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We report an unprecedented dinuclear catalyst for the electrochemical
hydrogen evolution reaction (HER). A macrocyclic porphyrin complex
comprising two nickel centres connected via redox mediating linker
molecules gives rise to efficient catalysis, significantly outperforming a
mononuclear reference catalyst.

Electrocatalytic water splitting using renewable energy is
a promising process for the sustainable production of
hydrogen." However, a shift from costly noble metal catalysts
such as Pt to earth abundant elements is required to meet the
growing global energy demand.” While industrial catalysts are
commonly of heterogeneous nature, molecular catalysts are
well-defined and therefore provide insights into the fundamen-
tal mechanisms of catalysis.®> With naturally occurring enzymes
enabling the interconversion of protons and H, by [FeFe]- or
[NiFe]-active sites, the potential of noble metal free bimetallic
catalysts comprising for instance Fe or Ni seems evident.*

Although numerous structural models, inspired by the
active site of both hydrogenases have been reported, most of
them require high overpotentials and strong acids with low
TON for HER.” In contrast, functional analogues based on
bimetallic electrocatalysts have a beneficial influence on HER
and typically show greater efficiency than their mononuclear
counterparts.*®®

In the past decade, iron, cobalt and nickel complexes
of porphyrins have gained increasing attention as HER
catalysts””” and the proton transfer ability and substrate access
can be influenced by the substitution patterns on the porphyrin
scaffold.® For example, the monometallic Ni(n) hangman
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porphyrin was investigated towards HER activity and catalyzes
the generation of H, at —1.77 V vs. Fc/Fc" with a faradaic
efficiency of 92% (Fig. 1).5*? Although bimetallic metallopor-
phyrins, such as Naruta’s Pacman porphyrins (Fig. 1) were
studied e.g. for the reduction of CO,,’ little is known about
more rigid macrocyclic porphyrins. It therefore seems impor-
tant to investigate bimetallic macrocyclic porphyrin scaffolds
because of their redox properties and catalytic potential. During
a recent study'® with a focus on the supramolecular chemistry
of highly strained porphyrinylene nanohoops,"* we prepared an
unstrained precursor, which features two cofacial porphyrins
with a Ni-Ni distance of 7.4 A (X-ray), but exhibits low solubility
due to the choice of a 3,5-di-tert-butylphenyl residue (Ar,)
(Fig. 1). When we compared this structure to literature-known
bimetallic catalysts, such as Naruta’s Pacman porphyrin,® we
hypothesized that this Ni-Ni distance§ could facilitate the
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Fig. 1 Schematic overview of relevant previous work on different metal
porphyrin derivatives.82:>10
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Fig. 2 (A) Synthesis of 3, Ni—Ni distance obtained by DFT (B3LYP/6-31G(d)).
(B) UV/vis absorption spectrum (CH,Cl,) of 3 compared to the reference
compound 4. (C) Cyclic voltammogram of 1 mM 3 and 1 mM complex 4 in
CH,Cl, with 0.1 M ["BusNI[PF¢] at 100 mV s,

activation/generation of small molecules such as CO, or H,.
Therefore, we decided to pursue the catalytic potential of this
type of architecture and synthesize a novel, more soluble
analogue based on a 2-butyloctyloxyphenyl residue (Ar,)
(Fig. 2). To guarantee high stability of the macrocycle during
catalysis (vide infra), we used the methoxy-substituted linker 2,
which was reacted with the meso-brominated metalated
porphyrin 1 in a Suzuki-Miyaura cross coupling (Fig. 2A). The
crucial ring-closing step was carried out under template-
assistance using pyrazine under highly diluted conditions
(Fig. S5, ESIt). After chromatographic separation we were able
to isolate pure 3 (50 mg, 8% yield) in sufficient quantity for this
proof-of-principle study. In the case of the analogous Co(u)
macrocycle, we were unable to isolate the product, presumably
due to degradation during chromatography.

The 'H NMR spectrum of compound 3 shows the typical
shifts expected for the pyrrole as well as the olefinic protons.
The signals corresponding to the aromatic protons in the
phenylene bridges and the meso-aryl residues at the porphyrins
are relatively broad, suggesting restricted C-C bond rotation
within these moieties (for VI-NMR see Fig. S28, ESIT). To draw
conclusions on the impact of the macrocyclic structure of 3 on
its catalytic activity, we synthesized the monometallic reference
compound 4 (Fig. 2B and Fig. S1, ESIt). Since the two porphyr-
ins in 3 are not electronically coupled, there should be no
difference in its photophysical, and electrochemical properties
compared to 4. This assumption is confirmed by the super-
imposition of the recorded absorption spectra shown in Fig. 2B.

Compound 3 was furthermore characterized by
cyclic voltammetry (CV) in dry dichloromethane with 0.1 M
tetrabutylammonium hexafluorophosphate (["BuyN][PF¢]) as
supporting electrolyte. The CV of 3 reveals one reduction and
two oxidation waves at —1.30, 0.99 and 1.31 V vs. Fc/Fc*
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Fig. 3 (A) Linear sweep voltammogram of 1 mM 3 with increasing
equivalents of HOAc in CH,Cl, with 0.1 M ["BusN]IPFe] at 100 mV s~%
(B) Quantification of the electrocatalytically generated H, by GC-MS
during CPC in CH,Cl, with 0.1 M ["BugN][PFg] and 0.1 M HOAc (3: 1 mM,
CPC at —1.87 V vs. Fc/Fc*; 4: 2 mM, CPC at —1.90 V vs. Fc/Fc™*). (C) SEC-
UV/Vis spectrum of a 0.04 mM solution of 3 in CHyCl, with 0.1 M
["BusNI[PFe]l at —2.0 V vs. Ag for 30 min (spectra recorded every 2 min)
(d) SEC-UV/Vis spectrum of a 0.04 mM solution of 3 in CH,Cl, with
0.1 M ["BugN][PF¢] and 4 mM acetic acid at —2.0 V vs. Ag for 30 min
(spectra recorded every 2 min).

(Fig. 2C). Previous studies on Ni-tetraphenyl porphyrins show
reversible oxidation and reduction waves at similar half-wave
potentials and allow for an assignment of redox states to the
herein observed redox events.'> Hence, the reduction wave at
—1.30 V vs. Fe/Fc' is ascribed to the formation of [Ni"(L)]™*
(L = [2]CPT-OMe) while the oxidation waves at 0.99 and 1.31 V
vs. Fc/Fc* can be assigned to the formation of [Ni"(L)]** and
[Ni"™(L)]***, respectively. Together with the superimposition of
the CV of 3 and compound 4, these findings suggest that the
macrocyclic structure has only minor influence on its electronic
properties.

To investigate the HER activity of 3, titration experiments were
performed in the presence of varying amounts of acetic acid (HOAc)
to a 1 mM solution of the complex in CH,Cl,. Upon addition of 10-
100 equivalents acetic acid, the reduction wave at —1.36 V vs. Fc/Fc*
vanishes alongside with an ingrowing reduction wave at —1.71 V
vs. Fc/Fc" (Fig. 3A). These results suggest a transformation of the
[Ni"(L)]"* state into a species which is reduced at more anodic
potential. Addition of an excess of acetic acid (>1000 equiv.) results
in an onset potential of —1.67 V vs. F¢/F¢' at —0.1 mA (Fig. S7,
ESIf). Thus, 3 lowers the overpotential by 200 mV for proton
reduction. Subsequently, controlled potential coulometry
(CPC) experiments were performed in CH,Cl, containing
0.1 M HOAc. The potential was held at —1.87 V vs. Fc/Fc' for
5 h and the amount of the generated H, gas was quantified
hourly via GCMS (Fig. S8, ESIf). During the experiment,
the faradaic efficiency ranged from 87 to 95% and a H,
production of 49 421 ppm after 5 h was obtained corresponding
to 1.4 mmol g~ h™' (Fig. 3B).

This journal is © The Royal Society of Chemistry 2020
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To verify the integrity of the catalyst during electrocatalysis,
spectroelectrochemical (SEC) UV/vis spectroscopy of 3 was
carried out in an electrochemical flow cell with a three-
electrode setup (WE: glassy carbon electrode, RE: Ag wire, CE:
Pt wire). For this purpose, CPC experiments were performed
with a 0.04 mM solution of 3 in CH,CI, containing 0.1 M
["BuyN][PF¢] as electrolyte for 30 min with UV/vis spectra being
recorded every 2 min. The potential was held at —2.0 V to
ensure the Nernst equilibrium being predominantly on the site
of the reduced species. During CPC, the absorption bands at
416 nm and 534 nm decrease alongside with the growth of two
new absorption bands at 437 nm and 771 nm (Fig. 3C). Notably,
the altered SEC-UV/vis spectrum of 3 displays similar absorp-
tion bands as the porphyrinylene nanohoop reported in a
previous work,'" suggesting a conversion of 3 into the fully
or partially conjugated system as intermediate with the
quinone-type motifs acting as electron reservoirs. Moreover,
after application of —0.5 V to the newly generated species in a
CPC experiment under otherwise same conditions, the SEC-UV/
vis spectrum is identical to the initial one of 3, underlining the
reversibility of the system. Similar SEC-UV/vis experiments were
also performed under catalytic conditions in the presence of
4 mM acetic acid. Here, SEC-UV/vis spectra of 3 at —2.0 V differ
significantly from the experiments without a proton source and
reveal an isosbestic point at 426 nm (Fig. 3D). These findings
indicate an interaction between the porphyrin complex and the
proton source and are in line with previously reported remote
ion-pair interactions which may play a pivotal role in the
reactivity of the nickel centers of 3 towards HER."?

To examine whether the presence of two nickel centers has a
beneficial influence on the catalytic performance, 4 was studied
as catalyst under otherwise identical conditions. Interestingly,
according to experiments in the presence of HOAc, complex 4
enables HER at —1.96 V vs. F¢/Fc¢' at —0.1 mA (Fig. S7, ESIY),
290 mV more anodic compared to 3. During CPC with a 2 mM
solution of 4 in CH,Cl,, which is twice as much as used in case
of complex 3, in the presence of 0.1 M HOAc and a held
potential of —1.90 V vs. Fc/Fc¢' for 5 h, a smaller current was
observed compared to 3 (Fig. S8, ESIT). Notably, an about 2-fold
smaller H, production with 0.64 mmol g ' h~" was determined
with complex 4 as catalyst with a faradaic efficiency of 64-84%
(Fig. 3B) and further supports the improved activity of macro-
cyclic complex 3. Since the linker unit of complex 3 was shown
to participate as electron reservoir, its influence on the catalytic
activity was investigated. Therefore, CPC experiments were also
performed with a CH,Cl, solution of 2 mM 2 and 4, respectively,
with 0.1 M ["Bu,N][PF,] and 0.1 M HOAc at —1.94 V vs. Fc/Fc".
After 5 h electrolysis, a H, production of 0.99 mmol ¢~ * h™' was
obtained with a faradaic efficiency of 77-93% (Fig. S8, ESIY).
Thus, the presence of the linker motif indeed has a major
influence on the catalytic performance. Still, with the linker
being covalently attached to the porphyrin units, the highest
activity towards HER was observed. These findings might be
attributed to redox mediating properties of the linker molecule
within 3 resulting in cooperativity between the nickel centres
and underline the beneficial effect of the macrocyclic structure.

This journal is © The Royal Society of Chemistry 2020
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In conclusion, a bimetallic macrocycle that features a rela-
tively flexible arrangement of two cofacially linked Ni-porphyr-
ins was successfully synthesized and characterized. Compared
to the Ni(i1) hangman porphyrin (Fig. 1),5*” complex 3 achieves
a higher faradaic efficiency with up to 95% and thus, shows the
potential of dinuclear porphyrin complexes as HER catalysts.
We also demonstrated that 3 exhibits the same photophysical
and electrochemical properties as its mononuclear analogue 4.
However, the bimetallic complex 3 showed increased activity
towards HER compared to complex 4 as well as complex 4
together with 2. While 3 generates 49421 ppm H, after 5 h
electrolysis with a turnover frequency of 1.4 mmol g~ h™,
complex 4 achieves only 7032 ppm H, with 0.64 mmol g " h™"
and together with 2 22 210 ppm with 0.99 mmol g ' h™". These
results indeed show the positive impact of the linker molecule
on HER activity in combination with 4. However, with 3 as
catalyst, a 2-fold higher HER activity can be achieved high-
lighting the necessity of the macrocyclic scaffold. This behavior
might be attributed to (i) the electron mediating function of the
linker molecule which should be more efficient intramolecu-
larly within the macrocyclic structure. Besides, (ii) the solvation
within the cavity of 3 is different than for reference complex 4,
leading to an enhanced catalytic activity towards HER. Further
studies will have to be performed in the future to examine a
third possibility, namely synergistic effects between the two
nickel centers. Moreover, we plan to unravel the reaction
mechanism, specifically whether HER proceeds via a homolytic
pathway as already described for a monometallic Ni(u)
porphyrin complex.'*
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