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Despite their technological importance for water splitting, the reaction mechanisms of most water
oxidation catalysts (WOCs) are poorly understood. This paper combines theoretical and experimental
methods to reveal mechanistic insights into the reactivity of the highly active molecular manganese
vanadium oxide WOC [Mn4V4017(0Ac)s]®~ in aqueous acetonitrile solutions. Using density functional
theory together with electrochemistry and IR-spectroscopy, we propose a sequential three-step
activation mechanism including a one-electron oxidation of the catalyst from [Mn,**Mn,** to
[Mn3+Mn34+], acetate-to-water ligand exchange, and a second one-electron oxidation from [Mn3+Mn34+]
to [Mng**]. Analysis of several plausible ligand exchange pathways shows that nucleophilic attack of
water molecules along the Jahn-Teller axis of the Mn>* centers leads to significantly lower activation
barriers compared with attack at Mn** centers. Deprotonation of one water ligand by the leaving acetate
group leads to the formation of the activated species [Mn,V4017(OAC)>(H,O)(OH)]™ featuring one H,O
and one OH ligand. Redox potentials based on the computed intermediates are in excellent agreement

Recei 14th 2021 . . . - S .
eceived June 20 with electrochemical measurements at various solvent compositions. This intricate interplay between
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redox chemistry and ligand exchange controls the formation of the catalytically active species. These
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Introduction

The development of noble metal-free water oxidation catalysts">
(WOCs) is often inspired by natural photosynthesis, where
a calcium manganese oxide cubane (the oxygen evolving
complex, OEC) oxidizes water near the thermodynamic poten-
tial.>* Molecular model complexes are often used in mecha-
nistic studies of the catalytic cycle.>® Meanwhile, the design of
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results provide key reactivity information essential to further study bio-inspired molecular WOCs and
solid-state manganese oxide catalysts.

solid-state metal oxide WOCs comes with its own set of chal-
lenges: structural complexity, typically mixed metal sites, and
scarce information on the nature of their active sites.” On the
quest to surmount these challenges, molecular mixed metal
oxides - so-called polyoxometalates (POMs) - have emerged as
prototypes useful for homogeneous water oxidation catalysis
and as models to correlate molecular reactivity with heteroge-
neous solid-state catalysts.'® Typically, POM-WOCs are engi-
neered by functionalizing chemically robust POMs (mainly
tungstates) with redox-active transition metals'™** such as
Ru,"* Co'' or Mn."®° Much research on POM-WOCs has
focused on stabilizing bio-inspired polynuclear metal-oxo-
aggregates [M,O,] using POM ligands, as this approach limits
the oxidation state changes required per metal site during water
oxidation."**2¢

While the last decade has seen tremendous progress in POM-
WOC synthesis and catalysis, mechanistic studies are rare, in
part due to challenges related to POM-WOC stability.*** Early
studies by Musaev and colleagues explored the electronic
structure and accessible oxidation states of ruthenium tung-
state POM-WOCs.” Later, pioneering studies by Poblet and
colleagues provided a water oxidation mechanism for cobalt

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Complete structure of the POM-WOC [Mn,V4017(OACc)s]*~
(={Mn4V4}). (b) Simplified manganese oxo cubane core structure of the
one-electron-oxidized species with Mn numbering scheme. Oxidation
states of the Mn centres are indicated by superscripts. Jahn—Teller axis
highlighted in red. (c) Square wave voltammogram of [Mn,V4045(-
OAC)s]*~. Conditions: f = 25 Hz, Eqy = 25 mV, Egtep = 2 mV water-free
MeCN containing 0.1 M nBu4sNPFg as electrolyte, working electrode:
glassy carbon; counter-electrode Pt wire, reference electrode: Ag/
AgCl (3.5 M KCI).

tungstate POM-WOCs using density functional theory (DFT)."”**
Also, Llobet, Bo, Bonchio and colleagues combined spectro-
scopic and spectro-electrochemical studies with DFT calcula-
tions to investigate the redox chemistry during water oxidation
by ruthenium-containing POM-WOCs.*® However, for many
POM-WOCs'"">*! mechanistic understanding of their mode of
action in water oxidation catalysis is lacking.

To date, most POM-WOC research is focused on metal-
functionalized lacunary polyoxotungstates.”***' In contrast,
the use of vanadates to stabilize metal-oxo ligands is limited,
possibly due to their more complex reactivity.”® Recently, some
of us reported*® the embedding of OEC-inspired manganese oxo
reaction centers® into a molecular vanadium oxide WOC,
[Mn,V,0;,(0Ac);]*~ (={Mn,V,}), see Fig. 1. This compound is
capable of electrochemical and photochemical water oxidation
when operated under homogeneous conditions in aqueous
acetonitrile solutions with turnover numbers > 12 000 and
turnover frequencies > 200 min~',¥ but any knowledge
related to its catalytic activity remains elusive. This insight is
urgently required not only because this catalyst is one of the
best-performing POM-WOCs reported, but also because it can
be considered a model for the OEC and for technologically
important manganese oxide water oxidation catalysts.

Herein, we report the activation mechanism of the POM-
WOC [Mn,V,0.,(OAc);]’” as a fundamental step towards
understanding speciation in solution under catalytic conditions
and elucidating the complete water oxidation cycle. Combining
electrochemical measurements and theoretical calculations we

© 2021 The Author(s). Published by the Royal Society of Chemistry
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unravel a three-step activation mechanism consisting of a one-
electron oxidation of the catalyst, acetate-to-water ligand
exchange, and a second one-electron oxidation. The calcula-
tions of the ligand exchange pathways and redox potentials
allow us to precisely determine the nature of the experimentally
observed redox transitions. Further, the complex interplay of
proton-coupled redox processes is of general importance for
understanding water oxidation catalysis and advancing the
design of other efficient POM-WOCs.

Experimental
Electrochemistry

Voltammograms were recorded using a Gamry 1010B potentiostat
and a three-electrode setup. A 3 mm diameter glassy carbon disk
working electrode (CH Instruments, USA), Pt wire counter-electrode
and a leakless miniature Ag/AgCl reference electrode were used. The
reference electrode potential was measured against a standard
calomel reference electrode (CH Instruments, USA) in pure elec-
trolyte solution before and after each measurement. As pre-
treatment, the glassy carbon (GC) electrode was cycled 10 times in
0.2 M aqueous H,SO, between —0.5 V and 0.5 V to remove impu-
rities. Between each square wave voltammetry (SWV) experiment,
the electrode was polished with an alumina slurry. The counter-
electrode Pt wire was polished with a 0.05 pm alumina slurry
prior to use. Samples with varying water content were prepared by
mixing the required amounts of water and acetonitrile with nBu,-
NPF¢ (0.1 M) and background SWV were collected for each solvent
mixture in the absence of {Mn,V,}. Successively, (nBu,N);[Mn,V,-
0;7(AcO);] (32 mg, 2 mM) was added to the solution and stirred
until dissolved (ca. 1 min).* After ca. 5 min equilibration, the SWvV
was performed. Each experiment was performed at least in triplicate
to ensure reproducibility. Between each experiment, the working
electrode was polished to avoid interferences from possible elec-
trode fouling (e.g adsorption of intermediate species). SWV
parameters were as follows: Frequency f = 25 Hz, pulse amplitude
Egw = 25 mV, potential step Eg.p, = 2 mV in a range between 0.2 and
1.7 V vs. Ag/AgCl (3.5 M KCl) at room temperature.

Infrared spectroscopy

IR spectra were recorded using a Fourier-transform infrared
(FT-IR) spectrometer (Alpha I, Bruker Optik GmbH, Ettlingen,
Germany) equipped with a zinc selenide multi-bounce attenu-
ated total reflection (ATR) accessory (Multi ATR, Bruker Optik
GmbH, Ettlingen, Germany). The spectra were collected at
a spectral resolution of 4 cm™' averaging 42 spectra per
measurement. For each measurement, an aliquot of 0.6 ml of
the sample solution (4 mM) was deposited onto the ATR crystal
inside a closed sampling cell to prevent evaporation of the
solvent during the measurement.

Computational
Ligand exchange mechanistic calculations

As in Siegbahn's studies of the OEC in photosystem II,***°
calculations were carried out using the high-spin configuration

Chem. Sci, 2021, 12, 12918-12927 | 12919
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and assuming that antiferromagnetic effects do not signifi-
cantly affect either the reaction barriers or the geometry of the
complex.’* Geometries were optimized using DFT and the
B3LYP functional®-** - as widely used in other studies of OEC
model systems*®*” and polyoxometalate WOCs***%**—
combined with the def2-SVP basis set.** Local minima were
confirmed by the absence of imaginary frequencies. Solvation
effects were considered using the SMD implicit solvation
model*” with a dielectric constant of 40.98. We use Grimme's D3
empirical dispersion correction*® and the zeroth-order DKH
relativistic Hamiltonian.** Electronic energies were refined
using B3LYP with def2-TZVP* for Mn, V, O atoms, and def2-SVP
for C and H atoms. All these calculations were performed with
the Gaussian 16 software package.*®

Redox potentials calculations

The geometries employed for the redox potential calculations
were also optimized at the B3LYP/def2-SVP level of theory.
Dielectric constants between 36.60 (0% water) and 38.79 (5%
water) account for the variation of the solvent composition, as
dictated by the experiment. The value of the dielectric constant
of the mixture is calculated as:

Emixture — Pwaterfwater + Pacetonitrile€acetonitrile (1)

where emixturey water AN Eacetonitrile aT€ the dielectric constants of
the mixture, water (80.4) and acetonitrile (36.6), respectively,
and Qwater, Pacetonitrile are the volumetric fractions of the
respective solvents. Unlike the ligand exchange calculations,
accurate redox potentials for OEC similar systems require the
consideration of antiferromagnetic effects. This was done by
employing the Orca 4.2.1 (ref. 51) suite, which enables the
computation of antiferromagnetic electronic configurations
using the broken-symmetry®> approach including implicit
solvation effects. To this end, electronic energies entering the
redox potentials were refined using the zeroth-order regular
approximation (ZORA) for relativistic effects,” along with the
ZORA-Def2-SVP (C, H) and ZORA-Def2-TZVP (Mn, V, O) basis
sets. The calculations used the most stable antiferromagnetic
electronic configurations for the complexes in the broken-
symmetry framework.?” Implicit solvent effects, on the single
point energies, were included through the conductor-like
polarizable continuum model.>*

The standard reduction potentials (AE
lated relative to the Ag/AgCl electrode as:

o

reduction) were calcu-

o AG,

_ reduction __ grabsolute
AE‘reduction - nF EAg/AgCl (2)

o

where AG .qucion 1S the change in Gibbs free energy in the
reduction reaction, n and F are the number of electrons trans-
ferred and the Faraday constant, respectively, and Ei';?ﬁ;ctf’ is the
absolute reduction potential of the Ag/AgCl electrode. The value
of Eigfﬁé‘gf was obtained considering an absolute reduction
potential for the Standard Hydrogen Electrode (SHE) of 4.28 V
(ref. 55) and a reduction potential of 0.22 V (ref. 56) for the Ag/
AgCl electrode relative to the SHE. The Gibbs free energy of

reduction was computed here by the so-called direct approach,®
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in which the solution phase reaction energy is computed as the
difference between the Gibbs free energy of the product and the
reactant, each obtained from an optimization-frequency calcu-
lation in a continuum solvation model. Alternatively, thermo-
dynamic cycles can be used to compute solution phase reaction
energies, as they are parametrized to obtain accurate solvation
free energies.*>” When computing the Gibbs free energy of
solvation in a thermodynamic cycle using implicit solvation
models to obtain the solution phase reaction energy, explicit
vibrational corrections are not included,*® although there are
cases in which solvation can induce changes in vibrational
frequencies. Therefore, it is advisable to consider these vibra-
tional corrections,’”*® as we have done here using the direct
approach. We note that the direct approach has also been
applied in the computation of the redox potentials of POMs
analogous to the one presented in this work.****

Results and discussion

The POM-WOC [Mn,V,0,,(0Ac);]*" is based on a tripodal tet-
ravanadate ligand that coordinates to a [Mn,O,] cubane
(abbreviated as [Mn,*'Mn, ,*']); the manganese centers are
further stabilized by three bridging acetate ligands, see Fig. 1a
and b. Square wave voltammograms and cyclic voltammograms
recorded in water-free acetonitrile show that the -catalyst
undergoes two quasi-reversible Mn-based oxidation reactions,
[Mn,**Mn,*] — [Mn**Mn;*] and [Mn**Mn;*"] — [Mn,*"]
(labelled P1 and P2, respectively, in Fig. 1c, see also Fig. S1 and
Table S1 of the ESI})." Previous studies have shown that water
oxidation occurs at potentials more positive than P2, suggesting
that [Mn,*"] is the species that enters the water oxidation
cycle. Note that no protonation of the cluster is observed by
crystallography, spectroscopy or mass spectrometry,” unlike
other POM-WOCs discussed in the literature.®

In order to study the full catalytic cycle, first it is essential to
understand how the catalyst reaches its active state. To this end,
here, we investigate the P1 and P2 oxidation processes to
elucidate the electronic and structural changes required to
access the catalytically active species. We propose that the first
step in the cluster activation is the [Mn,*’Mn,"] —
[Mn**Mn;*] oxidation (rather than ligand exchange). This is
based on in situ IR-spectroscopic data, which was recorded at
conditions identical to the experimental electrochemistry dis-
cussed below (i.e., acetonitrile solutions containing up to 5 vol%
water). The analysis of the characteristic metal oxide and acetate
vibrations of [Mn,V,0;5(0OAc);]>~ in the 700-1600 cm " spectral
range shows no significant changes during the experimental
electrochemical timescale (i.e., sample preparation and experi-
ment agpprox. 20 min; see Fig. 2a). Only the vanadate signature
appears less well resolved at high water content, yet, no signif-
icant peak shift or change in intensity was observed.®*** This
suggests that the structural integrity of the cluster is main-
tained, and that no acetate-to-water ligand exchange is observed
during this period. Consequently, we focus on mechanisms
starting by oxidation of the native [Mn,V,0,,(OAc);]*~ species.
Particular focus is put on exploring (i) the formation of the
highly oxidized [Mn,**] state through the [Mn**Mn;*] —

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) IR-spectra of {Mn,4V,4} in acetonitrile containing 0-5 vol% of
water. Each spectrum was collected after a t = 20 min equilibration
period, which is in line with the time required for collecting the SWV
data shown in (b). Note that no evidence for structural changes, ligand
exchange or metal oxo framework degradation is evident. (b) Square
wave voltammetry (SWV) of {Mn4V,4}, MeCN : H,O solutions at varying
water content (0-5 vol%), f = 25 Hz, Esw = 25 mV, Egep = 2 MV
containing 0.2 mM {Mn,V,} and 0.1 M nBu4sNPFg as electrolyte.

[Mn,*"] redox reaction and (ii) the acetate ligand exchange
reaction with water to generate the water-binding species
required for subsequent O-O bond formation and oxygen
evolution. Note that more complex reaction paths (including
protonation or partial/full metal oxo framework hydrolysis) are
principally possible but are not considered here, based on the
stability studies discussed above.

To determine which redox pathways dominate at different
water concentrations, the experimental redox potentials of the
oxidation reaction P1 and P2 were determined at different
MeCN : H,0 ratios as a basis for subsequent theoretical calcu-
lations. To this end, we employed SWV that eliminates the
capacitive current component and thus is by a few orders of
magnitude more sensitive than cyclic voltammetry (CV). By
varying pulse frequency and pulse amplitude and recording the
forward and backward scan, information on reaction mecha-
nism and kinetics can be obtained.* In the context of this study,
plotting the difference of the forward and reverse current
against potential gives well-defined SWV peaks (Fig. 1c, 2b and
ESI Fig. S2-S51). These mark the experimental oxidation

© 2021 The Author(s). Published by the Royal Society of Chemistry
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potentials, which can subsequently be used to compare with the
calculated values derived from theory.®> Square wave voltam-
mograms were recorded for the native cluster (oxidation state
[Mn,**Mn,**]) in MeCN : H,O solutions (containing 0.1 M
nBuyNPF; as electrolyte) with the water content varied from 0-
5 vol%. Each electrochemical experiment (ie., each
MeCN : H,O ratio) was performed using a freshly prepared
catalyst solution and freshly cleaned electrodes to ensure
maximum reliability and reproducibility. Each measurement
was performed in triplicate. All data given are referenced
against a Ag/AgCl (3.5 M) reference electrode.

In water-free, MeCN, the SWV results (Fig. 1c and 2b)
correspond to the CV signals originally observed (ESI, Fig. S17),
showing an oxidative wave for the [Mn,**Mn,*] — [Mn*'Mn;*"]
transition at 0.45 V (labeled P1 in Fig. 2b), and the [Mn*'Mn,*']
— [Mn,*"] transition at 1.45 V (P2 in Fig. 2b). When increasing
the water content to 5 vol%, we observed a positive potential
shift of 80 mV. In addition, the current associated with P1
initially increases when going from 0% to 1% water content. At
higher water content, the P1 current decreases again as shown
in Fig. 2b. With increasing water content, P2 shows a significant
decrease in current, while simultaneously three new signals at
less positive potentials appear. The signals are labelled in their
order of appearance: P3 (1.05 V), P4 (1.25 V), and P5 (0.70 V), see
Fig. 2b and ESI Fig. S2.1 Initial data interpretation suggests, that
the [Mn**Mn;""] — [Mn,*"] transition is strongly influenced by
the presence of water, leading us to suggest that for the one-
electron oxidized species [Mn**Mn;*], there may be two
competing reaction pathways, ie., further oxidation (to give
[Mn4**]) or acetate-to-water ligand exchange.

Based on these experimental data, we now use theory to
calculate reaction energies and activation barriers to unravel
which of the two plausible mechanisms—proposed in Scheme
1— follows the first [Mn,>*Mn,*"] — [Mn*'Mn;*"] oxidation
(Ox) step. In mechanism I (green in Scheme 1), the first oxida-
tion is followed by the acetate ligand exchange (LEx) with water,
after which the second [Mn**Mn,*"] — [Mn,**] oxidation step
(Ox) takes place (globally summarized as Ox-LEx-Ox). In
mechanism II (red), the first and second oxidations occur before
the acetate ligand exchange (summarized as Ox-Ox-LEx). As the
highest reactivity (based on turnover frequencies and electro-
chemical current densities) was observed in a 9 : 1 MeCN : H,O
(v/v) mixture,' these calculations were carried out considering
the same solvent composition.

The X-ray structrure of the native catalyst™ has an idealized
Cs, symmetry (due to the appearence of delocalized electrons on
the Mn-centres), so that in the [Mn,0,4] cubane (Fig. 1b), Mn1 is
located on the Cj; axis, while the three manganese centers Mn2,
Mn3 and Mn4 are symmetry equivalent. However, when
considering the electronic structure of the one-electron-
oxidized species [Mn’*Mn;**], the crystallographic Cj,
symmetry® is lowered due to the presence of three Mn*" centers
and one Mn** center (which could correspond to any of the four
Mn positions). Furthermore, Mn®" (d*) ions in an octahedral
environment show Jahn-Teller (JT) distortions, with one of the
axes - the JT axis — elongated and the other two shortened. Such
JT distortions have previously been identified in the analogous

Chem. Sci., 2021, 12, 12918-12927 | 12921


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1sc03239a

Open Access Article. Published on 30 August 2021. Downloaded on 1/12/2026 1:53:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

Mechanism | - Mna3+0 —| 3- Mechanism Il
Ox-Lex-Ox ~\M 3% w/CHs Ox-Ox-Lex
Mn2° O\]\O
‘ \O———Mn14+>_
o | Y CHs
0
CHs
Ox|-e
o—Mna*o_ |2
’\M 34\9 w,CH3
Mn2° -O\]\O
| \o——Mn1“">,C
o) | Y Hs
0
LEx +2 H (0] i
- AcOH Ox
e, O—Mn4**-0 1
T e | | ety Yo
ana.‘.o ’I\o Mn24” o | ©
[ N 14 | \O__Mn14+>‘CH
] CH o} | Yo 3
HO\H 6»0 3 \,/O
H
CHs
-e LE)/ +2H,0
v O—Mn4**-0 1- - AcOH
~\M 399 WCH”
l\‘/lnz\“'(o ‘\O
o——Mn14*>,
H_O\H C\)\‘o CH3
H

Scheme 1 Schematic representation of the two proposed reaction
mechanisms (I and Il) involving oxidation (Ox) and ligand exchange
(LEx) of the catalyst. Chemical changes relative to the previous step are
highlighted in beige. Note that all calculations showed that the acetate
ligand dissociates as a protonated acetic acid molecule due to the
higher basicity of acetate compared with water. Thus, in both reactions
the calculations show that the acetate is replaced by a H,O and an OH
ligand.

S, oxidation state of the OEC,***” and in other related model
complexes.”®**¢ The JT distortion implies that for each possible
position of the Mn** ion, there are three possible JT axes, giving
rise to three different structures. Due to the symmetry equiva-
lence of Mn2, Mn3 and Mn4, we only have to consider locali-
zation of the Mn®" ion at the positions Mn1 or Mn2, resulting in
six possible structures (Fig. S6t). Accordingly, we performed
geometry optimizations based on the six possible locations of
the JT axes. In all cases, the geometries converged towards
a minimum where the Mn>" was localized at the Mn2 position,
and the JT axis pointed along the Mn-acetate bond (red axis in
Fig. 1b). This minimum energy structure was used hereafter.
However, identifying the preferred JT axis localization does not
yield any information on the acetate-to-water ligand exchange
step, which could still occur at any of the Mn centers. Accord-
ingly, in both mechanisms I and II, several ligand exchange
pathways need to be considered (depicted in Fig. 3 and labelled
(a)—~(e)). The resulting intermediates and transition states (TS),

12922 | Chem. Sci, 2021, 12, 12918-12927

View Article Online

Edge Article
Mechanism| Mechanismll
le o—mnato O —Mn4*"-0
/(;M+34\9 WCH;, ' M+34§9 w/c;H3
H,0: anﬂo\TO Mn24“-0\|\0
o—Mn1+0 ‘ \o———Mn1“’>,
la,b o Yo CHy o [Ro CH,

|
\“[;;/O i o lle

Ho0

Fig. 3 Possible water attack sites for the proposed ligand exchange
pathways in mechanism | (Ox—LEx—Ox) and mechanism Il (Ox—Ox-
LEx), labelled (a)-(e).

together with their associated Gibbs free energies (Table S27)
and spin assignments (Tables S3 and S4t), are shown in Fig. 4.

Both ligand exchange pathways Ia and Ib involve the
nucleophilic attack of the first water molecule at the Mn2
center, and the second water molecule at the Mn1 center. The
first step of pathway Ia (Fig. 4, green solid line) is the ligand
exchange of one oxygen donor of the acetate group by a water
molecule at Mn2*" (step 1a — 2a) with an activation barrier of
7.3 keal mol™" (TS1a/b). A sequential intramolecular electron
transfer (ET) from Mn2 to Mn1 takes place (2a — 3a), followed
by a proton transfer (PT) from the coordinated water molecule
to the acetate ligand (3a — 4a), resulting in the formation of
a Mn-OH group. This PT reaction is not water mediated (unlike
analogous PT reactions reported by Maksimchuk et al.*®®) as the
second water molecule does not actively participate in it. The
second acetate ligand exchange at Mn1** (4a — 5a) represents
the rate determining step of this path, with an activation Gibbs
free energy of 8.0 kcal mol™" (TS2a). Finally, an intramolecular
concerted electron-proton transfer (5a — 6a) gives rise to
a more stable product featuring one Mn-OH, and one Mn-OH
group, where the JT axis is again localized on the Mn2 atom.

The initial step of pathway Ib (Fig. 4, green dashed line) is
identical to pathway Ia (1b — 2b). However, the second ligand
exchange occurs at Mn1** (2b — 3b) via TS2b to give 3b, which
is identical to 6a. Although thermodynamically possible, this
pathway is kinetically unfavorable with an activation barrier of
26.7 keal mol ™" and is therefore disregarded.

Pathway Ic (Fig. 4, green dashed-dotted line) starts with the
nucleophilic attack of a water molecule at a Mn*" atom (either
the symmetry equivalent Mn3/Mn4 or Mn1). The attack on Mn3/
4 gives an activation barrier of 21 kcal mol " (1c — TS1c — 2c).
During the second ligand exchange, a proton is transferred
from a Mn-coordinated water molecule to the departing acetate
ligand, forming a Mn**~OH moiety. This step (2¢ — 3c) pres-
ents a prohibitively high activation barrier of 33.1 kcal mol ™"
(TS2c). An additional ligand exchange pathway initiated by
water attacking the Mn1 center has not been explored further as
no transition states for this pathway were found.

Pathways IId and Ile describe the ligand exchange within
mechanism II, ie., after the oxidation to [Mn,*] has taken
place. The first ligand exchange can either occur at Mn2*"
(pathway IId, Mn3 and Mn4 are symmetry equivalent to Mn2) or

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Comparison of experimental (full symbols) and theoretical
(empty symbols, linked by gray dashed lines) oxidation potentials for
the processes P1 to P5 (also see Fig. 2), depending on the water
content (0-5 vol%) of the SWV electrolyte.

at Mn1*" (pathway Ile). The first ligand exchange in pathway I1d
(1d — 2d) has a barrier of 20.3 kecal mol " (TS1d) and is thus the
rate limiting step. This step is followed by PT from the coordi-
nated water to the acetate ligand (2d — 3d), generating again an
OH group coordinated to Mn2. The second ligand exchange
occurs at Mn1 with an activation barrier of 19.8 kcal mol™"
(TS2d). The structures and energetics of pathway Ile are very
similar to those of pathway IId and thus are only shown in the
ESI (Fig. S7+).

Pathways Ia and Ib are the most thermodynamically favor-
able ones with a total reaction free energy of 0.3 kcal mol .
However, pathway Ib presents a very large energy barrier of
26.7 keal mol ™" in the process 2b— 3b via TS2b, in contrast to
the 8 kcal mol " of pathway Ia in the step 4a — 5a via TS2a. The
low barriers found only in pathway Ia appear to result from both
acetate ligand exchange steps taking place at the Mn®" centers,
mirroring behavior observed in the OEC.?® Furthermore, all
substitutions at Mn®" centers occur along their JT axis, so that it
is plausible to infer that the lower energy barriers evidenced for
these ligand substitutions are associated with the elongated
Mn*"-0 bond being easier to cleave, with respect to its shorter
Mn*"-O counterpart (see also Table S57).

The calculations thus suggest that ligand exchange in
mechanism I (Ox-LEx-Ox) is most likely to occur via pathway Ia.
Concerning mechanism II (Ox-Ox-LEx), pathways IId and Ile
have reaction free energies of 4.3 and 3.9 kcal mol ", respec-
tively, and are less favorable than pathways Ia and Ib, albeit still
thermodynamically feasible. However, their large activation
barriers (>20 kcal mol™') make them both kinetically unfavor-
able. Interestingly, all pathways investigated end in a species
with a water and an OH group as ligands.

Next, we used this detailed theoretical assessment to gain
further insight into the catalyst activation by correlating theo-
retically calculated redox potentials with the experimental SWV

12924 | Chem. Sci, 2021, 12, 12918-12927

View Article Online

Edge Article

data measured at different solvent water contents (Fig. 5, Table
S61). Since P1 can be unambiguously assigned to the
[Mn,**Mn,**] — [Mn**Mn,*'] oxidation, the value of the redox
potential obtained theoretically provides an estimate of the
errors involved. Based on three calculated MeCN : H,O ratios,
the mean error in P1 is 0.09 V, which shows good agreement
between theory and experiment and is in line with the litera-
ture.”*” In addition, the shift of the experimental redox-
potential to more positive values (80 mV when going from
0 vol% to 5 vol% water content, Fig. 5, black dots) is qualita-
tively reproduced by theory, where a shift of 20 mV (between
0 vol% and 5 vol% water content) is calculated (Fig. 5, gray
dashed line).

The experimental P2 signal (1.45 V at 0 vol% water content)
can then be assigned to the [Mn*"Mn;*"] — [Mn,*'] transition,
as acetate-to-water ligand exchange cannot occur under water-
free conditions. Comparison with the theoretical potential
calculated in mechanism II (Ox-Ox-LEx, 1.34 V) gives a good
agreement (mean error: 0.1 V). In the presence of water, the Ox-
LEx-Ox mechanism I becomes possible, and our redox calcu-
lations predict that the [Mn**Mn;*"] — [Mn;*"] oxidation
following the most favorable pathway Ia in mechanism I
(Scheme 1) will occur at a potential of 1.22 V. This is in line with
the appearance of the new oxidation peak P4 (1.25 V, mean error
0.03 V) in the presence of water (Fig. 5). To gain further insights
into the correlation between peaks P2 and P4, variable-
frequency SWV analyses were used. This method (in analogy
to scan rate variation in CV) allows frequency-dependent study
of the kinetics of electron transfer processes, while retaining the
advantages of SWV over CV. Variation of the SWV frequency
between 5 and 50 Hz showed that with increasing frequency
(analogous to higher scan rate in CV), process P2 is partially
recovered (ESI, Fig. S41). This is in line with the interpretation
that at higher SWV frequencies, the oxidation step to [Mn,*']
(ESI, Fig. S3,1 step 2a) can now compete with the acetate-to-
water ligand exchange (ESI, Fig. S3,} step 2b). Note that this
suggestion is also in agreement with our initial hypothesis that
under the given electrochemical conditions, ligand exchange
occurs only after the [Mn,*"Mn,*"] — [Mn*"Mn;"**] oxidation.
This is also supported by IR-spectroscopic data described earlier
(Fig. 2a) and will in the future be studied by in situ spectro-
electrochemistry. Finally, the experimentally observed redox
peaks P3 and P5 are at this point assigned to intermediate,
electrode-surface-adsorbed species (ESI, Fig. S51), which will be
analyzed in more detail in a follow-up study.

In summary, these data support the hypothesis that mech-
anism I is most favorable at the given experimental conditions
following these steps: (i) [Mn,**Mn,*"] — [Mn**Mn;*"] oxida-
tion, (ii) acetate for water ligand exchange and deprotonation of
one water ligand, according to pathway Ia, and (iii) [Mn®*"Mn;*']
— [Mn,*'] oxidation, i.e. Ox-LEx-Ox.

Conclusions

This work presents theoretical and experimental insights into
the redox and ligand exchange processes of the initial activation
steps of the molecular manganese vanadium oxide water

© 2021 The Author(s). Published by the Royal Society of Chemistry
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oxidation catalyst [Mn,V,0;,(AcO;)]*". Extensive DFT calcula-
tions were used to model redox properties and the ligand
exchange pathways of the catalyst prior to entering the water
oxidation cycle. We demonstrate that the currently most plau-
sible activation mechanism involves a one-electron oxidation of
the catalyst [Mn,**Mn,**] — [Mn**Mn;*"], followed by acetate-
to-water ligand exchange and a second one-electron oxidation
from [Mn**Mn;*'] to [Mn,*"]. The ligand exchange pathways
investigated show that the kinetically most favorable pathway is
characterized by two nucleophilic attacks of water molecules
along the Jahn-Teller axis of Mn®" centers. Theory predicts that
the oxidized species [Mn,V,0,,(0Ac),(H,0)(OH)]|  features one
H,0 and one OH ligand, as a result of deprotonation of one
water ligand and proton transfer to the leaving acetate group
during the ligand exchange. The final products derived from the
proposed mechanism allowed us to calculate redox potentials
that are in excellent agreement with electrochemical measure-
ments carried out at various solvent compositions, supporting
our speciation assignment. This study therefore offers
a comprehensive understanding of the complex interplay
between electronic structure, redox chemistry, and acid-base
ligand exchange in molecular metal-oxide water oxidation
catalysts. Further, we provide a blueprint for how experimental
electrochemistry and IR spectroscopy together with theoretical
calculations can be utilized to explore complex mechanisms in
multi-electron catalytic systems. We expect similar studies to
guide the design of advanced mixed metal oxide water oxidation
catalysts. Future work will focus on studying the speciation of
the catalyst at higher oxidation states as a starting point for the
water oxidation cycle.
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