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ARTICLE INFO ABSTRACT

Keywords: The prototypical drug carrier [COH(LI)Cl]PF6 (1), where Llisa tripodal amine bound to pyridine and methyl-
Bioinorganic imidazoles, had its electrocatalytic water splitting activity studied under different pH conditions. This species
Electrocatalysis

contains a high-spin 3d” Co"! metal center, and is capable of generating both Hy from water reduction and O
from water oxidation. Turnover numbers reach 390 after 3 h for water reduction. Initial water oxidation activity
is molecular, with TONs of 71 at pH 7 and 103 at pH 11.5. The results reveal that species 1 can undergo several
redox transformations, including reduction to the 3d® Co' species that precedes a 'S3d® hydride for water
reduction, as well as nominal Co™"—0 and Co™-OOH species required for water oxidation. Post-catalytic analyses
confirm the molecular nature of reduction and support initial molecular activity for oxidation.

Drug carrier repurposed
Cobalt complex
Water reduction
Water oxidation

1. Introduction

Catalytic water-splitting is a multielectronic process usually divided
into two half-cell reactions, namely oxidation and reduction.

inspired by dioxygen generation in the Photosystem II [1,2,3,4,5].
Proton reduction is also observed in hydrogenases, a family of enzymes
that serve as inspiration for the above-mentioned catalytic processes
[6,7]1. A common feature for these enzymes is the use of active sites that
rely on Earth-abundant 3d metals. For instance, both water reduction

Water splitting : 2H:0() = 2Ha(p) + Oz M and proton reduction have been successfully realized by a limited
S _ number of bioinspired molecular catalysts featuring Mn", Fe'!, Co™™!
Oxidation : 2H,O¢y=> Oy + 4H" + 4 2 ’ > ’
xidation 2= 20 tae @ Ni',, and Cu'" [ 8,9,10,11,12,13], where low-valent states such as 3d® Co',

9 il 10 1 : . .
Reduction : 4H' + 4e” = 2Hy 3) 3d” Ni, or 3d"” Cu must be achieved to enable the required hydride

formation that precedes Hy evolution [14,15,16,17,18]. The process is
The first step yields protons that enable the second, and the process is described stepwise as follows:

necessary for the development of the Hydrogen Economy, being heavily

Abbreviations: 6-31+G(d,p), Standard, split-valence double-zeta basis set, with (d,p) polarization functions; %F, Faradaic efficiency; B3LYP*, Becke 3-Parameter,
Lee, Yang & Parr density functional; DFT, Density Functional Theory; DCM, Dichloromethane; DLS, Dynamic light scattering; EDX, Energy dispersive X-ray spec-
troscopy; FTO, Fluorine-dopped tin oxide; LY, tripodal amine bound to pyridine and methyl-imidazoles; MeCN, Acetonitrile; MeOH, Methanol; MOy, Generic metal
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Reduction of trivalent metal : [LMI”}3+ +e > [LM”}2+ 4

Reduction of bivalent metal : [LM"}2+ +e > [LM'}+ 5)

2+

Hydride formation : [LM']" + H*= [LM™ — H] (6)

Electrocatalytic systems usually involve a second reduction driven
by the overpotential of the electrode, forming [Lvg-1+ prior to
dihydrogen formation either by heterolytic or homolytic pathways
described as follows:

Heterolytic pathway : [LM" — H’r +H™> [LCOH}2+ +H, @
Homolytic pathway : [LM" —H™]" + [LM" — H] "> 2[LM']*" + H,
(8

When 3d" metal ions promote water oxidation, high-valent species of
appropriate geometry are required via subsequent oxidations and
deprotonations described as follows:

[LM" — OH,] ™" > [LM"Y — OH]*" + e +H* )

[LMY — OH]**>[LMY = O]’ +¢~ +H" (10)

Although complex reactions have been documented [19], subse-
quent release of Oy usually favors either water nucleophilic attack or
oxyl radical coupling [20,21,22,23,24,25,26,27]. The first pathway
describes the attack of a water molecule to an oxidized metal-oxo/oxyl
(M = O) group, resulting in a hydroperoxo (M-OOH) intermediate. The
second describes the intramolecular coupling of two individual metal-
oxo/oxyl species to form bridged (M-O3-M), or terminal (M-O3) per-
oxo intermediates. A recent report demonstrated the feasibility of side-
on peroxides, increasing the complexity of these pathways [28].

Catalysts based on 4d and 5d metals have led to successful water
oxidation because higher oxidation states are stabilized in low-spin
pseudo-octahedral ligand fields. This leads to the depopulation of the
toglike molecular orbitals with metallic character, e.g. L8446 Ru" [:Sg]
converts to 54d* Ru'V=0 [t‘g‘g] without involvement of the empty eg-like
MOs of higher energy. The use of 3d metals is expected to yield more
affordable water oxidation associated with the depopulation of orbitals
in smaller ligand fields [29,30]. However, ligand degradation in the
form of methylene oxidation can lead to the formation of catalytic MOy
nanoparticles. This issue has imposed severe limitations to the devel-
opment of the field and several known Mn-, Fe-, and Co-based catalysts
have shown such degradation [31,32].

A few catalysts are capable of promoting both water reduction and
oxidation independently [33,34], showing that ligand design is a rele-
vant tool in the development of catalysts that display affordable redox
potentials to reach a panoply of low- and high-valent species [35]. These
potentials are sometimes attained via ligand involvement [36,37,38],
thus mitigating the need for extreme oxidation states such as M"Y or MV
by the formation of [M"1.*] and [M"1.**] intermediates that delocalize
the electronic density in nominally high-valent states.

In this paper we probe the catalytic activity of [COH(Ll)Cl]PFG 1),
shown in Scheme 1. This species was initially designed and studied by
the Scarpellini Group [39] as a redox-activated prototype carrier for
cytotoxic molecules to attack hypoxic cells, capable of fast azide (N3)
release upon reduction with ascorbic acid. The tripodal design resembles
that of the bioinorganically relevant ligand tris(methyl-2-pyridin)amine
(tmpa) [40]. However, tmpa and other pyridine-rich ligands are prone
to ligand degradation during the catalytic cycle [41].

We hypothesize that the replacement of pyridine donors by methyl-
imidazoles in L' may favor metal-centered low-valence and preclude
ligand dissociation during the water reduction cycle, because the in-
plane N-based lone pair neither contributes to, nor is affected by ring
aromaticity. Although the ligand contains several methylene groups
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PFe

Scheme 1. The catalyst [Co™(L')CI]PFs (1).

prone to oxidation during oxidative catalytic cycles, we propose that the
lone pair of imidazole donors binds more strongly (pKa 6.95) than
pyridine (pKa 5.25) to the metal center. This stronger chelation may
slow down anticipated catalyst degradation during water oxidation.
Indeed, species 1 displays both electrocatalytic water reduction and
oxidation behavior; the results follow.

2. Results and discussion

Synthetic protocols and structure. The ligand L! was originally
reported by Scarpellini et al. [42] and obtained as an oil by treatment of
a MeOH solution of 2-(2-aminoethyl)pyridine with 1-methyl-2-imid-
azole-carboxaldehyde at 0 °C, followed by reduction with Pd/C. The
compound [co'awheg PFg (1) was synthesized following procedure by
Scarpellini et al. [38], where the ligand L! was dissolved in warm MeOH
and treated with CoCly-6H0, followed by addition of tetrabuty-
lammonium hexafluorophosphate, TBAPF¢. The resulting spectroscopic,
spectrometric, combustion, and redox analyses were in excellent
agreement with reported values. The crystal structure of [CoH(Ll)Cl]PF6
(1) has been established and consists of a five-coordinate Co™ center,
where one Npyridine and two Nimidazole donors of the tetradentate L! form
a trigonal plane; the remaining Namine donor in L! is axial to a mono-
dentate chlorido ligand. A PFg counterion is ionically associated to 1 for
charge balance. Relevant bond lengths [41] include Co-Ngpipe at 2.426
A, Co-Npyridine at 2.077 [o\, C0-Njmidazole at 2.008 and 2.022 f\, as well as
Co—Cl at 2.304 A.

Electronic and electrochemical behavior. UV-visible and electron
paramagnetic resonance (EPR) spectroscopies were used along with
electrochemical methods in order to follow the electronic changes
associated with redox processes relevant to water splitting. The UV-vi-
sible spectrum of 1073 M acetonitrile solutions of [CoH(Ll)Cl]PF6 (€D}
showed an absorbance at 265 nm (¢ ~ 2900 M~ em ™) assignedtoan -
n* intraligand charge transfer band. Weak metal-based d-d transitions
appeared around 520 (150), 560 (sh, 230), and 585 nm (280 M lem ™
and are shown in Fig. S1. More relevant, the spectra taken at pHs 7 and
11.5 in aqueous phosphate buffers displayed similar processes at com-
parable energies, with an intra-ligand charge transfer band shifting
slightly from 265 to 263 nm, and the metal-centered bands appearing at
500 and 610 nm. Stability tests at both pHs monitored the robustness of
1 in solution over 8 h. Fig. 1a summarizes this data for pH 11.5. While no
major overall shifts in energy or absorption indicated remarkable sta-
bility, the low intensity bands observed between 400 and 625 nm
deserve attention. The bands at 500 and 610 nm blue-shifted slowly to
495 and 600 nm respectively, while a new band appeared at 400 nm and
a shoulder became visible at 625 nm. These changes are attributed to the
substitution of the apical ligand from chlorido to hydroxo. No obvious
complex demetallation or ligand degradation was observed while in the
divalent state.
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Fig. 1. (a) UV-visible spectra of 1 in 0.1 M aqueous phosphate buffer at pH
11.5. Inset: Stability test over 8h indicating substitution of the apical CI” ligand
for OH™. Spectra collected at 300 s intervals; (b) Cyclic voltammogram of 1
recorded in dry acetonitrile at 100 mV/s with 0.1 M TBAPF as supporting
electrolyte. The solution was purged with inert gas saturated with MeCN vapors
for 20 minutes prior to data collection. Experiments utilized a 3-electrode
configuration: Hg-pool working electrode; Ag/AgCl (sat’d KCl) reference elec-
trode; Pt wire auxiliary electrode; ferrocene/ferrocenium was used as internal
standard and potentials are available in the SI.

An X-band EPR spectrum of 1 in 3:1 DCM:MeCN was taken at 80 K,
resulting in a broad signal associated with S = 3/2 attributed to a high
spin 3d’ configuration (Fig. $2). The assignment is straightforward
because 3d® "Sco™ species with S = 0 are EPR silent, whereas S =
L5Go! species with a 3d” configuration tend to be silent at temperatures
above 77 K [43]. A DFT comparison of high and low spin configurations
for 1 in implicit water showed excellent agreement, and the 3d” "5Co!!
species was favored by 14 kcal/mol.

The redox behavior of 1 was probed by cyclic voltammetry in MeCN
(Figs. 1b, 83). A process observed at —1.79 V vs. Ag/AgCl is associated
with the Co'/Co' couple. This process seems to overlap with a ligand-
based L/L* process at —1.82 V vs. Ag/AgCl. Oxidatively, an irrevers-
ible Co"/Co™ process (3d” to 3d®) occurs at +1.47 V vs. Ag/AgCl, and a
more positive process at +2.00 V vs. Ag/AgCl can be attributed to L/L**.

Electrocatalytic proton reduction. The ability of [CoH(Ll)Cl]PF6
(1) to promote proton reduction towards Hy generation was assessed in
MeCN using 0 to 50 equivalents of acetic acid as the proton source
(Fig. S4). The amplitude of the Co'/Co' process increased upon addition
of acid in the first six equivalents. Additional equivalents of acid dis-
placed the wave towards the ligand-based reduction process. This
behavior is suggestive of concentration-dependent proton reduction
mechanisms, as observed for cobalt oxime catalysts [45]. Bulk elec-
trolysis was performed at an applied potential of —1.70 V vs. Ag/AgCl
for 3 h in presence of 100 equiv. of acetic acid, to yield a turnover
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number, TON3p,, of 22. This is 45% of the maximum hypothetical TON of
50 expected for this acid load. The charge consumption rate remained
high for the first 35 min (ca. 2100 s), decreasing sharply afterwards
(Fig. S5). The rate decrease differs from more gradual processes
observed in proton reduction by the Verani Group [44,45] and coincided
with a color change from purple to brownish orange. The Faradaic ef-
ficiency (%FE) reached up to 79%. These values are within the range we
reported previously for other proton reduction catalysts based on oxime
and pyridine frameworks. For example, the catalyst [Co™(prdioxH)
(*BUpy)(C)]PFs, with an N4 oxime ligand, displayed a comparable
TONg3}, = 19 in presence of trifuoroacetic acid in CH3CN, with %FE =
80% [46], while the pentadentate N5 oxime [COIH(HL)CI]PFG showed
TON3, ~ 15 with %FE of 75% [44]. The structurally closer
methylaminopyridine-based catalyst [CoH(Lz)Cl] ClO4 displayed TON3p
of 16 in presence of 100 equivalents of acetic acid, and %FE of
approximately 90% [45]. The catalyst [COIZI(L)(bpy)z]C104 with a
binucleating amido-based ligand and bipyridines showed a TON3}, of 18
with %FE of 94% under similar conditions [47].

Electrocatalytic water reduction. The ability of [co'whet] PFg (1)
to reduce water into Hy under neutral pH was probed using an H-type
cell equipped with Hg-pool, saturated Ag/AgCl and coiled platinum wire
as working, reference, and auxiliary electrodes at pH 7. In presence of 1,
considerable current enhancement was observed, as shown in Fig. 2a
with a catalytic onset potential —1.59 V vs. Ag/AgCl. Taking into ac-
count electrolyte pH, the overpotential for H, production was calculated
itat —0.53 V vs. RHE. Controlled potential electrolysis was used to assess
quantitatively the catalytic activity of [Co"(L})CI]PF¢ (1). A potential of
—1.70 V vs. Ag/AgCl was applied for 3 h, and charge consumption was
measured against time. The resulting plot shows a linear increase in
charge consumption over the course of the experiment (Fig. 2b).
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Fig. 2. (a) Electrocatalytic water reduction with [Co™(LH)CIIPFg (1) at 100 mV/
s scan rate; (b) Charge vs. time plot at an applied potential of —1.70 V vs. Ag/
AgCl at pH 7 (—1.06 V vs. RHE). Hg-pool; Ag/AgCl; Pt wire; 1 M phos-
phate buffer.
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Samples of the headspace gas were analyzed as being H, by gas chro-
matography, yielding a TONg of 390, with associated turnover fre-
quency (TOF) of 130 turnovers per hour. The Faradaic efficiency (%F)
reached 80%. Catalyst 1 showed moderate activity when compared to
other water-reducing species based on pyridine frameworks [43].
Comparative 12 h bulk electrolysis did not show an increase in charge
consumption or in turnover numbers. (Fig. $6). The resulting TON 31, of
760 reflected a lower TOF of 63 turnovers per hour and Faradaic effi-
ciency of 65%. This behavior indicates catalyst deactivation with likely
formation of nanoparticles, which are adsorbed by the Hg pool elec-
trode, and reinforce the notion that the catalyst is molecular. Based on
these results, it is possible to speculate that effective water reduction
involves the Co"/Co' couple, and that ligand involvement leads to
catalyst deactivation over time [24]. This is in good agreement with the
expected one-electron reduction of [co'awhenyt (ah) to form the
catalytically active monovalent species [CoI(Ll)Cl]° or [CoI(Ll)]+ that
was sufficiently nucleophilic to react with a proton and form the reactive
hydride [H-Com(Ll)]2+ required for Hy evolution [48]. Control experi-
ments in absence of the catalyst yielded minimal current enhancement.

Electrocatalytic water oxidation. We assessed water oxidation in
aqueous phosphate buffers at pHs 7 and 11.5. Understanding that
[CoH(Ll)Cl]PF6 (1) features methylene groups prone to oxidation
[30,31], we are interested in assessing whether the use of imidazoles as
chelators will lead to molecular processes in the first few hours of water
oxidation. Enhancement of current associated with catalysis was
observed upon anodic scan in both pH ranges in presence of 1, while
control experiments in absence of the catalyst led to only minor current
changes in extremely positive potentials. Fig. 3a displays the electro-
catalytic water oxidation in presence of 0.18 pmol of 1 at an applied
potential of +1.55V vs. Ag/AgCl at pH 7 (+-2.19 V vs. RHE) while Fig. 3b
shows the charge consumption over time. On average, 1.5 e™ are passed
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Fig. 3. (a) Electrocatalytic water oxidation with [Co™(LY)CI]PFg (1) at 100 mV/
s scan rate; (b) Charge vs. time plot at an applied potential of +1.55 V vs. Ag/
AgCl at pH 7 (+2.19 V vs. RHE). FTO plate; Ag/AgCl; Pt wire; 1 M phos-
phate buffer.
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per cobalt center to generate the active catalyst. These results reflected
the optimization of applied potential and catalyst load described in
Fig. S7, and led to an average TONg, = 71 (TOF 24 h~1) associated with
a Faradaic efficiency of ca. 65%. At pH 11.5, enhanced activity was
observed, in presence of 0.18 pmol of catalyst at an applied potential of
+1.20 Vvs. Ag/AgCl (+2.11 V vs. RHE). The applied potential was kept
at a moderate value to minimize catalyst decay, and the overpotential is
estimated at 0.60 V vs. RHE. A TON3y, of 103 (TOF 34 h~1) was associ-
ated with Faradaic efficiency >80% (Fig. S8). Comparatively, the re-
ported activities of Co porphyrins [32] have achieved TONs of 90-120,
while a dinuclear tmpa-based Co, species [40] reached a TON 58. Other
catalysts based on Mn ions vary from low activity [49] to TONs between
16 and 25 [50]. A recent article for chlorinated porphyrins reports a
TON of 836 [51]. Therefore, the activity of 1 towards water oxidation
compares well with other reported catalysts. It is important to note that
many of these species had their yields improved by, or were completely
dependent on the formation of Co oxide nanoparticles [52,53,54].
Although methylene oxidation, e.g. -N—-CHy—Py - -N—-C(=0)-Py, is
expected to take place over time, these results point to the use of strongly
bound imidazoles to enable molecular catalysis in the initial phases of
the process.

Resilience of the catalyst. Understanding the usual issues with
catalyst degradation over the course of water oxidation, we evaluated
the resilience of [COH(LI)CI]PFG, (1) to ascertain the nature of the cata-
lyst in the early stages of bulk electrolysis. The pre- and post-catalytic
systems were analyzed to probe the molecular stability of the catalyst
by means of UV-visible spectroscopy, scanning electron microscopy
(SEM), energy dispersive X-ray (EDX), and X-ray photoelectron spec-
troscopy (XPS) analyses of the FTO working electrodes. At the core of
this quest is the determination of whether the catalyst is the molecular
species [COH(LI)CI]PF6 (1), or if this species decomposes into nano-
particles that then become catalytic [1,31,32,44]. UV-visible analysis of
solutions before and after 3 h bulk electrolysis gave insight to the sta-
bility of the molecular species and dynamic light scattering (DLS) was
used to detect any water-soluble or delaminated nanoparticles origi-
nating from catalyst decomposition. As observed from Fig. 4, excellent
agreement between initial and final spectra strongly suggests that 1
remains mostly unaltered during water oxidation at both pHs 7 and
11.5. The ligand-based bands, as well as the metal-based bands,
observable at a higher concentration of 5 x 10~* M, remained intact.
Furthermore, the absence of bands at 422 nm and 708 nm associated
with the formation of cobalt oxide nanoparticles corroborates the
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Fig. 4. UV-visible spectrum in 0.1 M phosphate buffer of 1 before catalysis at
pH 11.5 (black trace) and after 3 h catalysis (red trace).
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molecular nature of the catalyst within that timeframe [55].

This initial molecular stability was further confirmed by SEM anal-
ysis of the rinsed FTO working electrode, accompanied by EDX spec-
troscopy (Fig. 5). In the event of significant catalyst decomposition, the
insoluble nanoparticle species would adsorb onto the surface of the
electrode and become detectable via SEM imaging. However, compared
with a control experiment, no distinguishable features were observed.
Similarly, the EDX analysis did not support the presence of cobalt within
the detection limits of the experiment. DLS experiments were performed
after 3 h of controlled potential electrolysis in pH 11.5 at +-1.20 V vs. Ag/
AgCl (+2.11 V vs. RHE), using 0.1 M phosphate buffer, and are sensitive
to highly scattering structures ranging from sub-nanometer to micron
scale. Catalyst-free and catalyst-containing electrolytes have compara-
ble size distributions and low scattering intensities (Fig. S9).

Additionally, XPS of the working electrode surface was performed
after 3 h of controlled potential electrolysisin pH 11.5 at +1.20 Vvs. Ag/
AgCl (+2.11 V vs. RHE), 0.1 M phosphate buffer. High-resolution (HR)
spectroscopy targeted cobalt, phosphorus, and tin (Fig. 6). Photoemis-
sion lines for Co (2p and 3p) suggest a small amount of Co enrichment
under these electrolysis conditions. The binding energies of Co2p bands
indicate a 2+ oxidation state. Shake-up satellites characteristic of Co?*
are also observed. The spin-orbit split value, i.e. the difference between
the Co2ps/» and Co2p;,, emission lines, indicates a high spin Co?*
species, in good agreement with EPR of the complex. HR-P2p analysis
reveals that most surface-confined P exists as P°*, with a binding energy
similar to inorganic phosphate. A hypothesized P3* species can be
deconvoluted as a minor satellite to the P°* photoemission band. This is
attributed to a metal-phosphide decomposition reaction, with a Co:P
ratio consistent with cobalt(I) phosphides.

The formation of minuscule nanoparticles in the range 0.5-2 nm has
been reported by Fujita et al. [56] and Harriman et al. [57] and cannot
be ruled out completely. However, the excellent agreement between
UV-visible, SEM, EDX, DLS, and XPS, coupled with considerable water
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Fig. 5. SEM (80,000x magnified) of used FTO working electrodes (a) at pH 7
and (b) at pH 11.5 after 3 h catalytic oxidation, compared to a used electrode in
the absence of 1 (Blank). The EDX distribution on the right indicates absence of
cobalt nanoparticles.
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oxidation turnovers, surface- and solution-based analyses support the
activity of [Co'(L!)CI]PFg (1) as molecular during the critical steps of
the oxygen-evolving mechanism.

Plausible molecular mechanisms. Viable mechanisms for water
oxidation with [Co'(L1)Cl] PF¢ (1) were evaluated by density functional
theory (DFT) aiming to understand the nature and electronic structure of
likely intermediates, and to evaluate the participation of ligand-based
and pH-dependent steps at pH 11.5. The results are shown in Fig. 7
with details available in Figs. $10-12 and Tables T2-T3. DFT calcula-
tions were based on the published crystal structure [28] and within the
constraints of available experimental data. For mechanistic purposes,
species 1 is better written in this section as [(Ll)CoII—Cl]+. Replacement
of the axial chlorido ligand by an adventitious hydroxide is energetically
favored by 13.4 kcal/mol in aqueous media under basic conditions. This
replacement leads to the formation of a species described as [whH
Co"—OH]* (1a). This solvated species undergoes a one-electron oxida-
tion (E° = +0.88 V vs. Ag/AgCl) to generate the pro-catalyst [(L})
CoIH—OH]2+ (1b). After the formation of this species, a proton-coupled
electron transfer (PCET) is proposed to occur, resulting in the oxyl-
containing species [(Ll)Com—O.]2+ (1c) with an S = 1/2 ground state
(E =+40.98 V vs. Ag/AgCl) [58]. The low spin state (S = 1/2) is lower in
energy than the high spin state (S = 5/2) by about 9 kcal/mol. However,
there is an intermediate spin state (S = 3/2) which is slightly more stable
than the low spin state by 4.35 kcal/mol. However, this intermediate
spin state requires two unpaired electrons on a Co™ and an oxyl radical.
This configuration is unlikely for a 3d® species, and we have favored the
low-spin state Co™ species shown in Fig. 7 as the most chemically
meaningful. Reaction with a second adventitious OH™ yields a hydro-
peroxo intermediate described as [LHCo™00H]* (1d), which un-
dergoes another PCET step in order to generate a superoxyl radical
intermediate [59] described as [(L!)Co""~00®]* (1e). This intermediate
serves as a one-electron source of an energetic diradical species
described as [(Ll)HSCOH—OO..]+2 (1f). Dioxygen generation by this
HSGollsuperoxyl diradical 1f is favored by about 20 kcal/mol, and
makes this step the most exothermic in the overall catalytic pathway.



K.M. Kulesa et al.

Journal of Inorganic Biochemistry 242 (2023) 112162

-15.0
kcal/mol

Fig. 7. Plausible initial molecular cycle for O, generation by [co'(Lhcy PFg (1) in water. Optimization with B3LYP* density functional using SDD and 6-31 + G(d,p)
basis sets, and SMD-SCRF implicit solvation. Redox potentials for PCET have been calculated at pH = 11.5. Values of potential vs. Ag/AgCl.

The metal center does not seem to reach high oxidation states expected
for water oxidation, but rather relies on oxygen-centered processes,
likely favoring a molecular mechanism. Immediately after O, release,
the [(L1)Co"—OH]" species 1a is reformed and enables a new catalytic
cycle. These calculations do not take into account the aforementioned
methylene oxidation, expected to take place in longer catalytic runs.

3. Conclusions

In this paper we investigated the ability of the prototypical redox-
activated drug carrier [CoH(Ll)Cl]PF6 (1) as a catalyst for water split-
ting. This imidazole-rich species is structurally comparable to tmpa-
based catalysts that decompose during the catalytic cycle. We pro-
posed that the presence of imidazoles would favor low-valent cobalt and
preclude dissociation during water reduction, while strong chelation
would slow-down ligand degradation during water oxidation. Indeed,
this species is capable of water reduction at pH 7 with TON3, 390, and
water oxidation at pHs 7 and 11.5 with TONg}, of 71 and 103, respec-
tively. The analysis of pre- and post-catalytic solutions confirms that
these transformations rely on molecular mechanisms for the initial steps
of water oxidation, which proceed via a radical-containing superoxyl
radical intermediate [COII—OO.]+, followed by a diradical species [Co™-
00®®]", rather than by the generation of metal-centered high-valent
states. This pathway avoids extreme oxidation states that are associated
with fast deactivation and demetallation. In conclusion, the use of bio-
inspired imidazole-rich environments shows potential for water splitting
catalysts.

4. Experimental section

General. Reagents and solvents were used as received from com-
mercial sources. Buffer solutions were prepared on site using ultrapure
water (Barnstead NANO pure) with resistivity of 18.2 MQcm. Infrared
spectra were recorded using KBr pellets on a Bruker Tensor 27 FTIR
spectrophotometer operating in the range of 4000-450 em L. UV-vi-
sible spectra were recorded using quartz cells with 1 cm optical pathway
at room temperature on a UV3600 Shimadzu UV-Visible-NIR spectro-
photometer. Spectra were collected in the range of 190 to 1100 nm, with
¢ values given in M~ cm ™. ESI-MS in the positive mode was conducted
in a Micromass QuattroLC triple quadrupole mass spectrometer with
electrospray/APCI source. The continuous wave X-band EPR spectrum
of1 (10’3 M) in MeCN was taken at 80 K on a Bruker ELEXSYS E580 EPR
spectrometer equipped with an ER 4102ST resonator. Temperature was
controlled using a helium gas-flow ICE Oxford cryostat. Elemental
analysis (C, H, and N) was performed in a Thermo Scientific Fla-
shEA®1112 Series CHNS/O Elemental Analyzer at the Chemistry
Department, Pontificia Universidade Catdlica in Rio de Janeiro, Brazil.
Aqueous DLS and non-invasive backscattering experiments were per-
formed on a Nano-ZS Zetasizer using disposable zeta potential cells, at
the Nanoscale Characterization Facility at Indiana University, Bloo-
mington, US.

Synthesis of [co@hHe] PF(1). The compound was synthesized as
reported [41] by adding a MeOH solution of CoCly-6H50 (1 mmol in 15
mL) to a solution of L (1 mmol in 15 mL MeOH) under stirring in a
warm water bath. TBAPFg (2 mmol) was added as a source of counter-
ions after 30 min of reaction, when a purple microcrystalline precipitate
started forming. This solid was filtered off, washed with cold MeOH and
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diethyl ether and dried under vacuum. Yield: 73%. Anal. Calc. for
C17H22CICoFgNgP: Calc. C 37.14; H 4.03; N 15.29%. Found: C 37.82; H
3.95; N 15.60%. FTIR in KBr: 3151, 3036, 2957, 1609, 1510, 1463,
1368, 1321, 1165, 1088, 987, 840, 783, 759, 751, 681, 672, 659, 558,
524, 483, 450, 421, 403, 377, 317, 292, 269, 221 cm ™.

Electrochemistry. The electrochemical behavior of complex 1 was
studied in a CHI 600 potentiostat/galvanostat. Cyclic voltammograms
were obtained at room temperature in MeCN (DriSolv® by Milli-
poreSigma, > 99.8% anhydrous) solutions containing 0.1 M of tetra-
butylammonium hexafluorophosphate (TBAPFg) as the supporting
electrolyte under an inert atmosphere. The electrochemical cell was
comprised of three electrodes: Glassy carbon or Hg-pool as working
electrode (3 mm diameter; 0.071 cm?), Ag/AgCl as reference electrode,
and Pt wire (0.99 mm diameter) as auxiliary electrode. The ferroce-
nium/ferrocene redox couple (Fc™/Fc, E° = 0.40 V vs. NHE) was used as
an internal standard [60].

Catalytic studies. Controlled potential electrolysis experiments for
complex 1 were performed in a custom-made cell with two compart-
ments of different volume, separated by a frit. The working and refer-
ence electrodes were placed in the larger working compartment, while
the auxiliary electrode was placed in the adjacent counter compartment.
A three-electrode configuration included an Hg-pool or FTO plate
working electrode, Ag/AgCl (saturated KCl reference electrode, and a
30 cm long coiled Pt wire auxiliary electrode. Hg-pool working elec-
trodes consisted of an insulated 0.5 mm diameter Pt wire, with an
exposed length immersed in a pool of Hg. FTO working electrodes were
cut into 2.5 cm? plates. Proton reduction experiments were performed at
room temperature under inert conditions in dry MeCN with TBAPFg as a
supporting electrolyte, using 0 to 50 equivalents of acetic acid (0.1 M in
MeCN/TBAPFg) as a proton source. The overpotential was calculated
from observed changes in the cyclic voltammogram followed by sub-
tracting the thermodynamic standard potential for H"/H; in MeCN in
the presence of HOAc, after considering the homoconjugation effect
[61]. Water reduction experiments were performed at room temperature
and pH 7 under inert conditions using a 1.0 M sodium phosphate buffer.
Both chambers were filled with pH 7, 1.0 M phosphate buffer. The major
chamber contained 0.18 pmol of 1. In a typical experiment, the cell was
purged with Ny gas for 20-30 min, followed by gas sampling from the
cell headspace (100 pL) to ensure an Oy free environment by gas chro-
matography. Then a control solution without catalyst was electrolyzed
for 3 h at-1.70 V vs. Ag/AgCl. The headspace gas was again injected to
the GC to record the amount of adventitious Hy. Then the cell was
purged with Ny gas for another 20 min followed by injection of 0.18
mmol of 1. The catalyst-containing solution was bulk electrolyzed for
another 3 h, and 100 pL headspace gas was injected to the gas chro-
matograph to record the amount of H, produced. The turnover number
was calculated after background subtraction as the ratio between moles
of Hy produced over moles of catalyst used. Faradaic efficiency was
calculated from gas chromatographic measurements. Water oxidation
experiments were performed in aqueous phosphate buffer solutions at
pHs 7 (1.0 M) and 11.5 (0.1 M). These aqueous buffers use atmospheric
0,/Nj as the internal standard. Experiments were optimized for catalyst
load at 0.09 and 0.18 pmol of 1. Reported results in this paper use the
higher catalyst load. For catalytic studies, 100 pL of the headspace in the
electrochemical cell were sampled by gas chromatography from a blank
solution of 35 mL pH 7 and 11.5 phosphate buffer and compared with
100 pL of atmospheric Oz and N». In the absence of the catalyst, Oz levels
are comparable to atmospheric measurements. However, in the presence
of 1, Oy levels considerably increased compared to the control. The
amount of gas produced in all experiments was determined with a Gow-
Mac 400 gas chromatograph equipped with a thermal conductivity de-
tector, and a 8 ft. x 1/8 in, 5 A molecular sieve column operating at a
temperature of 60 C. Nitrogen was used as carrier gas for H, detection at
a flow rate of 30 mL min~! using a calibration curve. Helium was used as
carrier gas for Oy detection.

X-ray Photoelectron Spectroscopy (XPS). XPS experiments were
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conducted by a PHI VersaProbe II instrument equipped with a focused
monochromatic Al Ka source. XPS spectra were acquired under ultra-
high vacuum (ca. 8 x 107!° Torr), with an X-ray power of 25 W at 15
kV, and a 100 pm beam size at the take-off angles of 45° and normal X-
ray incidence. The instrument work function was calibrated to give a
binding energy of 84.0 eV for the Au 4f;/5 photoemission line in metallic
gold. The spectrometer dispersion was adjusted to give respective
binding energies of 284.8 eV for the C 1 s photoemission line of
adventitious (aliphatic) carbon on non-sputtered samples; 932.7 eV for
the Cu 2ps3/; line; and 368.3 eV for the Ag 3ds/, line. The PHI dual-
charge neutralization system was used on all samples. High resolution
Co2p, Co3p, P2p and Cl1s spectra were taken with a minimum of 25-60
scans using 0.1 eV steps and 93.9, 46.9, 23.5 eV pass energy for Co, P and
C, correspondingly. All XPS spectra were recorded using PHI software
SmartSoft-XPS v2.6.3.4, and processed using PHI MultiPack v9.3.0.3
and/or CasaXPS v.2.3.14 using Shirley background. Atomic percentages
were determined using relative sensitivity factors from the MultiPack
library. Peaks were fitted using GL line shapes, i.e. a combination of
Gaussians and Lorentzians. Each sample was examined at 5-6 different
areas on the mounted specimen to ensure consistent, reproducible
spectra. All high-resolution spectra were calibrated in respect to the Cls
photoemission line of adventitious (aliphatic) carbon.

Computational Methods. Electronic structure calculations for
complex 1 and its associated species were performed using the Gaussian
(G09) package [62]. The geometries were optimized starting from an
existing X-ray structure using B3LYP* density functional [63,64,65]
with SDD basis set and effective core potential (ECP) [66,67] for the
cobalt atom and 6-31 + G(d,p) [68,69,70] basis set for all the other
atoms. The aqueous solvent environment was modelled with SMD-SCRF
[71] implicit solvation, included in all geometry optimizations. Opti-
mized geometries were confirmed as minima on the potential energy by
vibrational frequency calculations and had no imaginary frequencies.
The converged wavefunctions were tested and confirmed to be stable.
Thermal and entropy contributions to the free energy were calculated by
using unscaled B3LYP* frequencies and rigid rotor/harmonic oscillator
approximations at 298.15 K. For a redox reaction, X(aq) = X{ap) + NeGq)s
the standard redox potential is given by:

-AG,
B, =—— ) SHE

(aq) nF

where AGg)* = Gx, (aq)* — Gxr+, (aq)* — Ge, (g* is the standard free energy
change for a redox reaction in aqueous solution. Ge(g)* = 0.867 kcal/mol
is the free energy of electron at 298.15 K, obtained from literature [72].
The Faraday constant F is 23.06 kcal/(mol V), and n is the number of
electrons, with SHE being the absolute potential of standard hydrogen
electrode (4.281 V) [73].

For the reactions involving proton-coupled electron transfer (PCET),
the aqueous phase free energy of proton was calculated by using:

Gy

s

(o latm—1M
*.(aq) T GH*-(E) +AG q) +AG

solv,(a
where G+ g = - 6.29 kcal/mol at 298.15 K is derived from Gu:+2 ) =
Hf) — TS{), with Hf;)= 1.48 kcal/mol and Sf)= 26.05 cal/(mol K),
AGgqly, (ag)*= —265.9 kcal/mol is the solvation energy of the proton, as
taken from the literature [74,75] and AG2™~™_ 1 89 kcal/mol is the
correction to the free energy for changing from the standard state of 1
atm to 1 M [76]. Since the experiments are performed at pH 11.5, the
computed standard redox potentials are adjusted to the experimental pH
conditions using the Nernst equation:
RT In(10

)= Fy

pH
E aq) N,

(ag X ng+ X pH

where, n.-and ngy: are the number of electrons and protons, respec-
tively. The gas constant is R = 1.987 cal/mol K and T is the temperature
(T = 298.15 K).
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