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Herein, we compare the electrochemical and electrocatalytic properties of two selected, water-insoluble
Fe(Il) coordination complexes made with the non-symmetric, bidentate ligands, 2-(2’-pyridyl)benzimida
zole (PBI) in [Fe(PBI)3](OTf), (1, OTf™ = trifluoromethyl sulfonate anion) and 2-(2’-pyridyl)benzoxazole
(PBO) in [Fe(PBO),(OTf),] (2) . Cyclic voltammetry in water/acetonitrile mixture indicates considerable
activity for both compounds. However, only 1 acts as homogeneous catalyst. The complexes have been
successfully immobilized on indium-tin-oxide (ITO) electrode surface. The hydrophobic ligands allowed
for a simple dip-coating and drop-casting of 1 and 2 onto ITO. Both 1/ITO and 2/ITO showed increased
activity in electrocatalytic O, evolution in borate buffer at pH 8.3. According to scanning electron micro-
scopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron spectroscopy (XPS), more-
over, re-dissolution tests, the Fe remains in complex with PBI during electrolysis in the drop-casted,
nano-porous films of 1/ITO. In contrast, the PBO complex in 2/ITO undergoes a rapid in situ decomposition
yielding a mineralized form that is responsible for catalysis.
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1. Introduction

Currently the world’s energy supply is largely based on fossil
fuels, which manifests in severe global problems, such as green-
house effect, pollution, and energy crises. The development of sus-
tainable energy systems is urgently required. The efficient
utilization of sunlight to generate solar fuels draws considerable
attention nowadays [1-6]. Hydrogen is among the most perspec-
tive chemical energy carriers that can be generated in a pure form
by the splitting of water. The oxygen evolution reaction (OER),
2H,0 — O, + 4H" + 4e™, is arguably the most challenging process
of the overall water splitting. The removal of four protons and four
electrons from two water molecules, which undergo O—O bond
formation to produce O, as the final step, is a demanding process
both from the kinetic and the thermodynamic point of view [7-
9]. It has been demonstrated for several Ru- or Ir-based water oxi-
dation catalysts (WOCs) that efficiency can be combined with
robustness by molecular design [10,11]. On the other hand, it is
clear that low-cost, robust and effective WOCs should rather rely
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on abundant elements. Fascinating new results on molecular cata-
lysts based on V [12], Mn [13], Fe [14-22], Co [23,24], Ni [25,26]
and Cu [27,28] indicate that fundamental research can be fruitful
to advance the field in this direction. However, while high abun-
dance and low cost of these metals are appealing properties, the
often insufficient stability of their complexes remains a serious
challenge [29].

A prominent representative of these metals is iron that is
involved in a number of biochemical and artificial catalytic oxida-
tion processes where Fe'V/V=0 active species proved to be respon-
sible for the reactivity [29-33]. This fact is encouraging with
respect to potential application of Fe in single-site molecular WOCs
[34,35], since the high oxidation state M=0 intermediate required
for the water nucleophilic attack (WNA) should be available from
Fe'—OH, or Fe"—OH/OH, complexes. Indeed, Collins and co-
workers reported Fe-based WOCs by using fluorine-substituted
tetraamidomacrocyclic (TAML) ancillary ligands (Fig. 1) and Ce'V
as the oxidant [17]. Recently, complexes with tetradentate
N-donor ligands have been reported to outperform the TAML com-
plexes [36]. Fillol, Costas et al. reported a range of Fe compounds
with Ny-donor ligands that were able to catalyze the OER at low
pH [15]. Subsequently, Codola et al. designed several complexes
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Fig. 1. Selected representatives of single-site molecular Fe catalysts for water
oxidation and the complexes applied in this study.

(differing in their ligand topology) and explored their drastically
different activities in acidic media [37]. While in the above exam-
ples Ce' was applied as sacrificial oxidant, Hetterscheid and co-
workers did pioneering work on Fe complexes capable of electro-
catalysis with various tetradentate ligands like cyclam, cyclamac-
etate [38] and N,N-bis(2,2-bipyrid-6-yl)amine [39].

Some shared features of the most active systems allow appoint-
ing further WOC candidates that is, the easy access to high oxida-
tion states, robust ancillary ligands and cis-coordination of two
water molecules (note that di- and multinuclear catalysts
[14,19,40] are not considered here). In addition, complex decom-
position under the working conditions may lead to another species
or all the way to iron oxides [41]. In order to develop advanced sys-
tems involving Fe-based WOCs in (photo)electrocatalysis that can
benefit from the advantages of these molecular units, their immo-
bilization with semiconducting materials would be a next logical
step.

Grafting molecules to the surface through bridging ligands typ-
ically requires one or more synthetic modification steps in the
ancillary ligands to introduce anchoring groups [41,42]. A tailored
assembly can be also achieved through self-assembly and surface
precipitation of precursors for molecular electrocatalysts, immobi-
lization via physical confinement, and electrostatic, non-covalent
immobilization, especially by layer-by-layer (LbL) assembling
methods [43]. One also needs to consider that a slight change in
the reaction conditions may have a great effect on both the stabil-
ity of WOCs and the operating mechanism [34,44-46].

As for Fe-based molecular WOCs, Shi et al. [47] demonstrated an
inexpensive and convenient synthetic strategy of nanostructures
prepared by unsubstituted iron(Il) phthalocyanine/carbon nitride
nanosheet (FePc/CN) nanocomposites, moreover, a TAML-based
catalyst was also successfully immobilized by mixing with carbon
black [48].

Herein we report the utilization of two selected coordination
complexes with non-symmetric, readily available bidentate
ligands, i.e., 2-(2’-pyridyl)benzimidazole (PBI) in [Fe(PBI)3](OTf),
(1, OTf™ = trifluoromethyl sulfonate anion) and 2-(2’-pyridyl)
benzoxazole (PBO) in [Fe(PBO),(OTf),] (2) [47] (Fig. 1). The ligands
have been shown earlier to influence the reactivity against H,O, in
acetonitrile and, importantly, electrochemical and 'H NMR evi-
dence was presented in support of ligand exchange in the presence
of trace (or added) water in the solution. In the present study we
show that addition of water to acetonitrile leads to water oxidation
electrocatalysis at high anodic potentials in the presence of 1 or 2,
but with marked differences. Experimental results suggest that Fe
remains coordinated to the PBI ancillary ligand after the catalytic
process, while the application of the weaker donor PBO leads even-
tually to the mineralization of the metal. It will be discussed herein
that the water-insoluble ancillary ligands aid the immobilization of
compounds 1 and 2 on indium tin oxide (ITO) electrode, but these
ad-layers behave very differently under the conditions of electro-
catalysis in aqueous buffer.

2. Experimental section
2.1. Materials synthesis

Solvents (acetonitrile, methanol, ethanol), Nafion solution in
methanol, D,0, and tetrabutylammonium perchlorate (TBAP) were
purchased from commercial sources and used without further
purification. Fe(CF3SOs), was purchased from Strem Chemicals.
The ligand 2-(2'-pyridyl)benzimidazole was purchased from
Sigma-Aldrich, 2-(2’-pyridyl)benzoxazole, 1 and 2 were synthe-
sized according to known procedures [49].

2.2. Physical characterization

Electrochemistry with homogeneous systems. Cyclic voltammetry
(CV) and chronoamperometry (CA) were performed on a BioLogic
SP-150 potentiostat. For kinetic experiments, the catalyst concen-
tration was varied between 0.01 and 0.2 mM and water was added
in 0-1.9 M concentration to acetonitrile. Experiments were con-
ducted under Ar with a standard three-electrode setup including
a boron-doped diamond (BDD) working electrode (polished and
conditioned before each use), Pt auxiliary electrode and Ag'/Ag
(0.01 M AgNOs, 0.1 M TBAP/acetonitrile) reference electrode. The
plotted potentials were referenced against the ferrocenium/fer-
rocene (Fc*[Fc) couple.

Deposition of the complexes on semiconductor (ITO). Indium tin
oxide (ITO, ~100 nm thickness) coated glass slides were purchased
from PGO, Germany. Two different procedures were applied:
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A. Dip-coating: ITO coated glass slides (14 x 14 mm) were
cleansed with ethanol in an ultrasonic bath for 20 min, then
rinsed and dried. Complex 1 was dissolved in methanol with
or without adding Nafion (5 wt% in water/methanol) to
reach a final concentration of 0 or 0.4 wt% for Nafion and
0.4-6.0 mM for 1. With complex 2 (0.4-10.0 mM) the
concentration of Nafion was varied between 0 and 0.8 wt%
to obtain different composite films. The ITO pieces were
dipped into the coating solutions for 1 min, and then kept
at room temperature for 30 min, finally heated for 30 min
at 90-110 °C.

B. Drop-casting: Complexes 1 and 2 were dissolved in methanol
in 6 mM concentration. Small portions of the solutions
(50-150 pL) were evenly layered onto the cleansed ITO by
using a micro-syringe. Methanol was evaporated at room
temperature and after that, dried by an infrared lamp for
30 min (Fig. 2). The same procedure was replicated with the
addition of Nafion to 1 in methanol to prepare 1/Nafion/ITO
composite films, but no significant difference was observed
in comparison with 1/ITO sample.

Electrochemistry with surface-deposited samples. All experiments
were conducted in 0.2 M borate buffer (pH 8.3) under argon. An
ITO piece layered with 1 or 2 (by method A, or B) was set as the
working electrode in a three-electrode setup (Pt auxiliary and
Ag/AgCl reference). The O, evolution was measured by either an
optical probe (NeoFox) immersed into the electrolyte, or, by gas
chromatographic analysis (Shimadzu GC 2010 Tracera equipped
with a BID detector) of 200 pL samples from the headspace of
the air-tight cell (in this case the cell was under air). The carrier
and the plasma gas was 6.0 He. The in- and outlet pipes were con-
nected to a home-made loop including an injector unit, a circulat-
ing micro-pump and a 4-stand valve to allow filling the loop with
He gas. The samples were injected to this gas-tight loop and
analyzed by GC. Calibration of the setup for sample volume and
component sensitivity was done with the help of He gas and arti-
ficial air. The instrument settings were as follows: 50 mL/min total
flow rate, 40 mL/min DCG flow rate, 3 mL/min purge flow rate,
Teol. = 35 °C, Tget. = 250 °C.

Scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDX). These investigations were done on a Thermo
Scientific Scios2 dual beam system equipped with an Oxford X-
max" 20 SDD EDX, 5 keV beam energy and process time 6 were
applied, dead time was below 50%.

X-Ray photoelectron spectroscopy (XPS). Surface compositions of
the film deposited on the ITO electrode were determined by a KRA-
TOS XSAM 800 XPS instrument equipped with an atmospheric
reaction chamber. Al Ko characteristic X-ray line, 40 eV pass
energy (energy steps 0.1 eV) and FAT mode were applied for
recording the XPS lines of the Fe 2p and 3p, O 1Is, Sn 3d, In 3d, N
1s,C 1s,B 1s, F 1s, S 2p and Na 1s photoelectrons, and the C 1s bind-
ing energy at 284.8 eV was used as reference for charge compensa-

-
-

Fig. 2. Typical drop-casted samples of 1/ITO (left, for CPE) and 2/ITO (right, for CV).

tion. The surface ratios of the elements were calculated from the
integral intensities of the XPS lines using sensitivity factors given
by the manufacturer.

UV-visible spectrophotometry. Absorption spectra were recorded
on an Agilent Cary 60 spectrophotometer with 0.2 cm path length
quartz cuvette at 25 °C.

3. Results and discussion

3.1. Redox properties of the complexes in homogeneous water/
acetonitrile mixtures

It has been reported earlier that the non-symmetrical NN’
ligands react spontaneously with Fe(Il) triflate in dry acetonitrile
under inert atmosphere. With PBI the red tris-chelate complex 1,
while with PBO the neutral, orange bis-chelate complex 2 is formed
(Fig. 1). Complex 1 shows Fe—N bond lengths typical for low spin
complexes (~2.0 A), while 2 is high spin, exhibiting Fe—N bond
lengths above 2.15 A according to single crystal structural analyses
[49,50]. We synthesized these compounds according to the
reported procedures and obtained similar yields of the spectro-
scopically confirmed crystalline products.

According to the planned utilization of the complexes in water
oxidation, we first investigated their redox behavior in acetonitrile
without (Fig. 3) or with added water (Figs. 4 and S1) to trace the
expected ligand exchange reactions. Our findings corroborate with
the earlier observations, that are, even trace amounts of water (i.e.,
some equivalents typically present in acetonitrile stored under air)
cause a cathodic shift in the oxidation potential and irreversibility
of the otherwise quasi-reversible Fe(Ill)/Fe(Il) redox couple charac-
teristic for 1 [49]. Importantly, it has been also pointed out earlier
that complex 1 in acetonitrile exhibits paramagnetically broad-
ened 'H NMR spectrum typical of high spin Fe(Il) complexes, which
is indicative of rapid ligand exchange with trace amount of water
present. As a consequence we observed this oxidation at
ca. + 0.4 V vs. Fc*[Fc (Fig. 4, inset), and the addition of water caused
further cathodic shift in its potential (Fig. 4 inset, indicated with
blue arrow).

This indicates the preference of Fe(Ill) for two aqua over
N-donor ligands in accordance with the strikingly similar behavior
of other Fe(Il) complexes containing N4 ligands [51]. In 1, the
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Fig. 3. Cyclic voltammograms of 1 (0.04 mM) in acetonitrile (0.1 M TBAP, BDD

working electrode, 25 °C, under Ar) at scan rates as indicated. Inset: magnified view
of the 50 mV/s CV curve with the proposed peak assignments.
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Fig. 4. Cyclic voltammetry of 1 in acetonitrile with no added water (0.01 mM, 0.1 M
TBAP, grey curve), in the presence of added H,0 (1.90 M, black curve), and when no
complex is present, but water is added (1.90 M, red curve), at v = 100 mV/s, BDD
working electrode, 25 °C, under Ar. Inset: blown up view of the potential range,
where the Fe(Ill)/Fe(Il) transition undergoes cathodic shift (blue arrow) upon the
addition of H,O0.

configuration of the PBI ligands is expectedly OC-6-21 (mer) as
indicated by the structure of the homolog low spin Fe(Il) complex
with 2-(2'-pyridyl) -N-methylbenzimidazole (MePBI) [49] and that
of the [Fe'(PBI);](ClO4),-CH5CN-H,0 [50]. We infer that water
molecules induce the dissociation of a PBI ligand and occupy the
two available sites in cis-positions thus upon electrochemical

s
+0.4V

- PBI, +2H,0

NH -, -H

—_—
B ]

oxidation to Fe(Ill) (Scheme 1), a preferred arrangement for effi-
cient water oxidation catalysis can be achieved (note that ligand
exchange has been evidenced viable in the presence H,0-, or para-
substituted pyridine ligands [49]).

Further anodic scanning yields an irreversible wave of larger
amplitude that is present at roughly +1.25 V vs. Fc*/Fc (Fig. 3,
inset). Notice that [Fe'Y(N4Py)(0)]** (containing the neutral pen-
tadentate ligand N4Py) was successfully generated by bulk elec-
trolysis in water/acetonitrile at similar potential (> +1.3 V vs. Fc*/
Fc) starting from [Fe(N4Py)(CH5CN),]?* [52]. The Fe(Ill) to Fe(IV)
oxidation seems to be a valid assignment in our case, too, which
would provide [(PBI),Fe!V(OH,)(0)]*". Since there is no other visi-
ble oxidation peak between the catalytically enhanced current
(see below) and this oxidation of the complex, the Fe(Ill) to Fe
(IV) assignment would mean that the latter is responsible for the
catalysis. However, in similar complexes to ours, which bear neu-
tral N4 ligands and allow cis-diaquo coordination, the (LN*)Fe!V
(OH,)(0) motif was associated with the resting state in the Ce'V
excess-driven catalytic cycle [16,37,53,54]. This form yielded
(LN*FeV(0)(OH) through PCET for which the potential was calcu-
lated to be roughly +1.7 V vs. NHE at pH 1 by computational meth-
ods [54] and the Fe(V) species was suggested to participate in
water nucleophilic attack. Based on these facts, moreover, the
2.3-times higher current passed at +1.25 V than at +0.4 V (Fig. 3,
inset, the scan rate is 50 mV/s) indicating a 2-electron, or two ener-
getically leveled 1-electron transitions we tentatively assign this
oxidation event to the generation of a [(PBI),FeY(OH)(0)]** (1a%%)
species stabilized by the negatively charged cis-ligand (Scheme 1).
Importantly, high excess of water to 1 drastically enhances the cur-
rent above the potential where 1a®* is generated over several CV
scans indicating an electrocatalytic event (Fig. 4) that should there-
fore involve water molecules and 1a°*. We further evidenced this
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Scheme 1. Proposed mechanism for molecular water oxidation with complex 1a (potentials are vs. the Fc+/Fc couple).
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assumption by investigating the concentration dependence in
water and 1 (see also the oxygen evolution measurements by using
the heterogenized complex in the next section).

The excess current over +1.2 V vs. Fc*[Fc is proportional to the
concentration of the complex (Fig. 5). In comparison, when only
water is present the current in this potential range is negligibly
low as shown by the CV curves in red in Figs. 4 and 5 (the same
applies to the free ligand, too). Above roughly 0.05 mM concentra-
tion of 1, saturation occurs in the current that is generally associ-
ated with substrate depletion near the electrode surface [55]. The
square of the current at +1.7 V vs. Fc*/Fc (i) shows linear depen-
dence on the water concentration upon its variation (Fig. 6). The
dependence of i, on [1] and [H20] is in line with the rate law in
Eq. (1) considering the proposed mechanism in Scheme 1, since
[1a°*] should correlate with the initially added 1. The expression
of i, by Eq. (2) that applies under pure kinetic control (e.g., in
the scanned exponential growth region of i) explains why the
linear dependence of i.,;> on [H,0] as plotted in Fig. 6 indicates first
order in the water substrate. This suggests participation of a bulk
water molecule in the rate limiting step that can be considered
as a bimolecular reaction between 1a°* and H,0.

reaction rate = ke [1a] = k[1a”][H0] (1)

iCa[ = nFA[l](kcatDl )0-5 _ nFA[l](k[HZO]D] )0.5 (2)

In Egs. (1) and (2), keq: is the catalytic rate constant (s~ '), k is the
second order rate constant for the reaction between 1a°* and H,0
(M~!s71), n is the number of electrons transferred (for water oxi-
dation n = 4), F is the Faraday constant, A is the geometric area of
the working electrode (cm?), and Dj is the diffusion coefficient of
the catalyst (cm? s~!). This rate law suggests a single site mecha-
nism for water oxidation like it was proposed for the iron com-
plexes of general formula [Fe(X),(LN*)] [15,16,37,53,54], or
[Fe'(dpaq)(H,0)]*>* with a pentadentate N-donor ligand [56].

By performing the CV experiment with deuterium oxide a
kinetic isotope effect (KIE = icq?(H20) [icaX(D20) = keat(H20)/
keqa{D20)) of 2.0 can be calculated (Fig. S2) that is consistent with
a rate limiting, multiple-site electron-proton transfer (MS-EPT)
step, possibly with bulk water as the proton acceptor [57]. Notably,
in contrast to our observations an apparent lack of KIE was con-
cluded for catalysts that were activated by Ce'V as terminal oxidant
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Fig. 5. Cyclic voltammetry of 1 (0.01-0.2 mM) in acetonitrile (0.1 M TBAP), in the
presence of 1.9 M added water, v = 100 mV/s, BDD working electrode, Pt aux.
electrode and non-aqueous Ag*/Ag ref. el. Inset: currents at +1.7 V vs. Fc*/Fc plotted
against the catalyst concentration.
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Fig. 6. Cyclic voltammograms of 1 (0.04 mM) in acetonitrile (0.1 M TBAP) with
different amounts of added water and, when no complex is added (red curve),
v =100 mV/s, BDD working electrode, Pt aux. electrode and non-aqueous Ag*/Ag ref.
el. Inset: square of the currents at +1.7 V vs. Fc*/Fc, plotted against of added water.

[53]. In a number of analog systems bearing N4 ligands an Fe'V(0)
(u-0)-Ce'V core was evidenced in the resting state adduct, which
produced FeY(0)(OH) following an inner sphere electron transfer
mechanism [16,37]. According to the suggested mechanism this
species reacts with H,O in the rate-determining step providing
Fe'"'(OOH)(OH,) and only a minor reorganization of the O—H bonds
takes place consistent with the lack of KIE [53].

On the basis of the experimental observations it is reasonable to
propose that the attack of a water molecule at the oxo-ligand
results in intermediate 1p (Scheme 1), most likely assisted by a
hydrogen-bond interaction with the second, hydroxide ligand of
1a°*. Based on detailed computational work, the possible role of
the adjacent hydroxyl ligand in binding and orienting the incoming
water molecule has been previously discussed by Lloret-Fillol et al.
[54]. Following the rate limiting step, the further oxidation of 1p is
proposed to affect the peroxide ligand resulting in facile O, release
and H,0 coordination that means re-entering the catalytic cycle by
re-forming 1a. Notice that 1 was shown to react with H,0, to give a
green product identified as a p-peroxido-diiron(Ill) species with
considerable lifetime at room temperature. Its oxidation potential
was more positive by ca. 0.4 V than that of 1 [49], which means
that it is lower by roughly 0.6 V than the onset potential of the cat-
alytic process. This observation supports that a proposed peroxide
species resulting from the O—O bond formation step should
undergo rapid oxidation during electrocatalysis due to the very
high thermodynamic driving force.

It is to be mentioned here that returning to the ferrous state is
unlikely during electrocatalysis and accordingly, the proposed
mechanism involves 1a as the resting state. As it will be discussed
later, we detected Fe(Ill) on the surface of immobilized samples by
X-ray photoelectron spectroscopy. In addition, successful re-
dissolution tests in acetonitrile on used samples together with
the CV and UV-vis results indicated that the molecular nature of
the ad-layer is preserved. However, in the re-dissolved sample
the intensity of the MLCT band associated with 1 was lowered that
may be associated with the occurrence of Fe(Ill), too. On the other
hand, the addition of ligand to the re-dissolved sample evidenced
some reversibility toward re-forming 1. By assuming, that in the
immobilized layer only a part of the solid 1 is exposed to the polar-
ization that is necessary to trigger catalysis, while another part
remains aqua-coordinated Fe(Il) that is capable of accepting the
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added PBI this experimental finding supports the possibility of
ligand exchange with water molecules as indicated by 'H NMR
and CV results.

In contrast to 1, the Fe(Ill)/Fe(Il) redox couple of 2 is irreversible
and occurs at +0.75 V vs. Fc*[Fc (Fig. 7, dashed CV curve, inset) that
has been associated with the electron withdrawing nature of O
compared with NH in the corresponding ligands [49]. This oxida-
tion is followed by another one at +1.16 V vs. Fc*/Fc that can be ten-
tatively associated with an oxidation to the Fe(IV) or Fe(V) state.
Single crystal structure of complex 2 confirmed OC-6-33 configura-
tion of the donor atoms as shown in Fig. 1, and Fe—N(O) bond dis-
tances longer than 2.15 A in the solid state that is typical of high
spin Fe(II) complexes. The two triflate ligands are readily available
for the exchange with water molecules (or acetonitrile in the
absence of water), moreover, the high spin Fe(Il) center should
be unstable towards hydrolysis.

Upon the addition of water to the solution of 2 high anodic cur-
rent occurs indicative of a catalytic event (Figs. 7 and S1). However,
the current drops drastically from one cycle to another and the
overall landscape changes completely in the low current regime,
too (Fig. S1). If the cycling is started to the cathodic direction, the
original peaks for 2 in acetonitrile cannot be observed anymore,
instead, non-diffusion controlled currents are detected. This indi-
cates that the high spin complex 2 is unstable and may hydrolyze
in the presence of water. Indeed, in samples with added water slow
precipitation of a fine solid product occurred. Also, after passing
through the positive potentials re-dissolution peaks occur at
ca. + 1.1 and —0.2 V vs. Fc*[Fc that can be rendered decomposition
products at the surface. After 10 cycles no more changes take place
and two current peaks can be detected at +0.4 and +0.9 V vs. Fc*/Fc,
besides the catalytic current. Due to the complexity of the pro-
cesses we did not attempt to explain the chain of events in more
details. However, it is clear that the processes cannot be regarded
as homogeneous, especially considering the results from the
immobilized samples of 2 as it will be presented below.

In spite of the analog structure and NN’ binding mode of the PBI
and PBO ligands, the behavior of the two complexes under water
oxidation conditions is strikingly different. We associate this dif-
ference with the electron withdrawing nature of O in PBO com-
pared with NH in PBI, which makes PBI a stronger donor (as also
reflected in the respective high vs. low spin electron configuration
of the isolated Fe(I) complexes). Specifically, a supposed [(PBO),-

120 1.9 M H,0

(10" cycle)

FeIV/III

100 or FeV/
N\

) Fell  ~7
80 e N/

60

-i (uh)

4091 {2208-040004 081216

20 +

(ot
no complex

04 =

12 -08 -04 00 04 08 12 16
Eye vs. Fc'IFc (V)
Fig. 7. Cyclic voltammetry of 2 (0.08 mM) in acetonitrile (0.1 M TBAP), in the

presence or absence of 1.9 M H,0 and, when no complex is added (red curve),
v = 100 mV/s (BDD working electrode, 25 °C, under Ar).

Fe''(OH,)(OH)]** and further oxidation products from 2 are expect-
edly degradation-prone due to the weaker donor PBO, which
would be a plausible explanation for the non-homogeneous behav-
ior in water/acetonitrile, moreover, for the mineralization of the
deposited complex on the ITO surface (see below).

3.2. Deposited complexes on ITO

Complexes 1 and 2 are water insoluble thanks to the ancillary
bidentate ligands. We hypothesized that hydrophobic interactions
would keep the surface-deposited complexes on the ITO electrode
during electrolysis in aqueous buffer. Also, it was presumed that
the ligand exchange reactions observed in water/acetonitrile mix-
tures would take place at the solid-liquid interface upon contact of
the layered ITO with the aqueous phase and this would allow car-
rying forward the catalytic activity of the molecular units.

We followed simple and scalable methods to graft 1 or 2 onto
ITO-coated glass. According to the first procedure ITO pieces are
dipped into methanol solutions of the complexes. With this
method thin layers are expected upon drying. The performance
of the modified electrode pieces is compared to the ITO in borate
buffer at pH 8.3. CV shows increased currents over +1.2 V vs. Ag/
AgCl as the concentration of 1 is increased in the dip-coating solu-
tion (Fig. S3). The same trend is observed in chronoamperometry
(CA) currents at +1.4 V vs. Ag/AgCl (Fig. S3b). However, addition
of Nafion (as support) has no significant effect on the steady cur-
rents. In the case of 2 the concentration of the dip-coating solution
has no effect on the catalytic current (Fig. S4). Importantly, under
identical conditions, both in CV and CA experiments the current
is very low on plain ITO (Figs. S4 and S6). Although these experi-
ments demonstrate the successful addition of the complexes as
modifiers to ITO, the solubility of the complexes in methanol
means an upper limit to the layer, moreover, at high concentration
the ad-layer shows patchy distribution on the surface.

Drop-casting on the other hand is a rather controllable and con-
venient way to fabricate 1/ITO and 2/ITO (Fig. 2) that can be tested
for longer periods of CA. In this case the volume of the drop-casted
solution of 1 or 2 in methanol can be adjusted to yield different
surface concentration of the corresponding complex. For a series
of 1/ITO CV currents increase proportionally as the amount of the
complex is changed from 0.26 to 0.78 umol on a 1.56(14) cm?
ITO surface (Fig. 8a). Over multiple CV scans (apart from an initial
drop) the current is unchanged indicating the presence of an elec-
trochemically activated proportion of the catalyst derived from 1
under the conditions of the experiment. The oxidation peak at
+0.8 V vs. Ag/AgCl can be assigned as the Fe(Ill)/Fe(Il) transition
of this form that is followed by a catalytically enhanced Faraday
current with an onset potential of +1.2 V (similar characteristics
were observed in the water/acetonitrile solution). On the reverse
scan a reduction can be observed at +0.02 V vs. Ag/AgCl that can
be associated with the coordination of water molecules. The nearly
800 mV separation from the Fe(Ill)/Fe(Il) oxidation may originate
from the increased stability of the Fe(IIl) state in the presence of
aqua ligands. The low reversibility on both sides suggests rapid
ligand exchange, resulting in an electrochemical-chemical-electro
chemical (ECE) mechanism. Notice that upon cathodic polarization,
when the complex is reduced to the Fe(Il) state there is enough
driving force for the aqua ligands to dissociate from the complex.
However, it is uncertain, which potential ligands compete for the
empty sites.

The overpotential calculated from the 5th CV scan (7 = Ewg + E
(Ag/AgCl) - E°(O,/H,0) + 0.059pH, no iR compensation) at j =
- 0.1 mA/cm? is +0.78 V and the Tafel slope is 241(2) mV/dec
(Fig. 8b) that signals considerable kinetic barrier for the catalysis.

Controlled potential electrolysis (CPE) experiments were per-
formed at +1.2 V vs. Ag/AgCl in a different cell, where the compart-
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Fig. 8. (a) Cyclic voltammetry of drop-casted 1/ITO in 0.2 M borate buffer (pH 8.3, v = 100 mV/s, Pt aux. separated with Vycor frit and Ag/AgCl ref. electrode); (b) Tafel plotting

from the blue segment of the 5th CV scan, which is shown in the inset).

ment of the counter electrode was separated by Nafion membrane.
The almost instant O, evolution could be confirmed with an optical
oxygen sensor immersed near the 1/ITO surface (Fig. S5). During
the first 15 min the evolved O, corresponds to the passed charge
with ~100% Faraday efficiency and the color of the layer changes
from brick-red to wine-red (Fig. 10, inset). After saturating the
electrolyte the evolved gas diffuses out from the solution causing
an apparent decline from the [O,] calculated for 100% Faraday effi-
ciency. However, the current remains steady for over 2 h, during
which time ~6 C (corresponds to 62.2 pmol of electrons) passes
(Fig. 9) and bubble formation is continuous. Plain ITO gives negli-
gible current under identical conditions (Fig. 9). The oxygen evolu-
tion was also confirmed and quantified by gas chromatography
analysis of a headspace sample after 100 min of electrolysis at
+1.4 V vs. Ag/AgCl (Fig. S6). Notice that in this experiment
0.52 umol of 1 has been spread over ~1.68 cm? of which
~1.5 cm? was immersed into the solution, thus roughly 0.46
pmoles of 1 was in contact with the electrolyte. After passing
13.22 C of charge (corresponding to 137 pumoles of electrons, or
34.25 pmol 03) 33.4 pmol O, could be detected by GC. This means
an overall turnover number (TON) of 73 within 100 min by 98%
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Faraday efficiency at # = 0.86 V, corresponding to a TOF of
0.012 s~! based on the detected product.

The surface morphology of a freshly prepared 1/ITO electrode
and after use in electrolysis for 2 h at +1.2 V vs. Ag/AgCl was ana-
lyzed by scanning electron microscopy (SEM) (inset pictures in
Fig. 10a and 10D, respectively). The composition was analyzed both
by energy dispersive X-ray spectroscopy (EDX, Fig. 10a and 10b,
respectively) and X-ray photoelectron spectroscopy (Tables S1
and S2, Figs. S7 and S8).

The surface morphology of the freshly prepared 1/ITO (Fig. 10a,
insets) shows cracks in the layer, but otherwise the surface is rel-
atively featureless, e.g., no smaller pores can be seen. The elemen-
tal composition by EDX reflects the expected C, N and Fe for the
complex cation and the F, O and S from the triflate counter ion
(Fig. 10). The color of the complex exposed to CPE becomes darker
(Fig. 10b, inset). A similar color change was observed by others for
the low spin [Fe(phen)s;](NCS), after its transformation to the high
spin [Fe(phen),(NCS),] in the solid phase [58]. In the case of 1 the
color change may also indicate ligand exchange that would be con-
sistent with the formation of 1a. The surface of the layer is cracked
and the layer structure is porous with pore sizes in the 100 nm

b 1 re-dissolved in MeCN from ITO

(~0.78 pmol in 5 mL) after electrolysis

fresh sample of 1 (c = 0.15 mM)
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Fig. 9. (a) The passed charge during controlled potential electrolysis with 1/ITO and plain ITO (dashed line) at +1.2 V vs. Ag/AgCl for 2 h in 0.2 M borate buffer, at pH 8.3. The
inset shows the corresponding current vs. time plot; (b) UV-vis spectrum of the solid re-dissolved in acetonitrile from 1/ITO after electrolysis and comparison to a fresh

sample of 1. Inset: cyclic voltammetry with the same re-dissolved sample.
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Fig. 10. (a) EDX spectrum of a freshly prepared 1/ITO sample, inset: SEM pictures of the sample and the neat ITO surface at x 2000 and x 10,000 magnification; (b) EDX
spectrum of 1/ITO after electrolysis (for experimental details see Fig. 9), inset: photo and SEM pictures of the used electrode at x2000, x 10,000 and x50,000 magnifications.
Experimental conditions for SEM: 2 kV beam accelerating voltage, 0.10 nA probe current, Everhart-Thornley detector, operation for secondary electron, 6.4 mm working
distance. The detection mode was optimized for horizontal plane with short working distance.

range. This porous structure may be responsible for the high dura-
bility and good catalytic performance of the deposit, since it helps
channeling O, bubbles from the surface.

The C, N, Fe, O, S major components in the EDX spectrum
(Fig. 10b) are consistent with the elementary constitution of the
complex. Two major differences may be highlighted. The O content
has increased, which is reasonable regarding that the sample has
been exposed to water for a long period of time, moreover, it is also
consistent with the occurrence of the proposed 1a form. The sec-
ond difference is the lowered F and S content, which indicates that
upon electrolysis the triflate is partly dissolved.

A more detailed analysis of the used 1/ITO was done by XPS that
revealed the presence of Fe, C, N, O, S and F in the surface layer
(Fig. S7), beside Sn and In, in qualitative agreement with the ele-
mental composition of 1a. In comparison with the surface compo-
sition of the as-prepared 1/ITO, the O/Fe ratio is higher, while the N
and C content is lower in the used sample (Table S1). The calcu-
lated surface composition for the used sample is Fe/C/
N =1/20.6/3.8 (Table S1, for 1a with two ancillary ligands 1/(2 x 1
2)/(2 x 3) would be expected), thus indicates that the surface is
enriched in iron. This also stands for the as-prepared sample sug-
gesting that the immediate surface layer contains a complex form
with equal PBI to Fe ratio. This is probably a minor accompanying

equilibrium form that is layered on 1 upon drying from its metha-
nol solution.

The Fe(2p) peaks do not exhibit apparent satellite features that
would be revealing on the high spin state. However, the peaks are
broad and somewhat asymmetric, moreover, the splitting between
them, A = Fe(2ps) - Fe(2py2) = 13.9 eV (Fig. S8, for data see
Table S2) falls in the range reported for high spin complexes with
increased spin-orbit coupling, for example [Fe(phen);(NCS),] that
has been examined as a powder on ITO support [58], or other
spin-crossover complexes [59,60]. In conclusion, we believe that
Fe(Ill) is found in the surface layer. Interestingly, the as-prepared
sample shows features for the surface Fe-content (Tables S2) that
also suggest Fe(Ill) in considerable proportion. However, the A
value is lower (13.7 eV) and the Fe(Il) content is ~40%. As a conse-
quence, in the case of this immobilized system the presence of Fe
(1) cannot be associated with only 1a to the analogy with the pro-
posed homogeneous catalytic cycle.

The detailed analysis of the N 1s peak in the used sample tells
about the Fe-N interaction. The ancillary ligand PBI contains N
atoms in two environments, i.e., a non-coordinated NH heterocyclic
group (Ny¢) and two coordinated (Fe—Nj.) donor groups in 2:1
ratio. Indeed, fitting of the N 1s peak reveals two components at
399.5 and 397.8 eV binding energy in ~2:1 ratio (Fig. S8). The com-
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ponent at higher binding energy can be associated with the coordi-
nated N donor atoms, while the component at lower binding
energy with the non-coordinated Ny atoms. This is consistent with
the fact that the electron density shared in the dative bond is
expected to increase the binding energy of the 2p electrons.

On the basis of these findings one can surmise that the upper
layer of the complex coating detected by XPS consists of an iron
(1I1) complex form that has higher iron content than that of 1a, pos-
sibly exhibiting only one PBI ligand per Fe. Since XPS informs only
about the upper proportion of the layer (which should be sepa-
rated from the ITO electrode), the contribution of this component
to the catalysis is hard to judge, but it cannot be excluded.

After surface analysis the drop-casted layer of 1 was easily re-
dissolved in acetonitrile and its UV-vis absorption spectrum fits
well with that of a freshly prepared solution of 1 (Fig. 9b). The
intra-ligand charge transfer band at 316 nm is identical to that of
the fresh sample, showing no sign of ligand degradation or consid-
erable dissolution during electrolysis. The metal-to-ligand charge
transfer (MLCT) band at 497 nm is also present, but it is lowered
by 19% in intensity. This might be attributed in part to metal ion
loss upon electrocatalysis, but it is more likely that some of the
complex is present in a high spin [Fe(PBI),(X),]** form, where X
is solvent ligand, exhibiting no MLCT band. Likewise, it cannot be
ruled out that some of the complex is in the ferric state that would
be in accordance with the XPS findings. In the original complex the
iron(Il) center is surrounded by three ligands. However, during
water oxidation one of the ligands is proposed to be exerted.
UV-vis measurements in acetonitrile with added ligand to a re-
dissolved sample (used in electrolysis at +1.2 V vs. Ag/AgCl for
2 h) showed a somewhat regained intensity of the MLCT band at
497 nm (Fig. S9) that is characteristic for the original complex. This
suggests that after electrolysis [Fe(PBI);]** can be re-formed to
some extent, which may appear surprising considering the pres-
ence of Fe(Ill) in the surface layer. On the other hand, as it was dis-
cussed earlier, in the added layer only a part of the solid complex is
expected to be in contact with both the electrode support and the
solvent, which is necessary to trigger catalysis. Another part
remains aqua-coordinated Fe(Il) that is capable of accepting the
added PBI ligand, and this puts our observations into a comple-
mentary relation. The CV scan of the re-dissolved sample also con-
firms that during electrolysis the majority of the complex remains
in a form that reproduces the electrochemical features of the orig-
inal complex in acetonitrile (Fig. 9b, inset).

Complex 2 shows a vastly different electrochemical behavior in
drop-casted samples prepared analogously to 1/ITO samples. This
is not surprising, if one regards the instability of 2 toward hydrol-
ysis in water/acetonitrile. The SEM pictures show a compact layer
of the solid complex on ITO (Fig. S10a, insets). The elemental com-
position by EDX reflects the expected C, N, Fe, F, O and S from the
complex with coordinated triflate anions (Fig. S10a). CV scans with
2/ITO working electrodes, which contain increasing loads of the
complex spread over 1.0(1) cm? area exhibit lowering currents in
the high positive potential range (Fig. S11), which can be attributed
to an insulating effect of the non-porous deposit, as clear from the
SEM pictures of a used 2/ITO sample (Fig. S10b, insets). In the CV
scans the features indicate mineralization to iron oxide [61] that
is also supported by the EDX spectrum, which shows predomi-
nantly O and Fe on the surface and only very low presence of N
and C, in sharp contrast with the as-prepared 2/ITO (Fig. S10).
The dominance of mineralization is also underlined by XPS
(Figs. S7 and S8, Tables S1 and S2), which detected increased Fe
and O atomic ratio on the surface, and significantly lowered atomic
ratio for C and N. Importantly, both EDX and XPS detected B and Na
in the used sample that seem to be participating elements in the
oxide material. Note that the 2/ITO working electrode also pro-
duced oxygen. However, the impermeable deposit peeled off from

ITO and its physical durability was poor (Fig. S10b shows SEM-EDX
analysis results after only 30 min of CPE at +1.2 V vs. Ag/AgCl),
moreover, the solid could not be re-dissolved in acetonitrile. These
findings underline again that 2 (along with its oxidized derivatives)
is not a molecular catalyst of water oxidation.

4. Conclusions

Non-symmetric, bidentate heterocyclic ligands were utilized in
two Fe(II) complexes, 1 and 2 (Fig. 1) that have been compared in
electrocatalytic water oxidation as putative catalysts. Two labile
coordination sites at cis-positions have been demonstrated earlier
to favor small molecule binding and transformation in the pres-
ence of the NN’ ligands. In this study we focused on the electro-
chemical behavior of the complexes in (i) homogeneous water/
acetonitrile mixtures to reveal their intrinsic molecular properties
and (ii) deposited to ITO as model electrode in order to apply them
as heterogenized water oxidation catalyst. The water-insolubility
of the complexes seems to be a viable strategy for the design of
new molecular catalyst/(photo)anode hybrids. In addition, our
study points out that the exchange of a non-coordinated O-atom
in the ligand heterocycle (complex 2) to an NH group (complex
1) can induce fundamental changes in the redox behavior both in
the homogeneous water/acetonitrile phase and when the com-
plexes are deposited to the electrode and tested as water oxidation
catalysts in aqueous borate buffer (note that similar results were
obtained in carbonate). In addition to the hydrolytic instability of
2 in the presence of water that does not afflict complex 1 this
can be attributed to the electron withdrawing nature of O in PBO
compared with NH in PBI, which makes PBI capable of supporting
the higher oxidation states. As a result, 1, deposited as a solid on
ITO (in contrast to 2) is suitable for longer term electrocatalysis
to produce O,, without noticeable decomposition of the catalyst
layer. Our results underline that the molecular architecture of cat-
alysts designed to fabricate hybrid (photo)electrodes may have
two-way effect, i.e., control of the complex stability in the course
of catalysis and its strong attachment to the surface by secondary
interactions.
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