

ligands used in this work. All compounds were isolated as Na* salts.

3.2 Results and Discussion
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3.2.1 Synthesis

The tetra-sulfonated free-base porphyrin ligands Nas[H2-OMeP],®®l Nas[Hz-MeP],E"]
Nas[H2-F8P],1%8 Nas[Ho-F16P],* and their metal complexes Nas[Co-F8P],1*%41 Nas[Zn-
F8P],[? Nas[Zn-F16P],*°! were synthesized according to reported methods. The other Co(111)
and Zn(1l) porphyrin compounds described in this Chapter are new and were synthesized via
refluxing the free-base ligands with Co(ll) sulfate or Zn(I1) dichloride in Milli-Q water for 12
h. Na*-loaded ion exchange resin was used to exchange the counter ions with Na*, and the
complexes were finally purified by size-exclusion chromatography in order to remove all
inorganic salts in excess. According to NMR all cobalt compounds are diamagnetic and hence
contain low-spin Co(lll) ions. The Co(lll) porphyrin complexes were supposedly formed due
to the oxidation of Co(l1) by air during purification.®%4143 Fyll characterization is given in the
Supplementary Information (Figure All.1 - Figure All.6).

3.2.2 Electrochemical properties

In principle, the electron-richness of a ligand influences the redox and electrocatalytic
properties of its metal complex.["*? Another classical idea in hydrogen-evolution catalysis is
that lower pH values render most catalysts more efficient at catalyzing the HER. The redox
properties of the Co(lll) and Zn(Il) porphyrin complexes were hence studied with
electrochemical methods at pH 7.0 and pH 4.1. Cyclic voltammetry (CV), linear sweep
voltammetry (LSV), and differential pulse voltammetry (DPV), were recorded, using a
phosphate buffer and a glassy-carbon (GC) working electrode (Figure 3.3). DPV of the four
Co(lI)-porphyrin complexes at pH 7.0, show that lowering of the electron-richness of the
complex leads to a decrease of the potential of the first reduction wave that turns the Co(ll1)-
porphyrins (Co"'-P) into Co(ll)-porphyrins (Co'"-P). This reduction wave was observed at
—0.53 V vs. NHE for the most electron-poor complex [Co-F16P]*, and at —0.75 V vs. NHE for
the most electron-rich compound [Co-OMeP]*" (Figure 3.3a). Cyclic voltammograms recorded
at pH 7.0 revealed that the second reduction of the cobalt porphyrin complexes, which leads
either to Co(l)-porphyrins (Co'-P) or to Co(Il)-porphyrin radical anion (Co'-P~) species,
induces electrocatalytic hydrogen evolution, with an onset potential (with catalytic current
higher than —20 pnA) at —0.84 to —1.04 V vs. NHE depending on the substituents (Figure 3.3b).
Since the redox potential of the [Ru(bpy)s]?*/[Ru(bpy)s]* couple is reported to lie between
—1.26 and —1.32 V vs. NHE,[344%%] the one-electron reduced species PS™, corresponding to
[Ru(bpy)s]™, is capable to thermodynamically drive the reduction of all four Co(l1)-porphyrins
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to a potential where the catalytic HER occurs, with an electron-transfer driving force Eqgr
(Figure 3.1) being larger than 160 mV. It is worth noting that for [Co-F16P]* a small reduction
wave is present at —0.80 V vs. NHE at the foot of the catalytic wave (Figure 3.3b). Interestingly,
a similar reduction wave was observed for the [Zn-F16P]* analogue, for which metal-based

reduction is nearly impossible (Figure 3.3c). This reduction must hence be ligand-based.

LSV of the Zn-porphyrin complexes were measured at pH 7.0 to focus on their
electrochemical reduction processes. As expected, the more electron-poor [Zn-F16P]* showed
the least negative reduction potential (—0.80 V vs. NHE, see Figure 3.3c). The reduction current
did not increase significantly with more negative potential until —1.10 V vs. NHE, which
suggested this reduction was a reduction process of the complex without catalysis. In addition,
the reduction current was around —8 WA which was similar to the current of 1-e reduction of
Co'"to Co'" =7 pA (Figure AlL7). Thus, this first reduction process was considered to be 1-
electron; it was also observed for [Zn-F8P]* but not for the more electron-rich zinc porphyrin
complexes [Zn-MeP]* and [Zn-OMeP]*. Significant reduction of [Zn-MeP]* and [Zn-
OMeP]* was observed below —1.20 V vs. NHE with reduction current higher than —16 pA;
these two compounds hence underwent a reduction process with more than 2e~ (Figure AlL.8).
We tentatively ascribe this process to the electrocatalytic HER, which takes place at the same
potential as the reduction of [Zn-F8P]* and [Zn-F16P]*. Overall, in aqueous solution at pH 7.0
the reduced form of the photosensitizer, [Ru(bpy)s]*, should also be capable to drive the 2-
electron reduction of the Zn-porphyrin complexes and the HER, with a driving force Egr that is
higher than 60 mV.

CVs recorded at pH 4.1, show that all Co-porphyrin complexes are also electrocatalytically
active for the HER at this pH (Figure 3.3d). As expected, the compounds [Co-OMeP]*, [Co-
MeP]® and [Co-F8P]* show a higher catalytic current at pH 4.1 than at pH 7.0. However, the
electrocatalytic current obtained with [Co-F16P]* was lower at pH 4.1 (< —100 pA) than at pH
7.0 (> —200 pA), with 200 mV more over potential. This unexpected result strongly suggests
that this electron-poor catalyst may catalyze the HER at neutral pH more efficiently than at pH
4.1, possibly by following a different mechanism than the other complexes.

92



Chapter 3

a) (N — b)
2 2 = 2 — - 3-
3 | [Co-OMeP]* 2 100 T
E [CO‘MeP]3' - L [CO'FSP]S'
-4 — 3- <
o [Co-F8P] o — [Co-F16P]>
c ! — [Co-F16P)* & -200 —
= — Buff | 5 Buffer only
O 6L uffer only o
[ U RS -300 L0 1
-0.9 -0.6 0.3 0 16 -12 -08 -04 0
Potential (V vs NHE) Potential (V vs NHE)
C) 0 - d) 0+
< 10 | = i Co-OMeP]*
<:(L i [Zn-OMeP]* <:ts_ -100 - {Co—MePP’]
= = [Zn-MeP]* = - — [Co-F8PJ>
£ -20 [ — [zn-F8P)* c -200 |- — [Co-F16P]*
o L — [[32nf-fF16P]I4' = L — [Zn-OMeP]*
5 -30 -— urrer only 4 - I
@] i o 300 i Buffer only
-40 1 | 1 | 1 | 1 | 400 LL— 1 0 10 1
4.2 0.8 -0.4 0 -16 -12 -08 -04 0
Potential (V vs NHE) Potential (V vs NHE)

Figure 3.3 Electrochemistry at pH 7.0 and 4.1 of the water-soluble metal porphyrin complexes
studied in this work. a) Differential pulse voltammetry (DPV) and b) cyclic voltammetry (CV)
of the Co(l11) complexes at pH 7.0; c) linear sweep voltammetry (LSV) of the Zn(l1) porphyrin
complexes at pH = 7.0 and d) CV of the Co-porphyrin complexes at pH = 4.1. Conditions: 0.1
M phosphate buffer, 0.07 cm? glassy-carbon working electrode, Pt wire auxiliary electrode,
Ag/AgCI reference electrode, CV and LSV scan rate 50 mV s, T = 298 K. DPV experimental
parameters: 0.004 V increase potential, 0.05 V amplitude, 0.05 s pulse width, 0.0167 s

sampling width, 0.5 s sample period.
3.2.3 Photocatalysis

Considering the encouraging electrocatalytic results described above, the photocatalytic
activity of all metal porphyrin complexes in HER was tested in homogeneous aqueous solutions
using [Ru(bpy)s]Cl2 as PS (0.5 mM), AA and TCEP (100 mM each) as the sacrificial electron
donors, under blue light (450 nm, 16 mW) irradiation. Unlike under electrocatalytic conditions,
where all Co-porphyrins showed catalytic activity for proton reduction, in photocatalytic
conditions at pH = 7.0 only the most electron-poor and the most electron-rich complexes
showed significant activity. The electron-poorest Co-porphyrin complex, [Co-F16P]*", showed
the highest turnover number (TON, see Section 3.4.5) after 39.5 h irradiation, of 70 + 3

molwz2/molnec and a maximum turnover frequency (TOF, see Section 3.4.5), of 6.7 + 0.3 hL.
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By contrast, the most electron-rich complex [Co-OMeP]* had a lower activity than [Co-F16P]*,
while the electron-poor [Co-F8P]* complex only showed negligible activity and the electron-
rich [Co-MeP]* was not active at all (Figure 3.4a). At that stage it was surprising to find [Co-
F16P]* so active at pH 7.0, as for this complex the driving force for electron transfer Eqr (Figure
3.1) was 110 mV stronger than that found for [Co-MeP]* according to their onset potential of
—0.84 and —0.95 V vs. NHE (Table 3.1), while [Co-MeP]* showed no photocatalytic activity

in such conditions.

Table 3.1 Electrochemical properties of Co-porphyrin complexes at pH 7.0 and pH 4.1.

1%t reduction potential at HER on-set potential at n at pH 7.0 Earat pH 7.0

pH 7.0 (at pH 4.1) pH 7.0 (at pH 4.1)®! (atpH 4.1)1  (at pH 4.1)
[Co-OMeP]* | —0.75 (-0.78) —1.04 (-0.95) 630 (710) 220 (310)
[Co-MeP]* | —0.70 (~0.73) ~0.95 (-0.74) 540 (500) 310 (520)
[Co-F8P]* ~0.64 (~0.66) ~1.01 (-0.94) 600 (700) 250 (320)
[Co-F16P]* | —0.53 (~0.55) ~0.84 (-0.88) 430 (640) 420 (380)

e data according to DPV, V vs. NHE. P! data according to CV, V vs. NHE. [ calculated according to the HER
on-set potential, in mV. [ calculated according to Eps(PS/PS") = —1.26 V vs. NHE, in mV.

At pH 4.1, the photocatalytic HER activity of electron-rich compounds [Co-OMeP]*- and
[Co-MeP]* as well as the electron-poor compound [Co-F8P]*, all improved compared with pH
7. After 39.5 h irradiation, [Co-OMeP]* showed the highest TON of 175 + 5 molnz/moluec
with a maximum TOF of 7.2 + 0.4 TON/h, while [Co-MeP]*, which was not active at pH 7.0,
at pH 4.1 showed a TON of 22. [Co-F8P]* showed a very fast turnover at the beginning of the
reaction (12.7 h1), but the system was not stable resulting after 39.5 h in a TON of only 80.
Surprisingly, however, the electron-poorest complex [Co-F16P]* showed a significantly lower
photocatalytic activity at pH 4.1 (Figure 3.4b), characterized by a TON of 10 after 39.5 h

irradiation, while at pH 7.0 in otherwise identical conditions a TON of 70 was reached.

All together, these photocatalytic results are consistent with those observed in
electrochemical conditions. The electron-withdrawing fluorine substituents not only seem to
influence the electron density of the metal center, but also to change the pH dependence of the
catalytic activity, which are reversed to that of electron-rich cobalt catalysts. This, in turn,
suggests that the mechanism of catalytic proton reduction at the porphyrin complexes are
different for the electron-rich and electron-poor cobalt compounds.
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Figure 3.4 Hydrogen evolution during photocatalytic water reduction in homogeneous
aqueous solution in presence of 0.1 mM catalyst [Co-OMeP]*, [Co-MeP]*, [Co-F8P]* or
[Co-F16P]%, 0.5 mM [Ru(bpy)s] Cl. as photosensitizer, 0.1 M ascorbate and TCEP as electron
donor, at pH 7.0 (a) or 4.1 (b), using blue light irradiation (450 nm, 16 mW). Conditions: T =
298 K, phosphate aqueous buffer.

Photocatalytic hydrogen evolution using the Zn-porphyrin complexes as catalysts was also
investigated using the same conditions as described above. In the zinc complexes, only the
ligand may lead to HEC activity, as the metal center is unable to accommodate different redox
states. At pH 7.0 only use of the electron-poor Zn-porphyrin complexes resulted in significant
HER activity. [Zn-F16P]* reached a TON of 9.5 after 39.5 h irradiation (Figure AllL9), while
[Zn-F8P]* showed lower activity (TON = 6.5). This observation confirmed not only that a
ligand-based catalytic pathway for HER is possible with these porphyrins, but also that
catalysis becomes faster when more electron-withdrawing groups are added to the porphyrin
ring. As a note, in these neutral conditions [Zn-F16P]* and its free-base analogue [H2-F16P]*
(which is also active for photocatalytic HER) showed lower photocatalytic activity than [Co-
F16P]* (Figure All.10a). Therefore, the mechanism of HER with [Co-F16P]* as catalyst must
not only involve the ligand, but also the cobalt center in the different intermediates. In contrast,
at pH 4.1 [Zn-OMeP]* was found to be inactive (Figure All.10b), while [Co-OMeP]* showed
the highest photocatalytic activity. This result suggests that for the most electron-rich cobalt

catalyst of this series the high activity in acidic conditions involves mainly the metal center.
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The influence of pH on the photocatalytic activity of [Co-OMeP]* and [Co-F16P]* was
further studied at different pH values between 4.1 and 9.0, using otherwise identical conditions.
Upon increasing the pH from 4.1 to 7.0, the TON after 39.5 h for [Co-F16P]* increased from
10 to 70, but the TON decreased to 12 upon further increase of the pH to 9.0 (Figure 3.5a and
All.11a). Thus, for this complex pH 7.0 appears to be optimal for the stability of the
photocatalytic system, although a higher maximum TOF of 8.9 TON/h was found at pH 6.0
(Figure All.11b). By contrast, the electron-rich complex [Co-OMeP]* clearly showed
increasing TON and TOF with more acidic pH, culminating ina TON of 175 and a TOF of 7.2
TON/h at pH 4.1 (Figure 3.5b and All.11).

Thus, classical behavior is observed for the electron-rich complex [Co-OMeP]*", with faster
H. generation at low pH values. For the electron-poor complex [Co-F16P]*, at pH values
higher than 7.0 the HER activity becomes (of course) limited by the low proton concentration
hampering the formation of a Co(lll) hydride species. More striking, however, is the
observation that a high proton concentration significantly inhibits catalytic activity as well. The
most favorable condition for this catalyst is pH 7.0, in which use of [Co-F16P]* results in a
two times higher TON than the use of [Co-OMeP]*".

80 60 200
b) — pH4.1
60 — 150
40 = — 100 =
@) @)
2 1 2
20 — 50
0 —Ho
| I I T A I | | T T T |
0 10 20 30 40 0 10 20 30 40
Time (h) Time (h)

Figure 3.5 Hydrogen evolution during photocatalytic water reduction in presence of a) 0.1
mM catalyst [Co-F16P]* and b) [Co-OMeP]* at different pH in aqueous solution using 0.5
mM [Ru(bpy)z]Cl2 as photosensitizer, 0.1 M ascorbic acid and TCEP as electron donor, and
blue light irradiation (450 nm, 16 mW). Conditions: T = 298 K, phosphate buffer.

In order to check the photostability of [Co-F16P]* and [Co-OMeP]*, the UV-vis spectra of

solutions of complexes in 0.1 M phosphate buffer (pH 7.0) were monitored either in the dark
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or upon blue light irradiation for 48 h (450 nm, 16 mW). After 48 h irradiation, the UV-vis
spectra of [Co-F16P]* and [Co-OMeP]* had changed only slightly (Figure All.12 and All.13),
in contrast with [Zn-OMeP]*, which lost 80% of its absorption properties after 48 h of
irradiation at 423 nm. In another experiment using [Co-F16P]% or [Co-OMeP]* as the catalyst,
two consecutive photocatalytic runs were performed, adding a fresh batch of PS between the
two runs to compensate for possible PS decomposition. Only 3-5% lower TON were found
after the second photocatalytic run (Figure All.14). As widely reported, [Ru(bpy)s]**
decomposes quickly in photocatalytic aqueous conditions,™**461 which is responsible for the
deactivation of the HER photocatalytic system. Overall, these results confirm the excellent
photostability of both [Co-F16P]* and [Co-OMeP]*".

3.2.4 Kinetic study

A full kinetic study was performed of the photocatalytic system at pH 7.0 using the catalyst
[Co-F16P]*. The light intensity and the concentration of the electron donors, the PS, and the
catalyst, were systematically varied. It appeared that the maximum rate of hydrogen evolution
of the system did not change significantly when the light power was higher than 10 mW (Figure
3.6a), when the concentration of ascorbate and TCEP was higher than 0.075 M (Figure 3.6b),
or with a PS concentration higher than 0.25 mM (Figure 3.6c). However, a first-order
dependence of the maximum H> evolution rate was found on catalyst concentration (Figure
3.6d). The observation that the photon flux, the concentration of sacrificial electron donor, and
the photosensitizer concentration, do not influence, in our standard photocatalytic conditions
(0.1 mM catalyst, 0.5 mM [Ru(bpy)3]Cl2, 0.1 M ascorbate and TCEP, 450 nm, 16 mW), the
maximum rate of hydrogen evolution of this system means that Step 1, Step 2 and Step 3 in
Figure 3.1 are not limiting the photocatalytic reaction rate. The rate-determining step (RDS) of
the system appears to be Step 4, i.e., the catalytic H>-evolving step. Considering the linear
dependence of the H> production rate with catalyst concentration, it appears that the rate-
determining step of the catalytic cycle involves one molecule of [Co-F16P]*. Using 0.1 mM
[Co-F16PT* in the standard conditions at pH 7.0, the quantum yield for Hz evolution was
calculated to be 0.10 + 0.01%. This low quantum yield highlights the occurrence of many

charge-recombination events that are characteristic of homogeneous photocatalytic systems.
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Figure 3.6 Maximum H; evolution rate during photocatalytic H, evolution using the catalyst
[Co-F16P]* at pH 7.0 (black squares) or [Co-OMeP]® at pH 4.1 (red circles) plotted as a
function of @) the light power, b) the concentration of ascorbate and TCEP, c) the concentration
of the photosensitizer [Ru(bpy)s]Cl. and d) the concentration of the catalyst. Standard
conditions: 0.1 mM catalyst, 0.5 mM [Ru(bpy)3]Cl2, 0.1 M ascorbate and TCEP, blue light
(450 nm, 16 mW), T = 298 K.

A similar kinetic study was performed at pH 4.1 using the catalyst [Co-OMeP]*, for which
significantly different results were obtained. A first-order dependence of the maximum H;
evolution rate on light power was found (Figure 3.6a), indicating that the RDS of this catalytic
system involves the photon flux, and thus is related to Step 1 in the mechanism. Clearly, for
this electron-rich catalyst and at that low pH, Step 4 is relatively fast, at least as soon as the
catalyst concentration is high enough ([Cat] > 0.05 mM). In addition, a first-order dependence
of the maximum hydrogen evolution rate on the catalyst concentration was found at low
concentrations of [Co-OMeP]*, i.e. 0.05 mM or lower (Figure 3.6d), suggesting that the
catalytic Hz evolution involves one molecule of catalyst, but that at higher HEC concentrations
the photon flux becomes limiting, which is similar as the result reported by Alberto and
coworkers.l*1Using 0.1 mM [Co-OMeP]* in the standard conditions at pH 4.1, the quantum

yield for H> evolution was calculated to be 0.12 + 0.01%, which is very similar to that for [Co-

98



Chapter 3

F16P]* at pH 7.0. Clearly, while their mechanisms seem to be different, the performances of

both catalysts in optimized conditions were actually comparable.
3.2.5 Discussion

On the one hand, the electrochemical properties of the Co-porphyrin complexes show that
the electron-richness of the ligand controls the first reduction potential of the complex, i.e, from
Co"'-P to Co"-P, which does not lead to hydrogen evolution (note that hereafter and in Figure
3.8, the notation P represents the hexaanionic porphyrin ligand). The second reduction, on the
other hand, does lead to catalytic hydrogen evolution, but its dependence on the electronic
properties of the substituents is less straightforward to establish. The electron-richest complex
[Co-OMeP]* has the most negative onset potentials of —1.04 and —0.95 V vs. NHE at pH 7.0
and pH 4.1, respectively (Table 3.1). However, the electron-poorest complex [Co-F16P]* has
the least negative onset potential of —0.84 V vs. NHE only at pH 7.0. At pH 4.1 it is [Co-MeP]*
that has the least negative onset potential of —0.74 V vs. NHE. Therefore, the Eqr value of these
Co-porphyrin systems, calculated by the difference between Eps(PS/PS™) and the hydrogen
evolution onset potential of the catalyst, does not simply depend on the electron-richness of the
catalyst. This observation is valid at both pH 7.0 and pH 4.1. The lower value of Egr for [Co-
F16P]* when the pH goes from 7.0 (420 mV) to 4.1 (380 mV) suggests that a faster electron
transfer from the photo-reduced species PS™ to [Co-F16P]* may occur at pH 7.0 than at pH 4.1.
Indeed, the kinetic study in photocatalytic conditions demonstrated that when using standard
concentrations (0.1 mM catalyst, 0.5 mM [Ru(bpy)3z]Cl>, 0.1 M ascorbate and TCEP) and light
intensities (450 nm, 16 mW), the rate of the photocatalytic system using [Co-F16P]*- as HEC
at pH 7.0 was limited by the catalytic HER. As a consequence, the electron transfer between
PS™ and HEC does not limit the HER rate, and the Eqr value of this system is “high enough”.
At pH 4.1 and using identical concentrations and light intensity, the catalytic step of the
photocatalytic system using [Co-OMeP]* as HEC was limited by the photon flux; in other
terms, this HEC was “fast enough”, and Eq4r was also high enough. Overall, both at pH 7.0 and
4.1 the onset potential of the catalyst in electrocatalytic conditions did not allow to predict the
activity in photocatalytic conditions. In fact, the difference in performance between the
photocatalytic systems using [Co-OMeP]* at pH 4.1 and that using [Co-F16P]* at pH 7.0

appears to be mainly due to the differences in their HER catalytic mechanisms.

For the electron-rich HEC [Co-OMeP]*, the better catalytic properties at lower pH and the
absence of catalytic activity of the zinc analogue suggest that catalytic hydrogen generation
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occurs via a metal-based pathway.!! This behavior is typical for many metal-based catalysts,
and the generally accepted mechanism is shown in Figure 3.8. Co'"-P is first reduced by PS~
to Co''-P, after which a second reduction by PS~ results in formation of Co'-P. Protonation of
this species then forms the cobalt(I1l)-hydride intermediate H-Co''-P. Alternatively,
protonation of Co"-P to H-Co'V-P may occur first, which is followed by a second reduction to

form the same intermediate H-Co""

-P. Reaction with a second proton releases H; via a
heterolytic route known as protonolysis, regenerating Co'"-P.°! The ability of the metal center

to accommodate several oxidation states is critical for this mechanism to take place.

On the other hand, porphyrin ligands can be redox non-innocent,[*4¢4% in particular when
they are modified with strong (or many) electron-withdrawing substituents, which makes the
porphyrin ring more likely to be reduced to a radical anion. Next to the metal-based pathway
alternative catalytic pathways have been suggested for the HER catalyzed by Co-porphyrins,
based on reduction of either the ligand alone, or on a combination of the metal and the ligand.
Here we hypothesize that ligand reduction may be the reason for [Co-F16P]* having an
additional reduction wave at the foot of its catalytic current at —0.80 V vs. NHE at pH 7.0
(Figure 3.3b), which is tentatively attributed to formation of a Co(ll)-(P™) radical ligand species.
This reduction wave is also present in the LSV of the [Zn-F16P]* compound at a similar
potential (Figure 3.3c), as both complexes share the same ligand. In addition, the zinc analogue
[Zn-F16P]* is also photocatalytically active, albeit to a lesser extent. In photocatalytic
conditions, such redox non-innocence of the ligand leads to a very different pH dependence of
the H-evolution properties of the complex. We hence propose [Co-F16P]* to catalyze
hydrogen evolution via a mixed metal- and ligand-based mechanism. In such a mechanism
(Figure 3.8), the H-Co'V-P species can be reduced to a H-Co'V-(P™) species via a one-electron
reduction of the porphyrin ring.[! Here a ligand-to-metal charge transfer (CT) may take place
to transfer the H-Co'V-(P™) species to H-Co'"'-P and then release H; after reacting with a second
electron; or directly be protonated again forming a Co'V-H-H-(P™*) species that evolves Ha by
the so-called “homolytic” route (Figure 3.8). Since the 1 e-reduction of Co'"-P may also take
place at the porphyrin ring, Co'-(P~) may be formed first, which is protonated to form a ligand-
based hydride species Co'"-(P**)-H that could either react on the metal with a proton to form a
Co'V-H-H-(P") species, or undergo a metal-to-ligand CT forming a Co'"'-P-H species to finally
give Hz and Co"'-P. This kind of metal-to-ligand CT may also occur when Co'-P undergoes
protonation forming a Co"'-P("")-H analogue intermediate, which could be further reduced by

1 e to Co"-(P™)-H or Co"'-P-H. The Co"'-P-H species finally could release Hz by protonation
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via a “heterolytic”, ligand-based pathway. Since neutral pH was optimum for the photocatalytic
HER using [Co-F16P]*, the key Co'V-H-H-(P"") species is proposed to be generated more likely
in neutral conditions. A high proton concentration may cause decoordination of the cobalt
center from the porphyrin ligand, leading to the deactivation of the catalytic system.
Alternatively, a high concentration of proton may prevent the formation of some key
intermediates for hydrogen generation; this hypothesis is currently investigated in a

collaboration to perform a DFT modeling study.
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Figure 3.8 Proposed hydrogen evolution mechanisms with Co-porphyrin complex as catalyst.
P represents a hexaanionic porphyrin ligand. CT = charge transfer.

3.3 Conclusion

A series of tetra-anionic Co- and Zn-porphyrin complexes were prepared and tested as
catalysts for homogeneous photocatalytic hydrogen evolution from water in neutral and acid
conditions. Their catalytic activity and catalytic mechanism were strongly dependent on the
presence of electron-withdrawing or electron-donating substituents on the porphyrin. For the
electron-richest catalyst [Co-OMeP]*, which has on paper a stronger driving force to reduce
water, higher photocatalytic activities were observed as expected, but only at low pH (4.1). In
neutral conditions, its activity was much lower, and completely vanished when the cobalt center
was replaced by zinc. By contrast, for the electron-poorest catalyst [Co-F16P]*", photocatalytic
hydrogen evolution was comparatively low at pH 4.1, but it was much better than [Co-OMeP]*
at neutral pH, resulting in comparable photocatalytic H> production quantum yields, compared
to that obtained with [Co-OMeP]* at pH 4.1. For [Co-F16P]*, the second catalyst reduction

step by PS™ probably occurred via a pathway involving both the metal and the ligand, and when
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replacing cobalt for zinc, part of the ligand-based photocatalytic activity was retained. This
work represents a significant advance in the understanding of how molecular hydrogen
evolution catalyst should be designed, because it indicated that it is not necessary to
functionalize HER catalysts with electron-donating groups to enhance their catalytic activity,
in particular in pH-neutral conditions. Electron-withdrawing groups lead to good catalysts at
pH 7.0, too, but with a mechanism that differs from that obtained with electron-rich complexes
at lower pH. In systems coupling photocatalytic HEC and OEC near pH 7.0, electron-poor
proton reduction catalysts may represent a better optimum than the usually proposed electron-

rich catalysts.
3.4 Experimental section
3.4.1 Materials and methods

All reagents were purchased from Sigma-Aldrich and used as received unless otherwise
noted. The compounds tetrasodium-5,10,15,20-tetrakis(2,6-dimethoxyphenyl-3-
sulfonatophenyl)-21H,23H-porphyrin (Nas[H2-OMeP]), B! tetrasodium-5,10,15,20-
tetrakis(2,6-dimethylphenyl-3-sulfonatophenyl)-21H,23H-porphyrin (Nas[H2-MeP]),E"
tetrasodium-2,3,7,8,12,13,17,18-octafluoro-5,10,15-20-tetrakis(2,6-difluoro-3-
sulfonatophenyl)-21H,23H-porphyrin (Nas[H2-F16P]),2% trisodium-5,10,15,20-tetrakis(2,6-
difluoro-3-sulfonatophenyl)porphyrin-Co(l11) (Nas[Co-F8P]),[“*4! tetrasodium-5,10,15,20-
tetrakis(2,6-difluoro-3-sulfonatophenyl)porphyrin-zZn(11)  (Nas[Zn-F8P]),[*d  tetrasodium-
2,3,7,8,12,13,17,18-octafluoro-5,10,15-20-tetrakis(2,6-difluoro-3-sulfonatophenyl)porphyrin-
Zn(11) (Nas[Zn-F16P]),*°1 were prepared according to published methods. *H NMR spectra
were recorded on a Bruker 400DPX-liq spectrometer operating at 400 MHz. °F NMR spectra
were recorded on a Bruker 500DPX spectrometer operating at 500 MHz. High-resolution mass
spectrometric measurements were made on a Bruker Fourier Transform lon Cyclotron
Resonance Mass Spectrometer APEX IV at Leiden University. Elemental analyses were
performed at the Mikroanalytisches Laboratorium Kolbe, Germany. Electronic absorption
spectra were obtained on a Varian Cary 60 spectrophotometer at 25 °C during the
spectrophotometric measurements. The LED optical power was measured using an OPHIR

Nova-display laser power meter.

3.4.2 Synthesis

102



Chapter 3

Trisodium 5,10,15,20-tetrakis(2,6-dimethoxyl-3-sulfonatophenyl)porphyrin cobalt(l11)
(Nas[Co-OMeP])

The ligand Nas[H2-OMeP] (115 mg, 0.09 mmol) and Milli-Q water (40 mL) were placed
under N2 ina 100 mL round-bottom flask equipped with a magnetic stirring bar and a condenser.
A solution of cobalt(ll) sulfate heptahydrate (126 mg, 0.45 mmol) in Milli-Q water (10 mL)
was added to the stirred solution, and the mixture was refluxed for 12 h under N.. After cooling
to room temperature, water was rotary evaporated at 40 °C and the residue was redissolved in
cold methanol (15 mL). After filtration on a filter paper, methanol was rotary-evaporated, the
residue was redissolved in cold methanol (5 mL). The solution was filtered by filter paper,
rotary-evaporated, and the crude product was redissolved in Milli-Q water (5 mL) then passed
onto an Amberlite IR 120 Na* form ion exchange resin column (10 cm), washed with Milli-Q
water and further purified on Sephadex-20H size exclusion chromatography to remove excess
cobalt sulfate (methanol). Methanol was finally rotary evaporated and the solid dried in vacuo.
Yield (115 mg, 88%); *H NMR (400 MHz, CDs0D): 6 = 9.37 — 9.19 (m, 8H; g-pyrrole-H),
8.48 — 8.40 (m, 4H; p-Ph-H), 7.52 — 7.15 (m, 4H; m-Ph-H), 3.92 — 3.49 (m, 12 H; OCH3), 3.24
—2.29 ppm (m, 12 H; OCHj3); HRMS (ESI): m/z calcd for Cs2H4aN4C0020S4™: 1231.0758 [M-
3Na+4H]*; found: 1231.0750; elemental analysis calcd (%) for
Cs2H10N4NazC0020S4*Na>SO4¢H20: C 42.86, H 2.91, N 3.85; found: C 43.01, H 2.79, N 3.84.
UV-vis (H20): Amax(e in Mt cm™) 426 nm (8.8 x 10%), 542 nm (5.8 x 103).

Trisodium  5,10,15,20-tetrakis(2,6-dimethyl-3-sulfonatophenyl)porphyrin  cobalt(l11)
(Nas[Co-MeP])

Tetrasodium 5,10,15,20-tetrakis(2,6-dimethyl-3-sulfonatophenyl)-21H,23H-
porphyrin-9H>0 (130 mg, 0.10 mmol) and Milli-Q water (40 mL) were placed under N2 in a
100 mL round-bottom flask equipped with a magnetic stirring bar and a condenser. A solution
of cobalt(l1) sulfate heptahydrate (141 mg, 0.50 mmol) in Milli-Q water (10 mL) was added to
the stirred solution and the mixture was refluxed for 12 h under N2. After cooling to room
temperature, water was rotary evaporated and the residue was redissolved in cold methanol (15
mL). After filtration on a filter paper, methanol was rotary-evaporated, the residue was
redissolved in cold methanol (5 mL), the solution was filtered a second time by filter paper and
rotary-evaporated, then the crude product was then passed onto an Amberlite IR 120 Na* form
ion exchange resin column (10 cm), washed with Milli-Q water and finally purified on
Sephadex-20H size exclusion chromatography (methanol). Methanol was finally rotary
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evaporated and the solid dried in vacuo. Yield (109 mg, 90%); *H NMR (400 MHz, CD30D): ¢
=9.18 — 9.09 (m, 8H; p-pyrrole-H), 8.43 — 8.38 (m, 4H; p-Ph-H), 7.68 — 7.55 (m, 4H; m-Ph-
H), 2.42 — 2.09 (m, 12H; CHj3), 2.07 — 1.74 ppm (m, 12H; CHs); HRMS (ESI): m/z calcd for
Cs2HaaN4NaCo012S4*: 1125.0985 [M-2Na+3H]"; found: 1125.0977; elemental analysis calcd
(%) for Cs2HaoNsNa3C0012S4+2H,0: C 51.83, H 3.68, N 4.65; found: C 52.08, H 3.43, N 4.66.
UV-vis (H20): Amax(e in Mt cm™) 428 nm (2.3 x 10°), 545 nm (1.2 x 10%).

Trisodium 2,3,7,8,12,13,17,18-octafluoro-5,10,15-20-tetrakis(2,6-difluoro-3-
sulfonatophenyl)porphyrin cobalt(111) (Nas[Co-F16P])

Tetrasodium 2,3,7,8,12,13,17,18-octafluoro-5,10,15,20-tetrakis(2,6-difluoro-3-
sulfonatophenyl)-21H,23H-porphyrine5H>0 (140 mg, 0.10 mmol) and Milli-Q water (40 mL)
were placed under N2 in a 100 mL round-bottom flask equipped with a magnetic stirring bar
and a condenser. A solution of cobalt(Il) sulfate heptahydrate (141 mg, 0.50 mmol) in Milli-Q
water (10 mL) was added to the stirred solution and the mixture was refluxed for 12 h under
N2. After cooling to room temperature, the water was rotary evaporated and the residue was
redissolved in cold methanol (15 mL). After filtration over a filter paper, methanol was rotary-
evaporated, the residue was redissolved in cold methanol (5 mL), and filtered by filter paper
again. The filtrate was rotary-evaporated and the Co-F16 complex was then passed through an
Amberlite IR 120 Na* form ion exchange resin column (10 cm) and washed with Milli-Q water
before being purified on Sephadex-20H size exclusion chromatography (eluent: methanol).
Methanol was finally rotary evaporated and the solid dried in vacuo. Yield (135 mg, 90%); *H
NMR (400 MHz, CD30D): ¢ = 6.80 (s, 4H; p-Ph-H), 5.60 — 5.37 ppm (m, 4H; m-Ph-H); 1°F
NMR (471 MHz, CD30D): 6 = -111.97 (d, J = 236.0 Hz, 8F; p-pyrrole-F), -112.74 (s, 4F; o-
F), -113.26 ppm (s, 4F; o-F); HRMS (ESI): m/z calcd for Cs4H12F16N4C0012Ss™: 1278.8406
[M-3Na+4H]"; found: 1278.8407,; elemental analysis  calcd (%) for
CasHgF16NsNazC0012S4°Na>S04+H20: C 35.12, H 0.67, N 3.72; found: C 35.06, H 0.61, N
3.82. UV-vis (H20): Amax(e in Mt cm™®) 402 nm (1.4 x 10°), 535 nm (6.3 x 10°)

Tetrasodium 5,10,15,20-tetrakis(2,6-dimethoxyl-3-sulfonatophenyl)porphyrin zincate(l1)
(Na4[Zn-OMeP])

The ligand L-OMe (115 mg, 0.09 mmol) and Milli-Q water (40 mL) were placed under N>
in a 100 mL round-bottom flask equipped with a magnetic stirring bar and a condenser. A
solution of zinc(l1) chloride (61 mg, 0.45 mmol) in Milli-Q water (10 mL) was added to the
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stirred solution, and the mixture was refluxed for 12 h under N». After cooling to room
temperature, water was rotary evaporated at 40 °C and the residue was redissolved in cold
methanol (15 mL). After filtration on a filter paper, methanol was rotary-evaporated, the
residue was redissolved in cold methanol (5 mL). The solution was filtered by filter paper,
rotary-evaporated, and the crude product was redissolved in Milli-Q water (5 mL) then passed
onto an Amberlite IR 120 Na* form ion exchange resin column (10 cm), washed with Milli-Q
water and further purified on Sephadex-20H size exclusion chromatography to remove excess
zinc chloride (methanol). Methanol was finally rotary evaporated and the solid dried in vacuo.
Yield (107 mg, 85%); *H NMR (400 MHz, CDs0D): § = 8.82 — 8.77 (m, 8H; S-pyrrole-H),
8.40 — 8.35 (m, 4H; p-Ph-H), 7.31 — 7.23 (m, 4H; m-Ph-H), 3.67 — 3.54 (m, 12 H; OCHpa),
3.07 - 2.76 ppm (m, 12 H; OCHzs); HRMS (ESI): m/z calcd for Cs2HasN4Zn0O20S4™: 1237.0796
[M-4Na+5H]"; found: 1237.0792; elemental analysis  calcd (%) for
Cs2Ha0N4NasZn020S4+4H,0: C 44.66, H 3.46, N 4.01; found: C 44.79, H 3.19, N 3.99. UV-vis
(H20): Amax(e in Mt cm™) 422 nm (1.4 x 10°), 557 nm (6.5 x 103).

Tetrasodium 5,10,15,20-tetrakis(2,6-dimethyl-3-sulfonatophenyl)porphyrin zincate(l1)
(Nas[Zn-MeP])

Tetrasodium 5,10,15,20-tetrakis(2,6-dimethyl-3-sulfonatophenyl)-21H,23H-
porphyrin-9H,0 (130 mg, 0.10 mmol) and Milli-Q water (40 mL) were placed under N2 in a
100 mL round-bottom flask equipped with a magnetic stirring bar and a condenser. A solution
of zinc(l1) chloride (68 mg, 0.50 mmol) in Milli-Q water (10 mL) was added to the stirred
solution and the mixture was refluxed for 12 h under N2. After cooling to room temperature,
water was rotary evaporated and the residue was redissolved in cold methanol (15 mL). After
filtration on a filter paper, methanol was rotary-evaporated, the residue was redissolved in cold
methanol (5 mL), the solution was filtered a second time by filter paper and rotary-evaporated,
then the crude product was then passed onto an Amberlite IR 120 Na* form ion exchange resin
column (10 cm), washed with Milli-Q water and finally purified on Sephadex-20H size
exclusion chromatography (methanol). Methanol was finally rotary evaporated and the solid
dried in vacuo. Yield (110 mg, 90%); *H NMR (400 MHz, CDs0D): § = 8.63 — 8.59 (m, 8H;
S-pyrrole-H), 8.35 (m, 4H; p-Ph-H), 7.56 — 7.49 (m, 4H; m-Ph-H), 2.40 — 2.26 (m, 12H; CH3),
1.94 — 1.79 ppm (m, 12H; CHa); HRMS (ESI): m/z calcd for Cs2HasN4ZnO12S4*: 1109.1203
[M-4Na+5H]"; found: 1109.1204; elemental analysis calcd (%) for Cs2HaoN4NasZn012S4eH20:
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C 51.34, H 3.48, N 4.61; found: C 51.54, H 3.39, N 4.61. UV-vis (H20): Amax(e in Mt cmd)
423 nm (6.0 x 10%), 557 nm (1.8 x 10%), 599 nm (4.6 x 10°).

3.4.3 Cyclic voltammetry, differential pulse voltammetry and linear sweep voltammetry

Cyclic voltammetry (CV), differential pulse voltammetry (DPV) and linear sweep
voltammetry (LSV) measurements were performed using an Autolab PGstart10 potentiostat
controlled by GPES4 software. All the CV, DPV and LSV measurements were recorded in 0.1
M sodium phosphate buffer (pH 7.0) or 1.0 M sodium phosphate buffer (pH 4.1) using a three-
compartment cell possessing a 0.07 cm? glassy-carbon electrode as the working electrode, Pt
wire as the auxiliary electrode, Ag/AgCI (saturated KCI aq.) as the reference electrode, and
Ks[Fe(CN)s] was added at the end of the measurements as internal standard (E([Fe(CN)s]*
/[Fe(CN)s]*) = +0.361 V vs NHE).[% Unless otherwise indicated, the potential was converted
relative to NHE, the solutions were bubbled with high-purity argon for at least 30 min before

analysis.
3.4.4 Photo-induced hydrogen evolution

Photo-induced hydrogen evolution from water was analysed by a hydrogen electrode
(Unisense H2-NP) controlled by x-5 UniAmp using Logger software. The irradiation source
was an OSRAM Opto Semiconductors LD W5SM LED (Airr 450 nm, Al12 = 25 nm) with water
cooling. All the photochemical hydrogen evolution measurements were carried out in a
thermostated (298 K) photochemical reactor (total volume 25.0 mL). [Ru(bpy)z]Cl2-6H20 (1.3
mg, 0.5 mM), the catalyst Naz[Co-OMeP], Nas[Co-MeP], Nas[Co-F8P], Nas3[Co-F16], Nas[Zn-
OMeP], Nas[Zn-MeP], Nas[Zn-F8P], and Nas[Zn-F16P] (0.1 mM), and ascorbic acid (53 mg,
0.1 M) and tris(2-carboxyethyl)phosphine hydrochloride (86 mg, 0.1 M) were added as solids
in the reactor, and dissolved using sodium phosphate buffer (0.1 M, pH 7.0, 3.0 mL), the pH
value of the mixture solution was then controlled with sodium hydroxide solid by checking pH.
Under constant stirring, the reactor was equipped with 1 rubber septum and 2 silicon septa in
order to make an air-tight system (the set-up is shown in Figure Al.29). The hydrogen electrode
was then inserted through the septum, to measure the hydrogen concentration in the head space
(gas phase) of the photochemical reactor, and the whole system was deaerated by high-purity
argon for at least 30 min. After removing the argon, the hydrogen electrode was calibrated by
a four-time injection of 100 pL (4.46 pumol at 1 atm) of high-purity H: into the closed system,
thereby limiting the overpressure to <5%; the calibration was adapted with the pressure change
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using Logger software, affording direct reading of the volume of dioxygen (uL) produced in
the gas phase of the reactor (Vgas = 22.0 mL). Following calibration, the three used septa were
replaced by new ones and hydrogen electrode was inserted into the system again. The system
was degassed for 30 min with argon, then data recording was started, first keeping the system
in the dark for another 30 min prior to starting light irradiation. Unless otherwise indicated, the

data recording was stopped after 39.5 h of light irradiation.
3.4.5 Turnover number determination

The turnover number (TON) of oxygen evolution was determined by a hydrogen electrode
(Unisense OX-NP) controlled by x-5 UniAmp using Logger software. The amount of oxygen
formed during 39.5 h illumination was used to calculate the TON. The TON were calculated
from the oxygen production data by the following equation:

n
TON = -2

Neat

in which n,, is the number of mol of hydrogen calculated from the volume of the dioxygen
produced in the photocatalytic experiment as indicated by the calibrated hydrogen electrode in
the gas phase (uL), divided by 22.4 L/mol, and n.,; is the number of mol of cobalt and zinc

porphyrin catalyst used in the photocatalytic experiment. Errors in triplicate measurements.

The maximum H; evolution rate (in h) or the maximum turnover frequency TOFE,,,, (in h"
1y of photocatalytic oxygen evolution was obtained using Origin 9.1 software by 1) nonlinear
curve fitting of the time evolution of the TON, starting at t = 30 min for photocatalytic reactions
(category: Growth/Sigmoidal, function: logistic Fit); 2) calculating the first derivative TOF =
f(t) using mathematics, differentiate, and 3) identify the maximum value of H evolution rate
or TOFmax of TOF = f(t) (example of [Co-OMeP]> see Figure 3.9). Errors in triplicate

measurements.
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Figure 3.9 Calculation of maximum O evolution rate and maximum TOF of [Co-OMeP]>..
3.4.6 Calculation of photochemical Hz production quantum yield

The H> generation quantum yield was calculated using the TOE,,4x, N¢q: and the rate of

photons absorption:

— chatTOFmax
3600@(1 - 10_Ae)(AP5/Ae)

Y

in which TOE,,,, (h}) is the maximum turnover frequency of the photocatalytic oxygen
evolution reaction, n., (in umol) is the number of mol of cobalt catalyst used in the
photocatalytic experiment, ® is the photon flux (umol st) determined by standard ferrioxalate
actinometry (typically 1.05 umol s, 16 mW),51 4, is the total absorption of the photocatalytic
solution at 450 nm (A,.>3), Apg is the absorption of photosensitizer only in buffer at 450 nm
(Aps/A.~1), and 3600 is the number of seconds per hour. In this calculation we assumed 2

photons were needed for each molecule of Hz produced. Errors in triplicate measurements.
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