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Mechanistic insights into photocatalysis and over
two days of stable H, generation in
electrocatalysis by a molecular cobalt catalyst
immobilized on TiO,}
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To employ molecular water reduction catalysts (WRC) in a heterogeneous setup, a stable, macrocyclic
Co"polypyridyl WRC containing two phosphonic acid groups was anchored on TiO, to investigate photo-
and electrocatalytic proton reduction. Photocatalytic investigations included kinetic studies of the electron
transfer from the reduced photosensitizer to the WRC as well as H,-evolution measurements. Linear sweep
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voltammetry (LSV) performed on the immobilized WRC on a TiO,-coated FTO-glass electrode showed an
onset potential of -0.6 V vs. SHE at pH = 5 for proton reduction, while operando UV/VIS confirmed the
DOI: 10.1039/d0cy00330a reduced Co'-species as the key catalytic intermediate. Finally, chronoamperometric investigations
combined with XPS studies and ICP-MS studies of electrode and electrolyte revealed stable binding of the

rsc.li/catalysis WRC on the electrode under catalytic conditions and constant H,-formation over the period of two days.
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Introduction

The ongoing research on photocatalytic water splitting — a
promising solution to comply with the world's increasing
power demand, as well as an efficient way to store solar
energy over a long period of time® - has brought up different
systems and setups to approach this challenge by now. One
can roughly subdivide this research into molecular catalysts,”
mostly transition metal complexes, inspired by natural photo-
and redox active systems,® and surface-catalyzed
approaches,™® where the electrode constitutes the catalytic
site itself as in a photoelectrochemical (PEC) cell. The
common basis of both systems consists of a light harvesting
unit, making the light-induced charge separation, and
shuffling electrons from the oxidative to the reductive half-
reaction while overcoming the 1.23 eV (+overpotential)
required for the full reaction.

Molecular water reduction catalysts (WRC) featuring
transition metals such as Fe,” Ni,® Co (ref. 9-13) or Mo (ref.
14) as metal-cores, coordinated by either N- or P-containing
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ligands™>™° have proven themselves as solid candidates for
water reduction. Reported H, turnover frequencies as high as
100000 s ' spearhead the catalytic activity of all water
reductive systems.> Amongst the most promising WRCs, one
often finds cobalt-polypyridyl complexes,*>** which excel in
reported turnover numbers (TON) as high as 80000 H,
WRC™ and offer a large playground for ligand-modifications,
tuning the electrochemical properties of the metal center.**
Despite excellent properties, molecular catalysts bear some
disadvantages compared to surface catalyzed systems,
especially regarding long-term stability as well as applicability
in a full water splitting system. The lack of separation of the
two half-reactions in a homogeneous system leads to electron
short-cuts, which quench the catalytic cycle.>® Separation
would lead to control of the direction of electron flow, as it is
the case in a PEC cell.?*® To integrate the high catalytic
rates of molecular catalysts in a (so far surface-catalyzed) two-
cell system, the molecular catalyst must be adsorbed on the
electrode. Depending on the substrate, the WRC is either
bound wvia physical adsorption such as hydrophobic
interactions®® or covalently, whereby the anchoring group
must be adjusted to the properties of the respective surfaces.
This work presents a novel, molecular and highly stable
cobalt-polypyridyl WRC with two phosphonic acid anchoring
groups for covalent bonding to TiO,, as this material is often
used as an optically transparent passivation layer in PEC
cells.*** Transient absorption and H,-evolution experiments
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under photocatalytic conditions were performed to study the
influence of the immobilization on the catalytic activity and
proton reduction mechanism. Spectro-electrochemical
investigations in a three-electrode setup allowed to detect the
onset potential of Hy-evolution and to acquire the absorption
spectra of a Co™-intermediate. Finally, chronoamperometry in
combination with XPS studies of the immobilized catalyst
and ICP-MS of the electrolyte showed long-term catalytic
stability of the immobilized WRC.

Synthesis & immobilization

The cyclic dimethyl-pyrphyrin ligand (3) was synthesized via
double lithiation of 6,6-dibromobipyridine (1) and reaction
with ethyl iodide to obtain 6,6"-diethylbipyridine (2).
Deprotonation of the CH,-position and quenching with
another equivalent of 1 led to the pure cyclic pyrphyrin
ligand 3 as a mixture of cis- and ¢rans isomers (Scheme 1).
Although ligand 3 is stable in its free form, the addition
of cobalt under air led to rapid hydroxylation of the bridging
carbons, yielding [Co™(di-(methyl-hydroxy)-pyrphyrin)Br,]Br
(9), selectively in trans configuration as evident from an X-ray
structure analysis (vide infra). Notably, cobalt is oxidized
during the complexation from Co" to Co™, as it is the case
for all pyrphyrin-type ligands reported in this work. However,
to increase solubility for the studies in aqueous solutions, all
complexes were reduced in situ with aq. ascorbic acid (0.1 M)
for further studies. Complex 9 was successfully crystallized as
both, Co™ as well as Co™ (ESIt), the latter one by interface
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solvent diffusion method, after layering a solution of 9 in aq.
ascorbic acid on top of an aq. sat. solution of KBr. The
bridging CH-Me groups of ligand 3 are accessible for
deprotonation by KOtBu in THF and subsequent nucleophilic
addition or substitution reactions. The equilibrium of the
deprotonation lies strongly on the protonated side, as shown
by quenching experiments with methanol-d, and analysis of
the product by "H NMR spectroscopy (Fig. S1f). Thus, it is
important that the electrophile lacks any acidic protons to
avoid the immediate quenching of the reaction. Hence,
nucleophilic addition of deprotonated 3 to the double bond
of diethyl vinylphosphonate led to the pyrphyrin ligand with
protected anchoring groups (4) as a mixture of cis- and trans
isomers in a ratio of 3:1 as evident from UHPLC-MS analysis.
The desired cis-isomer was isolated by several subsequent
precipitation- and crystallization procedures as described in
the experimental part (Fig. 1). Complexation of cobalt to
obtain compound 5 and cleavage of the phosphonic acid
ester by TMSBr yielded the final product [Co™(di-(Me-
C,PO(OH),)-pyrphyrin)Br,|Br (6).

Complex 8 was synthesized as a reference compound to
investigate the influence of the anchoring groups on the
catalytic properties of the pyrphyrin complex. Deprotonation
of the CH-Me groups in compound 3 with KOtBu and
subsequent alkylation with methyl iodide led to 7. In order to
obtain products 5, 6 and 8 with defined axial ligands and
counter-ions, the crude complexes were dissolved in aq.
sodium ascorbate to reduce the metal centers and facilitate
axial ligand exchange. After addition of aq. sat. KBr, the

PE=PO(OEt),
PA=PO(OH),

Scheme 1 General reaction scheme for ligand and complex syntheses. Conditions: i) BulLi, Etl, THF, =95 °C, 58%; ii) LDA, 6,6'-dibromobipyridine,
THF, -80 °C, 88%; iii) KOtBu, diethyl vinylphosphonate, THF, -80 °C to RT, 12 h, 30%; iv) CoBr,, MeOH, O,, RT; v) TMSBr, MeCN, 42 °C; 62% over
two steps; vi) KOtBu, Mel, THF, =80 °C to RT, 1 h, 56%; vii) CoBr,, MeOH, O,, r.t., 78%; viii) CoBr,, MeOH, O,, RT, 51%; ix) Zn(OAc),, MeOH, RT,

99%; x) TMSBr, MeCN, 48 °C, 85%.
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Fig. 1 Crystal structure of 4 (H-atoms omitted for clarity; 50% thermal
ellipsoid probability level). Colour code: C (grey), N (blue), O (red), P
(orange).

metal centers were re-oxidized with elemental bromine,
yielding a green precipitate of the complexes with exclusively
Br as axial ligands, respectively counter-ion. The zinc-
complex 11 was synthesized as analogue to 6 with redox-inert
metal centre. 'H, "*C and *'P NMR spectroscopy as well as
HR-ESI, X-ray crystallography and CHN analyses confirm the
authenticity of the complexes.

To study the immobilized catalyst, 6 was adsorbed on
TiO,-substrate. Photocatalytic investigations were conducted
with Aeroxide® P25 nanoparticles (@ = 21 nm, 6@NP-TiO,),
providing a high specific surface area (35-65 m” g'). This
minimizes the required amount of NPs for a given WRC
concentration, thus, enables light
Electrocatalytic measurements were performed on an
electrode consisting of rutile-nanopowder (& = 50 nm), spin-
coated on TEC-15, 2.2 mm FTO glass substrate and annealed
(6@m-TiO,). For adsorption of the catalyst, the respective
substrates were immersed in an aq. solution of 6 in ascorbic
acid (1 mM) at pH 5. The particles were separated by
centrifugation and washed with doubly distilled water. The
catalyst binds stably to the TiO, substrate under acidic
conditions up to pH 8 but desorbs at pH values above 9, as
shown by desorption experiments of suspensions of loaded
particles in water: after equilibration at a given pH from 2 to
12 the particles were centrifuged and the desorbed catalyst in
the supernatant was quantitatively analyzed by HPLC (Fig.
S2-S47). The same type of measurements were performed on
both the loading solution and the supernatant after catalyst
adsorption, revealing a loading concentration of about 0.05
pmol catalyst per mg particles. This corresponds to a
molecular footprint of (1.76 + 0.17) nm?* or a loading density
of (9.4 + 0.9) x 10> nmol cm™.

maximal flux.

Photocatalytic experiments
Kinetic studies

Photocatalytic investigations were performed on a system
containing [Ru(bipy);]** as photosensitizer (PS), ascorbate
(AscO") as electron source and buffer and the water reduction
catalyst (WRC). The WRCs are not water-soluble as Co™, but

This journal is © The Royal Society of Chemistry 2020
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in situ reduction by AscO™ leads to good solubility. The axial
halogens are weakly bound to Co" and dissociate upon
dissolution in water,>**>3

In order to examine the electron transfer (ET) rates from
the photochemically reduced PS (PS") to WRC 8 in solution,
and to the immobilized WRC 6@NP-TiO,, nanosecond
transient absorption studies were performed on both systems
containing WRC, PS and NaAscO. Scattering of the pump
light on the nanoparticles limited the maximum feasible
WRC concentration to ca. 5.6 uM, in order to minimize
artefacts on the recorded kinetics. In all experiments,
excitation of the PS below the bandgap of TiO, was achieved
by pumping with 532 nm instead of 355 nm, as commonly
done in such systems.”*** Due to both the lower extinction
coefficient of the PS at 532 nm (ca. 7 times smaller than at
355 nm), and the decreased transmittance of the probing
light (for on-particle measurements), the PS concentration
was set to 300 pM, resulting in WRC-deficient conditions.

On the other hand, measurements in solution were
performed under WRC excess conditions (50 pM PS and 0-
200 UM WRC) to clearly evaluate the effect of increasing WRC
concentration on the lifetime of PS. A second set of
measurements in solution was conducted under WRC-
deficient conditions (300 uM PS, 0-6 uM WRC), to ascertain
whether small variations in WRC concentrations exhibit a
similar and quantifiable effect on the lifetime of the PS".

The kinetic model used in this work is shown in
Scheme 2. The excited PS (PS*) is reductively quenched by
ascorbate (AscO’) with a rate constant k;, leading to
simultaneous formation of an ascorbate radical (Asc’). PS™
can transfer its electron either to the WRC (productive ET,
kco) or back to Asc’ (recombination, kz). The following
sequence of electron and proton transfers, starting from Co',
is summarized by ki, as it takes place on a much longer
timescale than the initial electron transfers.>*** This results
in a 2nd order rate in Co', which was taken into account for
the second electron required for H, production. Direct
electron injection from PS™ (Ru'/(bipy); = -1.2 V vs. SHE'?)

_hv, pg* k1 . ) keo
PS PS ASCO" PS + Asc Co(ll) PS + Co(l)
° Ky, Co(l)
ko kg/Asc
PS H, + 2 Co(ll)
da[ps’]

o = —ko[PS"] — ki [PS"]

) = K} [PS*] — keo[COM|[PS™] — kg [PS™][Asc]
d[Asc] _
dat
d[Col] _
el
d[Co"]
dt

k;[PS*] — kg[PS][Asc]

kco[Co"][PS™] — ky,[Co']?

= ky,[Co"]? = kgo[Co"][PS7]

Scheme 2 Mechanistic model of the electron transfer reactions
considered in the transient absorption (top) with the corresponding
rate law equations on the bottom.
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respectively PS* (Ru™/"(bipy)* = 0.7 V vs. SHE***’) into the
conduction band of TiO, (CB, ~0.5 V vs. SHE at pH 5 (ref. 38
and 39)) would be thermodynamically favoured, leading to
through-particle electron transfer.*® Since in this study PS is
not co-grafted but diffusing from the solution to the surface,
full coverage of the surface by the WRC prevents the TiO,
from direct interaction with the PS. Thus, productive electron
transfer from PS™ exclusively occurs to the immobilized Co™
with the rate k.. As cyclic cobalt polypyrphyrins such as 6
and 8 are reduced at -0.35 V vs. SHE, much earlier than
cobaloxime (Co™' = -0.6 V vs. SHE***') and below the CB
potential of TiO,, electron injection via cobalt into the TiO,
can be excluded.

The observable, AAbs (510 nm), is composed of the
differential absorptions of PS™ as well as Co' and Co",
weighted by their respective absorption coefficients and
concentrations. The contributions of all other species to the
transient signal were set to zero.**> The concentration of
NaAscO was regarded as constant (0.085 M at pH 5) due to
its large excess. Therefore, k; was defined as k;-[AscO]. All
rate constants (including kc,) were globally fitted within one
experiment, unless stated otherwise.

The transient spectra of the blank containing only PS and
NaAscO (Fig. 2, top) and a sample containing additionally
100 M WRC 8 (Fig. 2, bottom) show clear signatures of
reduced PST, Asc®® and singly reduced WRC (also in
agreement with spectroelectro-chemical experiments). The
isosbestic point at 461 nm of the blank, indicative of the
presence of a single absorbing species (PS™), disappears after
addition of catalyst. In the latter case, a shift of the
absorption maximum from 510 nm to 475 nm within the first
20 ps is clearly visible. The normalized and fitted kinetic
traces at 510 nm for the three experiments are shown in
Fig. 3. The concentration profile and the raw data incl.
residuals are shown in Fig. S5.f The WRC-excess experiment
in solution (Fig. 3, top) shows the most evident effect of
increasing WRC concentration on the observed kinetics. At
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400 450 500 550 600 650
Wavelength [nm]

Fig. 2 Transient absorption spectra from 5 us to 100 pus after the
excitation in 5 ps intervals. Top: Blank containing 50 uM PS and 0.1 M
NaAscO (pH 5) but no WRC; bottom: with the addition of 100 uM of
WRC 8.
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early times (<2 ps), the rise in the transient signal is
attributed to the formation of PS™.**** In absence of WRC,
the reduced PS recombines with Asc’ on a timescale of ca. 30
s, leading to the disappearance of the signal at long times.
In presence of WRC, a clear biphasic decay appears,
originating from the initial, irreversible ET from PS™ to the
WRC. Between 1-10 us, AAbs is dominated by the absorption
of PS", decaying via kg and kc,. Between 20 and 400 ps the
predominant absorption maximum at 475 nm is attributed to
the Co' species, before going back to Co™ on a much longer
timescale.

Under WRC-deficient conditions (Fig. 3, middle), we
observe a faster overall decay of PS’, attributed to faster
recombination with Asc’ at higher PS concentrations. The
effect of the WRC, while significantly smaller, is still evident
(see inset). This leads to a faster decay of the PS™ signal upon
increased WRC concentration, albeit lacking the evident
biphasic behavior observed under WRC-excess conditions.

1.0 = 0uM
- 7 uM
208 == 20 uM
< 50 uM
506 100 M
8 — 200 uM
® 04
£
5 ‘
202} ~ ,
e
00 | T
sl L1l AT | L1l PN
[ 0 M
» 1uM
Q 2uM
5 3 uM
3 4 uM
N 5puM
[ 6 uM
g M
[e]
Z
sl Ll Ll ol L1
7)Y 0ouM
1.0 p 0.8 M
1.6 uM
(%2}
2 0.8 2.2 uM
< W 2.9 uM
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N r 4.2 M
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5 " 5.2 uM
> 02 5.6 M
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ral L ./. sl Ll 1l L

107 10 104
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Time [s]
Fig. 3 Kinetic absorption (510 nm) and globally fitted traces in
logarithmic time scale. Top: WRC excess and in solution (50 uM PS, 8,
0.1 M NaAscO, pH 5); middle: WRC deficient and in solution, the inset
illustrates the small effect of the WRC concentration on the kinetic
trace, (300 uM PS, 8, 0.1 M NaAscO, pH 5); bottom: WRC deficient and
on particles with a zoom on the relevant time interval (inset) to
emphasize the effect of the WRC on the lifetime of PS™ (300 uM PS,

6@NP-TiO,, 0.1 M NaAscO, pH 5).
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Measurements performed with the adsorbed WRC
(Fig. 3, bottom) show a similar behaviour to their solution
counterparts under WRC-deficient conditions. A clear trend
can be seen on an expanded region from 20 ps to 50 ps (inset
of Fig. 3, bottom), which illustrates the effect of increasing
WRC on the observed transient kinetics. The strong pump
scattering signal, which becomes more prominent at higher
nanoparticle concentrations, obscures the early kinetics of
the on-particle measurements. This in turn prevents an
accurate determination of k, and k;, corresponding to
processes taking place in timescales faster than 3.5 ps. In
addition, both k, and k; are expected to be constant at a
given PS and buffer concentration. Under these assumptions,
ko and kj were fixed to the values obtained under WRC-
deficient conditions in solution. The remaining free
parameters (kco, kg, and ki) were fitted, starting from 3.5 us
and up to 100 ps. The resulting rate constants are
summarized in Table 1.

At a first glance, the globally fitted rate constants obtained
for all three experiments are reasonably similar, suggesting
that the catalytic cycle is not significantly affected by
immobilization of the catalyst. The value obtained for k; and
kg are comparable to previously reported values under similar
conditions (2 x 10 M"' s' and 1 x 10° M s,
respectively).*>*®

Interestingly, PS™ reduces the immobilized catalyst with a
similar rate as in solution (kg,). Since terminal hydroxyl
groups of TiO, are predominantly protonated below pH
6.25,"” one could expect electrostatic repulsion of the cationic
PS™ (Ru') and the positively charged surface, slowing down
the electron transfer. However, such an effect was not
observed. Fast oxidation of PS™ is crucial for a stable
homogeneous photocatalytic system, since PS decomposition
by ligand dissociation limits the performance of catalysis if
the reduced state PS™ remains unquenched. WRC 6 therefore
enables fast oxidative quenching of the reduced PS”, both in
solution and in a surface-immobilized system.

Photocatalysis

Photocatalytic H, evolution experiments were performed in
H,0 at pH 5 with different WRC concentrations, [Ru(bipy)s]**
as PS, AscO  as electron relay and buffer and tris-2-
(carboxyethyl)-phosphine (TCEP) as sacrificial electron donor
(SED).*” Water saturated argon as carrier gas was constantly
flushed through the catalytic solution and the gas stream was
periodically analyzed to obtain the time-dependent H,
evolution trace. The WRC loaded nanoparticles were

Table 1 Experimentally determined rate constants
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suspended in an aqueous solution containing the PS, AscO~
and TCEP. The amount of WRC loaded on the particles was
adjusted to the corresponding amount of cobalt in a solution.
The H, evolution traces of WRC 6, 6@NP-TiO, and 8 run
through two subsequent peaks of maximal production rates
(Fig. S6T). We attribute this shape to the formation of a
cobalt-TCEP adduct as observed in earlier studies and
reported in the literature.”>*® Catalytic experiments without
TCEP, lacking the double peak, support this interpretation
(Fig. S71). However, accumulation of dehydroascorbic acid
(DHA), which oxidatively quenches the reduced PS, limits
performance of catalysis and results in lower TONSs, as
compared to experiments with TCEP.

The turnover numbers (TON, [H, WRC™']) increase with
decreasing catalyst concentrations (Fig. 4).">>* At low cobalt
concentrations, the TONs go up to 20-25 kTONs H, WRC ™,
outperforming most of the cobalt-polypyridyl WRCs
investigated up to now. In terms of total amounts of H,
produced, the system performs less stable at low WRC
concentrations. This can be related to the irreversible
electron donor/relay system TCEP/AscO, and the limited
stability of PS™ on the ms timescale where electron transfer
to cobalt occurs at lower uM concentrations.'>*® PS
degradation could be confirmed by HPLC analysis before and
after catalysis as the stability limiting factor at low cobalt
concentrations (see Fig. S8t). At the highest WRC
concentrations, TCEP was almost completely oxidized to
TCEPO, thereby limiting catalysis, as shown by *'P-NMR
studies of the solution after catalysis (see Fig. S9F).

No significant performance differences are evident for
both homogeneous catalysts 6 and 8. This is noteworthy
since 6 contains internal acid groups, which could function
as proton shuttles to the catalytic active site, an effect which
was already reported in numerous studies.***>%>! However,
the absence of such an effect enables an objective
comparison between the catalyst's performances in solution
and adsorbed on TiO,, since an influence of the anchoring
groups on the catalytic activity can be excluded.

Immobilization of the catalyst to 6@NP-TiO, reduces the
TONs to about 50% as compared to the fully homogeneous
experiment. Any effect of the support was excluded by
conducting the same experiment with 6 immobilized on the
wide-bandgap material ZrO,, which performed equal to
6@NP-TiO, (see Fig. S10f). We note that PS degradation is
the limiting factor but oxidative quenching of PS™ by the
WRC occurs with the same rate as in solution. Therefore, the
decreased TONs must result from the local excess of WRC on
the particle surface but a complete lack in the solution

ko x 10° [s7"] ky x 107 [s7']

ke x10° M ' s7"] kco x 10° M 57 ke, x 10° M 57

In solution WRC excess 1.39(8) 3.36(9)
In solution WRC deficient 1.50(7) 3.39(2)
On particles 1.5¢ 3.4¢

“ Fixed rate constants.

This journal is © The Royal Society of Chemistry 2020

1.43(3) 1.49(2) 0.68(2)
1.48(8) 1.9(4) 0.8(2)
1.15(9) 1.3(6) 0.5(1)
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Fig. 4 TONs determined from photocatalysis (in H, WRC™) of 8
(orange), 6 (green) and the adsorbed WRC on TiO,-nanoparticles
(6@NP-TiO,, purple). All experiments contained 500 pM [Ru(bipy)s]**,
0.1 M NaAscO and 0.1 M TCEP as electron relay and sacrificial electron
donor, respectively.

between. In fact, as calculated by Fick's law (Fig. S11%),
within the lifetime of the reduced PS™ its maximal diffusion
radius of 150 nm (ionic radius of 6.2 A,** half-life PS™ of 30
us, compare Fig. S5f) is less than half of the averaged
distance between two particles (500 nm, with 5 uM WRC).
Thus, a maximum of 20% of the PS lies within reach of any
particle, the rest recombines via kz with an enhanced
probability of PS degradation. For comparison, 47 WRC-
molecules lie within the diffusion range of each PS™ in a fully
homogeneous system at the same WRC concentration. The
H, evolution experiments shown in Fig. S12f support
experimentally this hypothesis: at a constant 6@NP-TiO,-
concentration of 5 pM the TONs increase with decreasing
loading density of the WRC on the particles. Thus, the higher
number of particles supporting the same amount of catalyst
leads to a wider distribution, thus, shorter average distance
between two particles enhancing the probability for the PS™
to be oxidatively quenched by a WRC.

Recycling experiments

Recycling experiments of the loaded NPs were performed
with a catalytic suspension containing PS, NaAscO, TCEP and
6@NP-TiO, corresponding to 5 uM WRC. After cessation of
H,-formation after 2 days the NPs were separated by
centrifugation and washed with H,O before being re-
suspended in a fresh solution containing PS, NaAscO and
TCEP. As shown in Fig. S13,f H, evolution immediately
restarts to a maximal rate of 50% of its original value and
ceases after formation of a third the amount of H, produced
in the first run. The recycling procedure could be repeated
two times, resulting in similar H,-formation drops between
two subsequent runs. The fact that catalysis restarts attests
the immobilized WRC not to be the limiting factor of the
catalytic system. However, the decreased rate and amount of
H, produced in the 2nd and 3rd runs, respectively, indicate
WRC desorption from the NPs during catalysis. In fact, ICP-
MS analysis of the supernatant after the 1st run confirmed
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desorption of (37 + 2) % of the immobilized catalyst. Thus
63% of the catalyst remained stably bound to the NPs in a
solution containing both AscO™ and TCEP in a 20 000-fold
excess, both known to compete for adsorption on TiO,.>?

Summing up, we present the first example of an
immobilized polypyridyl catalyst with high rates and more
than 10 kTONs under photocatalytic conditions. The turnover
frequencies (TOF [H, WRC™" s™']) do not differ significantly
between the catalysts 6 and 8 in solution. In accordance with
the equivalent rate constants (kg,) in solution and on
particles, 6@NP-TiO, quenches PS™ equally fast as 6 in
solution. The TOF values range between 1 s™* at low and 0.03
s' at high WRC concentrations. More than 60% of the
catalyst 6@NP-TiO, remain stably bound to the NPs under
photocatalytic conditions over the period of two days,
highlighting the stable binding of the phosphonates to the
TiO, surface.

Electrochemistry

Onset potential

Electrocatalytic studies of the WRC anchored on a surface
were performed in a custom-made three electrode setup (Fig.
S147). Mesoporous rutile-TiO, (m-TiO,) served as working
electrode (preparation see ESIt), onto which WRC 6 was
adsorbed prior to the measurement (6@m-TiO,). A platinum
wire was used as counter-electrode, separated by a glass frit
from the working electrode, and Ag/AgCl as a reference
electrode. The working electrode was placed between two
opposite optical glass windows, integrated in the cell. This
allowed to record the visible absorption spectrum of the
adsorbed catalyst as a function of the applied potential. Aq.
sat. KClO, was employed as electrolyte, buffered with 50 mM
acetic acid to the respective pH. To degas the solution
constantly, separate gas in- and outlets to both
compartments were used. This also allowed H, detection by
in-line GC analysis of the out coming gas mixture. Linear
sweep voltammetric (LSV) and chronoamperometric (CA)
measurements, with simultaneous detection of the visible
absorption, were performed at different pH values in the
buffer region of acetic acid (pH 3.77-5.55).

The catalyst loading of the m-TiO,-surface was evaluated
by re-desorption of the WRC from the surface, by immersion
of the plate in 3 ml of a 1 M Na,HPO,/1 mM NaAscO aqueous
solution (pH 7). By means of a dilution series of 6 in the
same buffer solution and linear regression of the UV-
absorption maximum at 302 nm (¢ = 24240 cm” mol™, Fig.
S157), the loading of the WRC was calculated to be 6.4 nmol
cm™? (geometric area, neglecting the mesoporous structure).

The onset potential (Vi) at four different pH values was
determined by linear extrapolation of the current wave
obtained by LSV measurements with a scan rate of 1 mvV s,
as indicated by the dotted lines in Fig. S16.f Notably, the
adsorption of the catalyst decreases the onset potential for
H, formation at all pH values compared to the respective
blank measurements with bare m-TiO, (compare solid vs.
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dashed lines in Fig. 5, top). This confirms a stable binding of
the WRC to the surface and enhanced catalytic activity of the
immobilized molecular catalyst over the blank. At pH 5,
where photocatalytic experiments were conducted, an onset
potential of —0.6 V vs. SHE is obtained. This is a decrease by
270 mV with respect to m-TiO, (Fig. S16%). With increasing
pH values, Vy, shifts by approximately -28 mV pH™", exactly
half of the Nernst pH dependent redox potential, indicating
two subsequent reductions before the first protonation, the
rate-limiting step of catalysis. The significantly higher vy at
pH 5.55 (blue trace in Fig. 5, top) is attributed to the strongly
decreased buffer capacity of acetic acid at that pH.

In situ spectroelectrochemistry, a suitable tool previously
used to analyse the electronic structure of porphyrins,®* >’
was used for studying the oxidation states of the anchored
catalyst. The Vis-spectra shown in the bottom of Fig. 5 were
taken during CA measurements after stabilization of the
current density J, in response to the applied constant
potential V. The current density is marked by the coloured
circles in Fig. 5. The black dots correspond to J of the blank
sample at the same potential. The beginning of the
exponential increase of J from a potential of —0.60 V vs. SHE

0+
a
g -50 -
<
=
)
-100 |- ofegeeeeg
| il | 1 1 1 1 1 1
09 -08 07 06 -05 04 03 -02
Potential vs. SHE [V]
0.2 0 0.2 -0.4 0.6 -0.8
0.05 T T T T T T T T T T T

r. O ® O & ®9®0+w ;% , . H0
450 500 550 600 650 700 750
Wavelength [nm]

Fig. 5 Top: LSV measurements of 6@m-TiO, (solid lines) at different
pH values. Dashed lines correspond to bare TiO, at the respective
potential. Conditions: working electrode in aq. sat. KClO,4, buffered by
50 mM acetic acid, titrated with NaOH to the respective pH.
Measurements were carried out with a scan rate of 1 mV s, Ag/AgCl
reference electrode and a Pt wire as counter electrode. Bottom: CA
measurements with monitoring of the potential-dependent Vis-
absorption (left and bottom axis) of 6@m-TiO,. The color code
corresponds to the applied potential vs. SHE starting from 0.2 V
(purple) to -0.75 V (red) in 50 mV steps. The black dotted line
corresponds to the transient spectrum of the photocatalytic system in
solution (Fig. 2, bottom), after 100 ps. The current density J at a given
potential (right and upper axes) is given in colored circles (sample) and
black dots (bare m-TiO, electrode), respectively.
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at pH 5 is in line with the Vy, determined by the
aforementioned linear extrapolation evaluation of the LSV
measurement. The maximum of the positive AAbs signal at
475 nm agrees well with the observed transient spectra of the
singly reduced WRC under photocatalytic conditions (black
dotted spectrum in Fig. 5, bottom), and both can thus be
certainly attributed to a Co' species. Notably, the Co'
absorption appears from a potential of —0.35 V vs. SHE, 250
mV before catalysis sets in. Mechanistically, this is in line
with the observed pH dependency of Vi : reduction of the
ground state Co" gives the Co' species observed at 475 nm
and -0.35 V vs. SHE, but H, evolution only proceeds after
further reduction to a formal Co°, followed by protonation.

Long-term stability

Analogously to the previous experiment, the catalyst was
adsorbed on the m-TiO, coated FTO glass (6@m-TiO,). The
working electrode was immersed in the buffered electrolyte
(pH 5) and the solution degassed until no air was detected by
GC in the out-coming gas stream. Several CV cycles between
+0.25 and -0.4 V vs. SHE were conducted to fill unoccupied
surface states in order to minimize non-faradaic current in
the subsequent experiment. The potential was set to —0.65 V
vs. SHE and the current density / measured over time. The
data were corrected for the current contribution of the
respective blank experiments with the catalytically inactive
zinc-complex 11 adsorbed on the working electrode (11@m-
TiO,).

As shown in Fig. 6, electrolysis starts off after a first
current spike with a current density of ~70 pA cm™>,
decreasing to half of its original value within the first 24
hours. As the comparison with the zinc complex 11@m-TiO,
shows, the faradaic current exclusively stems from the
adsorbed catalyst (Fig. S177). After this initial decrease,
charge transfer proceeds over the period of approximately 2
days. Simultaneously measured H, evolution traces (Fig. 6,
blue trace) confirm the current to be faradaic and converted
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Fig. 6 Current (red line, left axes) and H, formation rate (blue line,
right axes) traces of CA measurement at -0.65 V vs. SHE. Conditions:
6@m-TiO, as working electrode in KClO,4 (aq. sat.), buffered with 50
mM acetic acid at pH 5. Ag/AgCl served as reference and a Pt wire as
counter electrode. The system was constantly purged with aqg. sat.
argon and the out coming gas mixture frequently analyzed by in-line
GC for H,-formation.
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by 95% to H, (see Fig. S187), stressing the efficient proton
reduction by 6@m-TiO,. The initial increase of the H,
formation rate arises from the response time of the setup,
after which the exponential decay of the current trace is well
reflected in the H, evolution profile. Dihydrogen formation is
observed over a period of 2 days, before catalysis ceases after
formation of (90 + 4) pmol H,, corresponding to (535500 +
25500) TONs at a maximal rate of (8.6 + 0.3) H, WRC ™" s™".
The immobilized catalyst was confirmed as the only
catalytically active cobalt-species by a separate CA-experiment,
including bare TiO, as working electrode and WRC 8 (lacking
the anchoring groups) dissolved in the electrolyte. Under
equivalent conditions to the previous experiment, no H,-
formation was observed confirming 6 to be only active if
covalently bound to the surface (see Fig. S19%).

Notably, traces of evolved H, could be measured at a
potential as early as —0.6 V vs. SHE in a separate experiment
(see Fig. S2071), confirming the onset potential as predicted
by the linear extrapolation method of the LSV measurements.

Comparison of XPS spectra before and after
electrocatalysis corroborates the binding stability of 6@m-
TiO, under catalytic conditions. The Co 2p;, core level
spectrum of freshly adsorbed 6@m-TiO, shows three distinct
signals (Fig. 7, top). The weak satellite at 789 eV is caused by
spin-exchange interactions of the photoelectron and an
unpaired 3d-electron of Co(u),”® corresponding to the
oxidation state of 6, as is used for the loading solution. Apart
from the satellite, the spectrum can be fitted with 2
Gaussians. According to DFT studies by lannuzzi et al,
cobalt-pyrpyrins adsorb on TiO, (110) with different
geometries, either with cobalt located above Ti*" or
coordinating to O®7, the latter one exhibiting a much larger
cobalt-surface interaction.”® We attribute the two peaks to the
different adsorption modes: the absorption at 779.9 eV is in
accordance to previous XPS studies on cobalt-pyrphyrin
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Fig. 7 XPS data and fits of Co 2p3,, (left column) and P 2p core levels
(right column) of 6@m-TiO, before (top row) and after 3 days (bottom
row) of electrolysis. Residuals of the fitted Gaussians are given in the
same scale as the data.
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reported by Osterwalder et al, with cobalt located on Ti*"
(780.5 eV (ref. 60)). The peak at 783.5 €V is attributed to the
Co-O binding site with higher binding energy. The P 2p
absorption shows one single peak at 134.3 eV, indicating
identical covalent binding of all phosphonate anchoring
groups.

In a second experiment, the electrode was first subjected
to electrolysis for 2.5 days and then investigated by XPS as
shown in Fig. 7, bottom. The satellite at 789 eV is no longer
present, as the catalyst was oxidized to Co™ by backing the
applied potential to +0.25 V vs. SHE (0 V vs. Ag/AgCl) at the
end of each electrolysis. Apart from that, Co 2p;, and P 2p
spectra of the used electrode confirmed the catalyst in
unchanged configuration still bound to the surface. Both
binding modes, Co-Ti*" and Co-0O, are still observed after
electrolysis. Quantification of the desorbed amount of
catalyst was conducted by ICP-MS analysis of the electrolyte
after the same period of time. A cobalt concentration of (40.2
+1.7) pmol ml™" in 31.5 ml electrolyte confirmed a desorbed
cobalt amount of (9.7 + 1.5) % after 2.5 days of electrolysis.
The moderate desorption compared to photocatalysis is
attributed to the reduced amount of co-adsorbing species (50
mM acetic acid in elelctrocatalysis, vs. 0.1 M of both ascorbic
acid and TCEP in photocatalysis).

From the unchanged XP spectra before and after electro-
catalysis, we exclude the formation of cobalt nanoparticles
(Co-NPs), an issue which was addressed by Artero and co-
workers.®" In situ generated Co-NPs from cobalt diimine or
dioxime WRCs, were shown to bind stably to FTO under
reductive conditions (0.6 V vs. Ag/AgCl at pH 7) and be
responsible for high faradaic yields in H,-generation. This
catalytically active film is readily dissolved in the electrolyte
at more positive potentials and therefore hard to exclude by
electrode rinse-tests.®” In the present experiment only a
fraction of the cobalt was detected in the electrolyte after
catalysis (ICP-MS) and the configuration of the remaining
WRC on the electrode seems unchanged, thus we attribute
the Hy-evolution catalysis to the molecular WRC 6@m-TiO,.

This long term stability under catalytic conditions is
remarkable, however, the data do not conclusively explain
the decrease of catalytic current and H,-formation. As ca.
90% of the catalyst is still bound to the surface after 2.5 days,
an increasing fraction over time must lose its catalytic
activity. This could either arise from deactivation of the
catalyst in a way that it retains an in-differentiable XPS
spectrum from the original structure (e.g. by partial
hydrogenation of the pyridyl units). A more probable
explanation is decreasing conductivity of the FTO/TiO,
support over time. Among others, Geiger et al. reported
dissolution of SnO, under acidic, reductive conditions
according to SnO, + H" + 2¢” — Sn*" + 2H,0 (+0.07 V vs.
SHE), leading to increasing ohmic losses, thus decreased
conductivity.**®* ICP-MS analysis confirmed trace amounts of
dissolved tin in the electrolyte after 2.5 days of electrolysis.
We assume that H,O diffuses through the mesoporous TiO,-
structure, favouring reductive Sn-dissolution over time.

This journal is © The Royal Society of Chemistry 2020
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Section wise “cut-off” of substrate holding immobilized WRC
from the circuit might reconcile the stable binding with
decreasing catalytic activity. Experimental evidence is
provided by CA experiments with alternating potential
between -0.65 V and +0.2 V vs. SHE with a 1 hour frequency.
The “regeneration phase” at +0.2 V (0 V vs. Ag/AgCl) allowed
to re-oxidize partly reduced SnO, and delay the destructive
reduction of the conductive layer. As evident from Fig. S21,}
electrolysis restarts after each equilibration phase and H,-
evolution follows the same trend. This procedure can be
repeated for more than 10 days, meaning over 5 days of
active electrocatalysis. This confirms catalyst-desorption not
to be the stability limiting factor of electrocatalysis but
reductive substrate dissolution.

Experimental
General

All chemicals used were of reagent grade, and unless
otherwise stated, reactions were carried out under N,
atmosphere. Solvents were of p.a. grade, THF and diethyl
ether were dried over Na/benzophenone. Water for reactions,
extractions and catalytic experiments was deionized and
doubly distilled prior to usage. Reaction controls were carried
out by HPLC (VWR Hitachi LaChrome; Column: Reproshell,
Cig, 2.6 um, operated in an oven L-2350 at 40 °C and a DA
detector L-2450. Eluent: H,O/MeOH/TFA, gradient starting
with 10% MeOH, 0.1% TFA in H,O to pure MeOH within 11
min, 1 ml min~"). NMR measurements were carried out on
an AV3-400 Bruker NMR spectrometer at 25 °C.

Synthesis

6,6"-Dibromobipyridine (1). 6,6'-Dibromobipyridine (1) was
synthesized according to the procedure as reported in
literature.®

6,6"-Diethylbipyridine (2). A solution of 1 (7.04 mmol,
2.215 g) in 150 ml dry THF was added dropwise to a solution
of BuLi (14.785 mmol, 9.24 ml of a 1.6 M solution in hexane)
in 30 ml dry THF at a rate that the temperature never
exceeded -95 °C (appr. 1 h). A solution of ethyl-2-iodide (17.6
mmol, 1.42 ml) in 20 ml dry THF was added dropwise during
15 min. The reaction was allowed to warm to -45 °C over a
period of 2.5 h and quenched with MeOH. H,O (100 ml) was
added and the suspension acidified with HCI (aq., 5%) before
the THF was removed on the rotary evaporator (the product
in its neutral form is volatile at 40 °C below 750 mbar). The
remaining aq. sol. was basified with sat. aq. Na,COj,
extracted with DCM (3x) and the combined organic phases
dried with MgSO,, filtrated and the solvent removed in vacuo
(40 °C, 750 mbar). The crude product was subjected to flash
column chromatography (C,s-silica, flashmaster, H,O/MeOH,
60/40 for 1 h, 40/60 for 2 h). The combined pure fractions
were acidified with HCI (5%, pH 1), the MeOH removed at
the rotary evaporator, the remaining aq. phase basified with
aq. sat. Na,CO; and extracted with DCM (3x). The combined
organic phases were dried with MgSO,, filtrated and the
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solvent removed on the rotary evaporator (40 °C, 750 mbar)
to yield the pure product as colorless oil (1.17 g, 80%). 'H-
NMR (400 MHz, CDCl,): 8.14 (d, J = 7.8, 2H); 7.60 (t, ] = 7.8,
2H); 7.04 (d, J = 7.8, 2H); 2.79 (q, J = 7.6, 4H); 1.26 (t, ] = 7.6,
6H). *C-NMR (400 MHz, CDCl,): 162.8; 137.1; 121.8; 118.4;
31.4; 13.8.

Di-(Me-H)-pyrphyrin (3). A solution of LDA (4.071 mmol, 4
ml of a 1 M solution in THF/hexane) was added to a solution
of 2 (1.425 mmol, 302.5 mg) in 20 ml dry THF at -90 °C and
the dark blue solution stirred for 30 minutes at that
temperature. After addition of 1 (1.357 mmol, 434 mg) at
once as a solid the cooling bath was removed and the
reaction was allowed to reach RT, during which time it
turned from blue to brown. In order to increase conversion,
the reaction was again cooled to -85 °C and another
equivalent of LDA (1.357 mmol, 1.36 ml) was added and the
cooling bath removed. Reaching RT, the reaction was
quenched with MeOH, an excess of water and some ml of aq.
sat. Na,CO; were added. The product was extracted with
DCM (3x), the combined organic phases dried over MgSO,
and the solvent removed. The pure product was obtained as a
mixture of cis- and ¢rans-isomers after sonication of the crude
product in few ml THF and filtration over a glass frit as a
yellow powder (368 mg, 75%). "H-NMR (400 MHz, MeOD):
8.14-8.09 (m, 4H); 8.01-7.96 (m, 4H); 7.65-7.62 (m, 4H);
4.81-4.70 (m, 2H); 2.02-1.93 (m, 6H). "*C-NMR (400 MHz,
MeOD): 162.18; 161.69; 153.86; 153.53; 139.42; 139.37;
124.02; 122.36; 119.18; 118.98; 45.97; 17.92.

Di-(Me-PO(OEt),)-pyrphyrin (4). KOtBu (0.565 mmol, 64.5
mg) was added at once as a solid under a positive stream of
N, to a suspension of 3 (0.283 mmol, 103 mg) in 60 ml dry
and properly degassed THF at -15 °C and the cooling bath
subsequently removed. Diethyl vinylphosphonate (8.232
mmol, 1.27 ml) in 10 ml dry and degassed THF was added at
RT and the dark green mixture stirred for 12 h. The reaction
was quenched with an excess of H,O, the THF removed in
vacuo and the aq. phase extracted with DCM (3x). The
combined organic phases were dried with MgSO,, filtrated
and the solvent removed in vacuo until a brown, non-volatile
liquid was obtained. Separation of the off-white precipitate
which was formed after several hours yielded the crude
product, containing mostly the cis-isomer of the ligand. The
pure product was obtained after crystallization by vapor
diffusion in CHCI; with Et,O as antisolvent as white crystals
(57 mg, 30%). '"H-NMR (400 MHz, CDCl;): 8.09 (d, J = 7.7,
4H); 8.04 (t, J = 7.8, 4H); 7.72 (d, J = 7.8, 4H); 4.05-3.98 (m,
8H); 2.81 (m, 4H); 2.14 (s, 6H); 1.58-1.49 (m, 4H); 1.26 (t, J =
7.1; 12H). C-NMR (400 MHz, CDCl;): 161.6; 153.8; 138.4;
121.1; 119.8; 61.3; 48.2; 35.1; 22.1; 21.0; 15.3. *'P-NMR (400
MHz, CDCl;): 33.2.

[Co(di-(Me-PO(OELt),)-pyrphyrin)Br,]|Br (5). A solution of
CoBr;, (30 eq., 1.05 g) in 25 ml MeOH was added to a solution
of 4 (0.161 mmol, 111.4 mg) in 30 ml CHCl; and the mixture
stirred for 3 d at RT. The solvent was removed in vacuo and
the excess of CoBr, was washed out with Et,O, until the
filtrate was not blue anymore. The green, solid residue which
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was the crude product as a mixture of different axial ligands
and counter ions, could be used for the subsequent reaction
without further purification. For analytical purpose, the crude
product was dissolved in sat. aq. sodium ascorbate and an
equal amount of sat. aq. KBr was added. Upon filtration and
addition of elemental Br,, the green precipitate was
centrifuged off, and washed 3x with H,O to obtain the pure
product as green solid. HRMS (ESI-MS) m/z: [M-Br]" caled for
C;36H46B1r,CoN,O6P, 909.05858; found: 909.05854. EA: caled
for CseHsoBr, ,5C0K; ,sN,04P,: C, 36.76; H, 4.29; N, 4.76;
found: C, 36.80; H, 4.14; N, 4.75. '"H-NMR (400 MHz, d,-
MeCN): 8.70 (d, J = 7.5, 4H); 8.47 (t, J = 7.9, 4H); 8.40 (d, J =
7.9, 4H); 3.94-3.83 (m, 8H); 3.08-3.02 (m, 4H), 2.11 (s, 6H),
1.39-1.29 (m, 4H), 1.19 (t, J = 7.0, 12H). ">*C-NMR (400 MHz,
d;-MeCN): 165.2; 157.8; 141.9; 129.3; 124.5; 62.2; 57.6; 40.91;
35.4; 23.9; 16.3. *'P-NMR (400 MHz, d;-MeCN): 28.5.

[Co(di-(Me-PO(OH),)-pyrphyrin)Br,|Br (6). TMSBr (appr.
80 eq., 3.4 ml) was added to a solution of crude 5 (appr. 0.33
mmol, 258 mg) in 25 ml dry ACN and stirred overnight at 42
°C. After quenching the reaction with an excess H,O, the
solvent was removed in vacuo and the crude product
dissolved in aq. sat. sodium ascorbate. An equal amount of
aqg. sat. KBr was added and the solution brought to pH 1 with
aq. HBr. After filtration the tris-bromo complex was
precipitated with elemental Br,. The green precipitate was
filtered off and washed 3x with H,O to obtain the pure
product as green solid. HRMS (ESI-MS): m/z: [Co(di-(Me-
PO(O"),(OH),)-pyrphyrin)(OH),]” caled for C,gHz,CoN,OgP,
671.08763; found: 671.08750. 'H-NMR (400 MHz, D,0 +
NaOD): 8.56 (d, J = 8.0, 4H); 8.41 (t, J = 8.01, 4H); 8.29 (d, ] =
7.9, 4H); 2.90-2.83 (m, 4H), 1.91 (s, 6H); 1.08-0.99 (m, 4H).
3C-NMR (400 MHz, D,0 + NaOD): 164.3; 157.6; 141.7; 127.5;
122.8; 56.1; 56.0; 39.9; 35.4. *'P-NMR (400 MHz, D,0 +
NaOD): 19.6.

Di-(dimethyl)-pyrphyrin (7). KO¢tBu (0.576 mmol, 65.0 mg)
was added at once as a solid under a positive stream of N, to
a suspension of 3 (0.274 mmol, 100 mg) in 50 ml dry and
degassed THF at —15 °C and the cooling bath subsequently
removed. Methyliodide (1.646 mmol, 102.5 pL) in 5 ml dry
and degassed THF was added and the reaction quenched
with MeOH after 1 h of additional stirring. The solution was
concentrated in vacuo, and the crude product extracted with
DCM from water (3x), the combined organic phases dried
over MgSO, and the solvent removed in vacuo. Precipitation
of the crude product with Et,0 from ACN and
recrystallization from a 1:1 mixture of ACN/THF lead to an
approximately 95% pure product, which could be used
without further purification.

[Co-(di-(dimethyl)-pyrphyrin)Br,]Br  (8). CoBr, (0.170
mmol, 55.7 mg) and 7 (0.114 mmol, 44.6 mg) were dissolved
in 5 ml MeOH and refluxed overnight. After removal of the
solvent in vacuo the excess of CoBr, was washed out with
Et,O and the remaining solid suspended in sat. aq. sodium
ascorbate, filtrated and the pure product precipitated by
means of addition of an excess of elemental Br,. The green
precipitate was centrifuged off and washed 4x with H,O to
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obtain the tris-bromide complex as a green solid (38 mg,
0.055 mmol, 32%). HRMS (ESI-MS): m/z: [M-Br]" calcd for
Ca6H,4Br,CoN,; 608.96942; found: 608.96851. 'H-NMR (400
MHz, d¢-DMSO): 9.00 (d, J = 7.9, 4H); 8.64 (d, J = 8.1, 4H);
8.53 (t, J = 8.1, 4H); 2.16 (s, 12H). *C-NMR (400 MHz, d-
DMSO): 166.7; 157.1; 141.5; 129.7; 124.0; 52.0; 34.9.

[Co-(di-(Me-OH)-pyrphyrin)Br,|Br (9). CoBr, (1.6 eq.) was
added to a stirred solution of 3 (0.03 mmol, 10 mg) in 4.5 ml
MeOH and the red solution refluxed for 3 d under air. The
solvent was removed and the crude product precipitated from
TFA (1% in MeOH), redissolved in a minimal amount of aq.
sat. NaAscO and precipitated as Co"-dibromide complex by
addition of a sat. aq. solution of KBr. Co"-9 crystals suitable
for X-ray crystallography were obtained by means of
underlayering a solution of 9 in sat. aq. NaAscO with sat. aq.
KBr. Co"™-9 was obtained by dissolving Co™-9 in MeOH and
bubbling O, through the solution. Co™-9 crystals suitable for
X-ray crystallography were obtained by dissolving Co™-9 in
DMSO and evaporating the solvent. HR-MS (ESI-MS) m/z: [M-
Br]" caled for C,4H,00,N,Br,Co: 612.92795; found: 612.92763.
'H-NMR (400 MHz, D,0): 8.58 (d, J = 7.9, 4H); 8.44 (t, J = 8.0,
4 H); 8.36 (d, J = 8.1, 4 H); 2.08 (s, 6 H).

[Zn(di-(Me-PO(OEt),))OAc]OAc (10). Zn(OAc), (0.95 eq.) in
MeOH was added to a stirred solution of 4 in CHCI; and the
solvent subsequently removed in vacuo. The remaining ligand
was washed off with H,O and the solvent removed by freeze
drying to obtain complex 10 as a white solid. "H-NMR (400
MHz, D,0O): 9.41 (d, J = 8.0 Hz, 4H); 9.29 (t, J = 8.1 Hz, 4H);
9.17 (d, J = 8.2 Hz, 4H); 5.13-5.05 (m, 8H), 3.65-3.59 (m, 4H);
3.24 (s, 6H); 2.71-2.62 (m, 4H), 2.28 (t, J = 7.1 Hz, 12H). *'P-
NMR (400 MHz, D,0): 33.75. HR-MS (ESI-MS) m/z: [M-
2(0AC)P" caled for CzeHue06N,P,Zn: 378.10865; found:
378.10905.

[Zn(di-Me-PO(OH)(0O Na*))OAc]OAc (11). TMSBr (80 eq.)
was added to a solution of 10 (0.071 mmol, 54.1 mg) in 5 ml
dry MeCN and stirred at 48 °C for 24 h. The solvent was
removed and the silyl ester dried in HV. After addition of 2
ml MeOH and a few drops of aq. conc. NH; the solution was
stirred in an open flask and the solvent evaporated overnight.
The white solid was suspended in few ml of water, brought
to pH 4.6 by aq. NaOH. The pure product was obtained after
filtration through a syringe filter and freeze-drying (42.8 mg,
80%). "H NMR (400 MHz, D,O + 2.5% TFA-d): 8.34 (d, J = 8.1
Hz, 4H), 8.17 (t, ] = 8.1 Hz, 4H), 8.02 (d, J = 8.4 Hz, 4H), 2.70-
2.63 (m, 4H), 2.12 (s, 6H), 1.51-1.42 (m, 4H). *'P-NMR (400
MHz, D,0 + 2.5% TFA-d): 29.67. HR-MS (ESI-MS) m/z:
[M—(OAc) (Na"),] caled for C3oH3,N,OgP,Zn: 701.09140; found:
701.09176.

Conclusions

The synthesis of the new, macrocyclic cobalt-polypyridyl WRC
6 featuring two cis-oriented phosphonic acid anchoring
groups enables the application of a molecular WRC in a
heterogeneous, photo- and electrocatalytic system. The newly
synthesized WRC 6 binds stably to TiO, in the acidic to

This journal is © The Royal Society of Chemistry 2020
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slightly basic pH region, and can be adsorbed on TiO, with a
loading density of 9.4 x 107 nmol cm™. Photocatalytic
investigations revealed that the anchoring groups do not affect
the catalytic activity in solution, and ET from the bulk solution
to the surface occurs equally fast as in a fully homogeneous
system. As shown by electrocatalytic investigations, the onset
potential lies at 0.6 V vs. SHE, 250 mV after the first cobalt
reduction. Finally, CA measurements imply the remarkable
long-term stability of the catalyst on the surface under
electrocatalytic conditions. At a potential of —0.65 V vs. SHE
(pH 5), H, formed during a period of 2.5 days, with a faradaic
efficiency of 95% and TON of (535500 + 25 500) H, Co*. XPS
studies of the electrode before and after electrolysis in
combination with ICP-MS analysis of the electrolyte confirmed
stable binding of the WRC under catalytic conditions and
quantified the desorbed amount to (9.7 + 1.5) %.

These results encourage to modify well established surface
materials with molecular catalytic sites in order to reduce
onset potentials and to increase the catalytic rates, both final
goals in view of photocatalytic water splitting being a large
scale applicable and sustainable energy source and storage.
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