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Abstract

Artificial photosynthesis is seen as a key technology for the transition from fossil
to renewable energy sources, and its application to the production of green hy-
drogen is an area of ongoing research. While hydrogen can be synthesized from
water through straightforward electrolytic water splitting, the substantial over-
potential required to drive this process makes it economically infeasible due to
the typically high cost of electrical power. Therefore, catalysts able to reduce the
overpotential of the water splitting reaction are of interest both from an economic
as well as an ecological point of view.

Water splitting is a redox reaction consisting of two half-reactions, water oxi-
dation and hydrogen evolution. Of the two, water oxidation is considered to be
the thermodynamically more challenging. In recent years, catalyst development
efforts in the field of water oxidation have increasingly focused on polyoxomet-
alate clusters. These molecular catalysts offer both high stability and reactivity;
furthermore, they are able to act as models for complex biomolecular systems as
well as solid metal oxide surface catalysts, allowing researchers to gain crucial
insights into the workings of various types of catalytic systems.

The goal of this PhD thesis is to understand in the greatest possible mecha-
nistic detail the catalytic cycle of [MnyV4013(0ACc)3]?~, a promising bioinspired
polyoxometalate catalyst, in order to better comprehend what drives its high re-
activity and generate design ideas for improved catalysts. To this end, I have
carried out theoretical simulations of this catalyst covering its large variety of
oxidation states and ligand configurations using density functional theory. To-
gether with crucial experimental work carried out by research collaborators at
Ulm University as well as complementary calculations carried out by my col-
leagues here in Vienna, these simulations have allowed me to propose for the
tirst time a complete model of the catalytic cycle of [MnyV4015(0Ac)3]?~, includ-
ing key elements such as O-O bond formation, catalyst regeneration, and pos-
sible degradation pathways. I have further found that Jahn-Teller effects play a
central role in determining the reactivity and stability of [MnyV4015(0ACc); P,
suggesting their intentional inclusion in the design of future catalysts could lead
to further improvements in performance.



Zusammenfassung

Kiinstliche Photosynthese gilt als Schliisseltechnologie fiir den Umstieg von fos-
silen auf erneuerbare Energiequellen, und ihre Anwendung auf die Synthese
von griinem Wasserstoff wird laufend erforscht. Zwar kann Wasserstoff mittels
direkter elektrolytischer Wasserspaltung aus Wasser synthetisiert werden, doch
bendtigt dieser Prozess eine erhebliche Uberspannung, die ihn aufgrund hoher
Strompreise in den meisten Fillen unwirtschaftlich macht. Aus diesem Grunde
sind Katalysatoren, die die Uberspannung der Wasserspaltungsreaktion verrin-
gen konnen, sowohl von 6konomischem als auch von 6kologischem Interesse.

Die Wasserspaltung ist eine Redoxreaktion, die aus zwei Halbreaktionen
besteht: Wasseroxidation und Wasserstoffevolution. Von den beiden Hal-
breaktionen gilt die Wasseroxidation als thermodynamisch anspruchsvoller. In
den letzten Jahren haben sich Bemiihungen zur Entwicklung von Wasserspal-
tungskatalysatoren zunehmend auf Polyoxometalatcluster konzentriert. Diese
molekularen Katalysatoren zeichen sich durch hohe Stabilitdt und Reaktivitit
aus. Des Weiteren dienen Polyoxometalate als Modellsysteme fiir biomoleku-
lare wie auch Metalloxid-Feststoffkatalysatoren, mit deren Hilfe Erkentnisse zu
verschiedensten Arten von Katalysatoren gewonnen werden kénnen.

Das Ziel meiner Dissertation ist, den Katalysezyklus von [MnyV4015(0ACc)3]2—,
einem vielversprechenden Polyoxometalatkatalysator, in grofstmoglichem mech-
anistischem Detail zu verstehen, um nachvollziehen zu konnen, woraus sich die
hohe Reaktivitdt dieses Katalysators speist, und so neue Motive fiir den Entwurf
verbesserter Katalysatoren zu schaffen. Zu diesem Zwecke habe ich mithilfe der
Dichtefunktionaltheorie theoretische Simulationen dieses Katalysators durch-
gefiihrt, die die gesamte Bandbreite seiner Oxidationszustinde und Ligan-
denkonfigurationen abbilden. Gemeinsam mit experimentellen Arbeiten, die von
Kooperationspartner:innen an der Universitdt Ulm ausgefiihrt wurden, sowie
komplementdren Rechnungen meiner Kolleg:innen hier in Wien haben diese
Simulationen es mir erlaubt, erstmals ein vollstindiges Modell des Katalysezyk-
lus von [MnsV4013(0Ac);]?~ vorzuschlagen - inklusive wichtiger Details wie
der Bildung der O-O Briickenbindung, der Regeneration des Katalysators sowie
moglicher Zerfallsmechanismen. Des Weiteren habe ich entdeckt, dass Jahn-
Teller-Effekte eine zentrale Rolle fiir Reaktivitdt und Stabilitdt dieses Katalysators
spielen. Das wiederum legt nahe, dass die bewusste Einbindung solcher Effekte
beim Entwurf neuer Katalysatoren sich positiv auf deren Leistungspotential
auswirken konnte.
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Chapter 1

Introduction

Many of the greatest problems facing humanity today are directly or indirectly
caused by our overreliance on fossil fuels. [1] Being our primary energy carrier,
fluctuations in their price and availability, whether for political or economic rea-
sons, can result in dramatic upheaval in affected communities. [2] At the same
time, climate change caused by the release of anthropogenic CO, into the atmo-
sphere is continuously threatening the homes and lives of millions through flood-
ing, heat waves, and other forms of extreme weather. [3] In an effort to curtail CO,
output, great leaps have been made in switching to renewable energy sources for
electricity generation, such as wind and solar power, in recent years. [3] While
this approach is effective in targeting the greatest producer of anthropogenic CO,,
the energy sector, [4] it is somewhat limiting in that renewable energies can only
be effectively utilized wherever the electricity grid reaches, either through direct
cable connection or by portable batteries. Renewables are also famously depen-
dent on circumstances outside of the human sphere of influence, such as weather
and the time of day, which can result in fluctuations in the availability of electric-
ity generation capacity. Thus, to enable the storage as well as ease transportation
and distribution of renewable energy, a chemical energy carrier is required. [5, 6]

1.1 Water Splitting

Hydrogen is a prime candidate for the role of a sustainable chemical energy car-
rier. [6] It can be produced through electrolysis of water, which is far more widely
available than fossil fuels. Burning hydrogen produces water vapor, whereas al-
ternatives such as methane gas or organic alcohols produce CO,. Unfortunately,
the electrolysis of water is an extremely energy-intensive process that requires
huge quantities of electricity. [6] Much research has therefore been devoted to re-
ducing the energetic cost of hydrogen production through the use of catalysts. [7]
These come in a variety of flavors and overlapping categories: electrocatalysts
are intended to improve the efficiency of electrolysis itself, while photocatalysts
attempt to emulate the natural process of photosynthesis, using sunlight to pro-
duce H; directly. [7, 8] Heterogeneous catalysts such as IrO, [9] are solid mate-
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CHAPTER 1. INTRODUCTION

rials that catalyze water splitting at their surface, generally thought to be most
useful for industrial-scale applications. Meanwhile, homogeneous catalysts such
as the so-called blue dimer, [(bpy)zRu(HZO)(y—O)(HZO)Ru(bpy)2]4+, [10, 11, 12]
are molecular systems that are dissolved in the catalytic solution they act upon.
These are generally viewed as development models for laboratory-scale research,
although recent years have seen increasing efforts to utilize molecular catalysts at
larger scale by binding them to various surfaces (e.g. functionalized polymers),
combining their high tunability and activity with the stability and scalability of
heterogeneous catalysts. [7, 13, 14]

Formally, the water splitting reaction that forms the basis of hydrogen pro-
duction is a redox reaction

2H,O — O, +2H, (1.1)

that consists of two half reactions

2H,O — Oy +4H' +4e” (1.2)

4H " +4e —2H, (1.3)

termed water oxidation and hydrogen evolution, respectively. Of the two,
the water oxidation reaction is considered the thermodynamically more challeng-
ing one, as it consists of four sequential single-electron oxidations. [7] In nature,
water oxidation is carried out as part of the photosynthetic cycle by the oxygen-
evolving complex (OEC), the active center of the protein Photosystem II. [8] While
the exact mechanism of water oxidation at the OEC is still being debated, it has
been established that the Mn centers attain the oxidation states Mn®** and Mn**
during the reaction. [15, 16, 17, 18] Especially in the field of photocatalytic water
splitting, the highly efficient OEC has inspired many attempts to develop similar
synthetic water oxidation catalysts.

1.2 Water Oxidation Catalysis

The OEC has an Mn3CaO, cubane core, with a fourth Mn center dangling off to
the side. [19] However, as the exact structure of the OEC was not fully uncovered
until 2015 [19], the type of biomimetic design mentioned above has only been
developed during recent years. Early synthetic water oxidation catalysts such as
the aforementioned blue dimer utilized just one or two active metal centers. These
metal centers had to undergo multiple oxidation state changes and attain high,
often unstable oxidation states in order to catalyze the four single-electron oxida-
tions that comprise water oxidation. This has in turn generated much research in-
terest in multicenter catalysts with four active metal centers, each of which would
have to undergo just a single oxidation state change during water oxidation catal-
ysis. In particular, catalysts with M4O4 cubane cores (similar but not identical in
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1.3. A BIOMIMETIC POLYOXOMETALATE CATALYST

structure to the OEC) have been shown to be able to flexibly redistribute elec-
trons between metal centers, thereby fulfilling this design goal. [20, 21, 22] Co4O4
and Mn4Oy catalysts especially have been intensively studied, with a variety of
reaction mechanisms being proposed. [23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34]

Furthermore, many homogeneous water oxidation catalysts are plagued by
low stability under oxidative conditions. This issue can be addressed in a num-
ber of ways, such as binding them permanently to a solid electrode surface. [13]
However, this can lead to loss of activity in some catalysts, and generally makes
these systems harder to investigate in detail. In recent years, water oxidation
catalysts with polyoxometalate (POM) ligands have been investigated by several
groups. [35, 36, 37, 38, 39, 40, 41, 42, 43, 28, 44, 45] The large, stable POM ligands
can serve to stabilize otherwise-volatile molecular catalysts; furthermore, cata-
lysts incorporating such ligands can be seen as model systems for heterogeneous
catalysts, making it easier to study their reaction mechanisms in detail.

As is exemplified above, issues that were identified with early water oxidation
catalysts have led to the development of a core set of design criteria for water
oxidation catalysts: [7, 46]

1. Most fundamentally, they must be capable of catalyzing the water oxidation
reaction from a structural point of view, having at least one (and preferably
four) active metal center(s) able to bind an H,O molecule, which can then
react to form O,.

2. They should catalyze water oxidation at the lowest possible overpotential
by appropriately stabilizing intermediates and transition states along the
reaction pathway. [7, 47, 48]

3. They must demonstrate sufficient stability under oxidative conditions to
catalyze a high number of turnovers. [7, 49]

4. They should contain only earth-abundant elements; particularly for the cat-
alytically active metal centers, this can be a challenge. [49]

5. The activity of any synthetic catalyst is measured against that of the OEC;
the ultimate goal of catalyst design is to attain or even surpass that high
threshold. [24, 29]

1.3 A Biomimetic Polyoxometalate Catalyst

One catalyst that apparently fulfills most of (if not all) the design criteria listed
above is [MnsV4013(OAc)3]®~ (abbreviated herein as Mn4V4, see tigure 1.1).
Combining an Mn4O4 cubane core with a multidentate POM ligand, Mn4V4
boasts high activity and stability (turnover frequency greater than 200 min~!,
turnover number greater than 12000). [51, 52] Due to its structure that incorpo-

rates biological as well as inorganic design elements, it is a useful model system
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CHAPTER 1. INTRODUCTION

Figure 1.1: The structure of the [Mn4V,013(0ACc)3]?~ catalyst as synthesized, il-
lustrated as a ball-and-stick model with color legend (left) and as a ChemDraw
structure (right). Adapted from [50].

both for studying the OEC as well as industrially relevant heterogeneous Mn
oxide catalysts, in addition to being a promising homogeneous catalyst in its
own right. Though the activity and stability of Mn4V4 have been verified in
experiment, purely experimental approaches are limited in the level of mecha-
nistic insight that can be obtained through their use - not just in Mn4V4, but in
catalysis in general. In particular, studying short-lived and transient species that
are intermittently formed as part of the catalytic cycle is extremely challenging.
To isolate such species requires advanced experimental techniques (e.g. spectro-
electrochemistry [53]) that allow the user to essentially halt the catalytic reaction
and probe it in discrete steps. Here, theoretical approaches such as the ones
utilized in this work can offer new perspectives through their ability to model
the elemental steps that make up a catalytic cycle.

A first attempt to leverage theoretical methods in the study of Mn4V4 was our
combined study of precatalyst activation, which is described in section 3.1. In the
course of this investigation, it became clear that Jahn-Teller (JT) effects play an
important role in influencing the reactivity of Mn4V4. JT effects are present in d*
metal ions such as Mn®* and result from a favorable splitting of the d-orbitals (see
figure 1.2). In an octahedral coordination environment, this leads to one bond axis
being weakened, with the bonds along that axis being longer than usual, while
the other two bond axes are strengthened, with correspondingly shorter bonds. If
the bonds along two bond axes bind different ligands, two non-symmetry equiv-
alent isomers result from the two possible orientations of the main JT-distorted
axis; these are termed JT isomers. [54]

In Mn4V4 as in other tetramanganese catalysts such as the OEC, the presence
of up to four Mn>" centers as well as the variability of the ligand configuration
can result in a large number of JT isomers, adding to the complexity of structure
elucidation in those systems. [56, 57, 58, 59, 60, 61, 62, 63] Furthermore, the afore-
mentioned flexibility of cubane catalysts with regard to the localization of elec-
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1.3. A BIOMIMETIC POLYOXOMETALATE CATALYST

T
e T

P+ 44

Figure 1.2: All bonds of an Mn** atom in octahedral coordination are of equal
length due to the degeneracy of the metal center’s d orbitals (left). The addition of
a single electron (i.e. reduction to Mn3*) leads to further splitting of the d orbitals
(right), resulting in a more stable configuration overall. However, this orbital
splitting also causes bonds along one bond axis (marked in red) to be lengthened,
making them weaker; the other bonds, meanwhile, are slightly shortened and
therefore stronger. This form of structural distortion is termed the Jahn-Teller
effect. Adapted from [55].

trons between the four metal centers also results in so-called redox isomerism at
mixed oxidation states. Redox isomers are structures that differ in their formal
assignment of oxidation states to the individual, non-symmetry equivalent Mn
centers. Extensive computational sampling of redox and JT isomers and com-
parison to X-ray diffraction (XRD) experiments had already been leveraged by
Krewald et al. to gain insight into the structure of the OEC across its multiple
oxidation states. [64] Furthermore, JT effects have been previously identified as
playing a crucial role in facilitating the water oxidation activity of certain Mn-
oxo polymorphs; only those with Mn>* centers at their surface were shown to be
active catalysts, which was explained by Robinson et al. as being due to the pres-
ence of JT effects at these active surfaces.[65, 66, 67] Finally, Drosou et al. showed
in 2021 that populating one of two distinct JT isomers of the OEC at one oxi-
dation state can lead to two different oxidation products, which are themselves
redox isomers. [68]

Against this background of increased interest in JT effects in Mn-containing
water oxidation catalysts, closer scrutiny of JT effects in Mn4V4 was to be re-
quired in order to fully understand its catalytic cycle. Spurred on by the success
of the brute-force sampling approach used in our initial investigation of catalyst
activation, Mai et al. carried out two studies [53, 69] in which they attempted to
sample a large number of isomers of Mn4V4. In the course of that work, they
were able to identify a correlation between catalyst oxidation state and infrared
peak shifts that could be reproduced in experiment; rationalize a previously un-
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CHAPTER 1. INTRODUCTION

explained interatomic interaction that had been observed in the XRD structure of
Mn4V4; and (most crucially for my own work) develop an effective workflow for
sampling catalyst isomers. Finally, Mai et al. proposed heuristic rules for the rela-
tive stability of Mn4V4 isomers, which I was able to leverage to increase sampling
efficiency in my study of catalyst regeneration. [69]

My own work focused on the catalytic cycle of Mn4V4. In the absence of ex-
perimental evidence, again a large number of structures bearing different ligand
configurations needed to be sampled. Two different types of cycles were con-
sidered based on known mechanisms from literature, differentiated by how O-O
bond formation is achieved: In water nucleophilic attack (WNA), an H,O or OH
attacks a terminal oxo or oxyl group bound to a catalyst metal center. [70, 71, 23]
Herein, the attacking molecule can come from the solvent, or alternatively the
attack can be carried out intramolecularly by a ligand already bound to the cat-
alyst. By contrast, in direct coupling (DC), two terminal oxo or oxyl groups re-
act with one another directly to form a peroxo bridge. [26, 71, 23] This can be
achieved by such ligands if they are bound to two neighboring metal centers,
such as those found on each face of a cubane catalyst, or it can occur where two
catalyst molecules react with one another to form a dimer. Many sub-variations
of these two general types of mechanisms have been described, [71, 23] and both
have been proposed as feasible water oxidation mechanisms for the OEC, [15, 16,
17, 18] though the DC mechanism is now generally preferred.

1.4 Thesis Goals and Structure

My research focused on developing a feasible model of the catalytic cycle of
Mn4V4, starting with the initial steps of a WNA-type mechanism. [55] With this
work complete, I turned to the regeneration half of the WNA cycle, while also
investigating catalyst degradation and regeneration in an alternative DC-type cy-
cle. [50]. Overall, the goal of this thesis project is to gain mechanistic insight into
the reactivity and stability of Mn4V4 using theoretical methods in order to enable
the rational design of improved catalysts.

In the following, I will discuss some of the methodological aspects of this
work and how my approach to studying Mn4V4 evolved over the course of my
investigation. I will then shortly summarize my most important results, starting
with catalyst activation, then moving on to WNA-style water oxidation, and end-
ing with regeneration and degradation. The papers corresponding to these three
studies, which go into much greater detail, are reprinted in appendix A. Finally,
I will attempt to draw overall conclusions from what I have learned throughout
the course of my research, focusing on the multiple roles played by JT effects in
determining reactivity and stability in homogeneous water oxidation catalysis.
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Chapter 2
Methods

Throughout the course of my research project, I had the opportunity to use a va-
riety of theoretical methods, some of which had to be adapted in some ways in
order to study water oxidation catalysis. In the following, I want to give a brief
overview of how the methods and approaches I utilized evolved over the course
of the project. First, it is necessary to briefly discuss the thermodynamics of water
oxidation, both in a general sense and in how they pertain to certain aspects of the
calculations carried out herein: the practical accuracy of theoretical mechanistic
proposals, how solvent effects were accounted for, and what energy corrections
were applied to ensure comparability between diverse reaction pathways. The
following section will give a brief overview of the most important points; for a
more detailed discussion, the reader is directed to the excellent reviews of Dau
et al. and Betley et al. referenced herein. [7, 46] Second, I will discuss how the
large variety of catalyst structures studied throughout this thesis was handled.
A particular nomenclature of ligand configurations and JT and redox isomers of
Mn4V4 was adopted early on and continuously refined as more and more struc-
tures came under investigation. This nomenclature is shortly presented here and
used consistently throughout the present thesis, with the exception of the first
two papers [54, 55], which utilized earlier iterations of the same system. I will
also describe how the structural sampling-based approach to studying catalysis
I utilized to develop the proposed catalytic cycle came about and why I chose
it over other methods. Finally, one other method for studying reactions in an
exploratory manner that I tested during the course of my research, the ab initio
nanoreactor, is described and compared to the more traditional approach pre-
ferred herein.

2.1 The Thermodynamics of Water Oxidation

The water oxidation reaction consists of four sequential single-electron oxida-
tions. An ideal catalyst would stabilize the intermediates of these four reactions
such that they are equidistant in energy; thus, the potential required to reach each
intermediate step would be identical, and the potential required to drive the over-
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Figure 2.1: The thermodynamic limit of water oxidation (black, dashed) over-
come by the ideal catalyst (purple, dashed) and two proposed pathways of a
real catalyst (blue, dashed and solid). While the ideal catalyst overcomes the
thermodynamic limit in four steps of equal potential, the real catalyst pathways
both deviate significantly from this behavior: In both, the largest and therefore
potential-determining step is from 1 to 2a or 2b, respectively. As 2b is more stable
than 2a, the pathway featuring 2b (solid blue line) results in a lower thermody-
namic overpotential. Adapted from [55].

all reaction would be minimal. [7] Given that the reaction free energy of the over-
all reaction is 4.56 eV when computed using B3LYP [42] (4.92 eV in experiment),
this value is effectively the thermodynamic limit of water oxidation, as no catalyst
can achieve the reaction at a lower reaction free energy. Rather, theoretical pro-
posals of water oxidation catalytic cycles must have an overall reaction energy
greater than this limit in order to demonstrate they are at least thermodynami-
cally feasible. [41] An ideal catalyst would therefore overcome this limit in four
equal steps of 1.14 eV each, and any overpotential required beyond that would be
entirely kinetic in origin. Real catalysts cannot achieve such an ideal stabilization
of reaction intermediates due to inherent scaling relationships that exist between
these intermediates, [7] resulting in one of the four reaction steps being associ-
ated with the largest potential, thus being termed the potential-determining step
(see figure 2.1). [7] The difference between the potential-determining step of the
real catalyst AG L% and the fixed step size of the ideal catalyst AGjgeq is termed
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the thermodynamic overpotential of water oxidation,

11 = AGmaX — AGideal/ (21)

real

and minimizing this thermodynamic overpotential is considered an important
target in catalyst design. [47]

2.1.1 Practical Accuracy

Early in the course of the present thesis project, a number of reduction potentials
AE?e 4 were computed [54] according to

AG,
ABpg = —— 2% — Ei (22)
wherein AGY,; is the reaction free energy of the reduction reaction, n is the
number of electrons transferred (n = 1 for single-electron reactions), F is Fara-
day’s constant, and Eglbesc is the absolute reduction potential of the electrode in
use. In order to obtain the greatest possible accuracy when comparing theoret-
ically computed and experimentally measured potentials, several different den-
sity functional theory (DFT) functionals were tested, with B3LYP [72, 73] produc-
ing the results closest to the experimental values. It is for this reason that B3LYP
was used throughout all mechanistic calculations. Furthermore, in these initial
reduction potential calculations, the broken symmetry formalism was employed
to determine the spin ground state of each investigated structure and thereby ob-
tain yet more accurate energies. Similar to what has been previously noted in
literature, [74] the energy difference between the most stable broken symmetry
and high spin solutions was found to be less than 0.1 eV in all investigated con-
tigurations of the Mn4V4 catalyst. The broken symmetry formalism was therefore
not used in any of the theoretical mechanistic calculations, as such small energy
differences would not significantly affect the conclusions of these studies and
would greatly increase computational costs due to the number of spin configura-
tions that would need to be sampled for each catalyst structure of interest.
Conversely, while double-{ basis sets such as def2-SVP [75] are considered
sufficient to obtain optimized catalyst geometries and thermal corrections, it was
found that the energy ordering of JT and redox isomers is not consistent between
using double-{- and triple-(-derived electronic energies. [55] Triple--derived
electronic energies were used throughout to ensure maximum practical accuracy.
Thus, the absolute Gibbs free energy of a given structure i is defined as

wherein AE7y(i) is the electronic energy of species i computed using a triple-¢
basis set, AH(i) is the thermal correction of the enthalpy derived from frequency
calculations carried out using a double-{ basis set, T = 298.15 K, and AS(i) is
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the thermal correction to the entropy, also derived from frequency calculations
carried out using a double-{ basis set.

2.1.2 Solvent Effects

As the stability and activity of the Mn4V4 catalyst depends strongly on the com-
position of the reaction mixture, it was necessary to account for solvent effects
in the simulations. Due to the extremely high computational costs associated
with explicit solvation and the large number of structures that needed to be in-
vestigated, it was decided to instead employ implicit solvation, specifically the
conductor-like polarized continuum model. [76] To account for the varying sol-
vent compositions used in experiments particularly during the study of catalyst
activation, the solvent model parameters of acetonitrile (ACN), which in all cases
comprises the largest proportion of the solvent mixture, were combined with cus-
tom dielectric constant values computed as

Emix = q)(HZO)e(HZO) + (P(ACN)S(ACN)/ (2'4)

wherein ¢(i) is the volumetric fraction of solvent i and &(i7) is the dielectric
constant of pure solvent i.

2.1.3 Energy Corrections

Energetic comparison between catalyst structures of varying ligand configura-
tions necessitated the calculation of the absolute energies of H,O and O, carried
out at the same level of theory as the catalyst structures themselves. Further-
more, free energies for reactions that include proton transfers to solution had to
be corrected for the energy of the abstracted H™. As the energy of H cannot
be computed in the same way as that of an HyO ligand, the formalism used by
Van Voorhis et al., [70] a derivation of the so-called Nerskov method, was em-
ployed. [47] Therein, the energy value assigned to one abstracted H™ is the stan-
dard free energy of a proton in solution. To account for the non-uniform solvent
composition of the catalytic solution, the correction to the Gibbs energy for one
abstracted H™ in the solvent mixture was defined as the weighted average of the
standard free energy of a proton in ACN and H,O,

AGH' = o(H,0)AGH, (H,0) + 9(ACN)AGH  (ACN), (2.5)

corr solv solv

giving a value of AGH ' =11.1090 eV fora single proton. [77] Thus, the Gibbs
free energy of a given structure i relative to a reference structure j was computed

as

AGrz, (i) = (AGrz(i) — nAGL — g+ AGE L) — AGrz(j), (2.6)

wherein AGrz(i) is the absolute Gibbs free energy of structure i (see equa-
tion 2.3), nr, is the number of ligands L present in species i but not species j,
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AGry, is the absolute Gibbs free energy of ligand L, n+ is the number of protons
transferred to solution to form species i from species j, AGH is the correction
to the Gibbs energy for one abstracted HT (see equation 2.5), and AGrz(j) is the
absolute Gibbs free energy of reference structure ;.

2.2 Catalyst Structures

The Mn4V4 catalyst is synthesized in a precatalytic form (see figure 2.2a) consist-
ing of an MnsO4 cubane core that is surrounded on three sides by a hexadentate
V4043 ligand and one acetate ligand each on the remaining sides. [51] The reac-
tive Mn centers achieve two oxidation states throughout the catalytic cycle: Mn>*
and Mn**. On one face of the cubane core, an acetate ligand is replaced during
catalyst activation by an H,O and an OH ligand. [54] This lowers the symmetry
of the idealized catalyst from C3, to C;. To differentiate between the various ox-
idation states, ligand configurations, and isomers of the catalyst, I developed a
system of nomenclature throughout the course of the present thesis project, re-
sulting in the following form: [50]

2.2.1 Nomenclature

The most important atoms to participate in catalytic reactions are labeled as fol-
lows (see figure 2.2b):

* MnA is the apical Mn atom that in the precatalyst faces away from the vana-
date ligand, binding to all three acetate ligands.

* MnB is its cofacial neighbor on the active face of the catalyst, binding an OH
ligand in the activated species.

* MnC and MnD are (ideally) symmetry-equivalent Mn centers on the cubane
face opposite from the active face.

¢ The cubane O atoms are labeled O1 through O4, with O1 being the apical O
atom diagonally opposite MnA and closest to the bulk of the vanadate lig-

and, and each O atom in turn being diagonally opposite its corresponding
Mn center: O2 to MnB, O3 to MnC, and O4 to MnD.

¢ O5is the O atom of ligands binding to MnB on the active face of the catalyst,
and O6 is the O atom of ligands binding to MnA on the active face of the
catalyst.
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Figure 2.2: a) Full ChemDraw structure of the Mn4V4 precatalyst. b) Abbrevi-
ated ChemDraw structure of the precatalyst with Mn centers labeled A-D and O
atoms labeled 1-6. The accompanying text box contains a descriptor representing
the oxidation state of the cubane core, Mng+ Mn‘zH, and the ligand configuration,
a bidentate acetate ligand. c) Abbreviated ChemDraw structures and descriptors
representing three ligand configurations, with ligands colored blue. d) Abbrevi-
ated ChemDraw structures and descriptors representing three specific JT isomers.
Mn3* centers and their JT axes are colored red and represented in the descriptor
by letter codes corresponding to the JT axis orientation. Adapted from [50].
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The oxidation states of the catalyst accessed throughout the proposed cycle
are referred to by abbreviation of the formal charges of the Mn centers:

* 3333 represents an Ml’li+ configuration of the cubane core,

3334 represents an Mng*Mn‘LJr configuration of the cubane core,

3344 represents an MnngMn‘zpr configuration of the cubane core,

3444 represents an Mn3+Mn§Jr configuration of the cubane core, and

4444 represents an Mnjlpr configuration of the cubane core.

Simultaneously, the ligand configuration at the active face of the cubane core is
represented (taking the precatalyst as an example) as 3344-OAc, wherein a biden-
tate acetate ligand is bound to MnB and MnA, the Mn centers of the catalyst’s
active face (see figure 2.2b). Thus, as shown in figure 2.2c the activated species
would be 4444-OH-H;0, with an OH ligand bound to MnB and an H,O ligand
bound to the apical MnA; the deactivated species would be 3333-0-0, with each -0
representing an open coordination site; and the hypothesized activated species of
the iDC cycle would be 4444-0O-O, wherein a terminal oxo ligand each is bound
to MnB and MnA, respectively.

To further differentiate between specific redox and JT isomers where relevant,
the representation of the oxidation state is rendered more precisely to yield the
localization of formal charges at the individual Mn centers ABCD and simulta-
neously give the orientation of the main JT axis at each Mn3* center (x, y, or z).
Thus, as shown in figure 2.2d the most stable isomer of the precatalyst would be
4z4x-OAC, representing a JT axis in z-direction at MnB3* and a further JT axis
in x-direction at MnD>*, while the most stable isomer of the deactivated species
would be zzzz-0-0, with JT axes in z-direction at all four Mn3* centers. Cata-
lyst structures at the 4444 oxidation state are unaffected by this, as they do not
possess JT axes. Finally, structures bearing distortions that are sufficiently strong
to be considered potentially degraded are marked with an asterisk (*), e.g. the
O4-protonated degraded structure xzzx-o-H,O* (again, see figure 2.2d).

2.2.2 Structural Sampling

While the presence of JT effects across most of the Mn4V4 catalyst’s oxidation
states was recognized early in its development, their importance to catalytic re-
activity was only realized in the course of investigating catalyst activation. [54]
Certain ligand exchange pathways featured noticeably lower kinetic barriers than
others, and these were associated with new ligands attacking at Mn3* centers.
Analyzing the orientation of the JT axes at those centers, the reason for the lower
barriers became clear: new ligands were able to attack along the JT-distorted bond
axis, with the longer and therefore weaker bond to the old ligand breaking more
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easily than would have been possible at an Mn>* center. This discovery strongly
influenced further research into the reactivity of Mn4V4, as it became clear that
JT effects could play a number of roles in determining the catalyst’s structure and
reactivity. Previous studies of the OEC by Krewald et al. had already made use
of extensive sampling of JT and redox isomers to interpret XRD structures of the
OEC; [64] similar work was later carried out by Mai et al. on Mn4V4. [69] While
the discovery of the direct influence of JT effects on the kinetics of catalytic pro-
cesses on Mn4V4 was a first in homogeneous catalysis, the same connection had
already been postulated in heterogeneous Mn-oxo surface catalysts some years
before. [65] Finally, Drosou et al. have found that in the OEC, the population
of different JT isomers in the S1 could even determine which one out of two ox-
idation pathways leading to distinct products in the S2 would be favored. [68]
Against this background of increasing interest in JT effects in water oxidation
catalysis, an approach to studying catalytic reactivity that accounted for the large
variety of accessible JT and redox isomers was required.

In Mn4V4, such an approach was inspired by the earlier work of Krewald
et al. [64] and first utilized in studying catalyst activation. The basic workflow
is illustrated exemplarily in figure 2.3: from a starting geometry with the de-
sired ligand configuration and no JT distortions (4444-OAc), six isomers of the
3444 state are sampled by first performing preoptimizations constrained to pro-
duce catalyst geometries corresponding to each of the sampling targets (marked
with t). Subsequent unconstrained optimizations of the six unrelaxed structures
then converge to the same stable minimum on the potential energy surface (PES)
(4z44-OAc). Finally, desired properties such as AGtz (see equation 2.3) are ob-
tained from further single point and frequency calculations.

This approach was essentially followed and expanded upon in all further the-
oretical work carried out on Mn4V4. While the requisite calculations could be
easily set up by hand and carried out individually on such a limited scale, parts
of this workflow needed to be streamlined in order to sample especially the lower
oxidation states that feature more than one JT axis. Mai et al. systematically stud-
ied all redox and JT isomers of the precatalyst, using a standard file framework
in ORCA that allowed easy setup of preoptimizations and optimizations by man-
ually adapting a master input file. [69] Working on this basis, I automated the
workflow to better suit the requirements of larger-scale mechanistic studies. By
employing a series of python and bash scripts, I was able to automate the setup
of whole arrays of calculations at all stages as well as the analysis of the resulting
geometries and other molecular properties, making the large-scale sampling of
redox and JT isomers of Mn4V4 far more tractable. However, sampling all pos-
sible isomers across multiple ligand configurations still wastes substantial com-
putational resources, as many sampling target structures converge to the same
minimum.

To address this issue and reduce the expenditure of computational resources
on calculations unlikely to contribute useful results to the overall investigation, I
decided to limit sampling to only the most stable isomers of each ligand configu-
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Figure 2.3: Catalyst structural sampling workflow: From a single starting geom-
etry without JT distortions, six distinct unrelaxed (marked as 1) sampling target
structures are obtained through constrained preoptimizations; unconstrained op-
timizations of these six structures converge to a single stable minimum; desired
properties of the final optimized structure such as AGtz are obtained through
turther single point and frequency calculations.

ration and oxidation state. To this end, I employed the heuristic rules derived by
Mai et al. for the relative stability of redox and JT isomers of Mn4V4. [69] These
heuristics allow the prediction of relative energies for all isomers of a given oxi-
dation state; by only targeting those isomers predicted by heuristics to be within
a certain threshold of the most stable isomer for a given oxidation state, I was
able to further limit the computational costs of structural sampling.

While this largely automated workflow ended up saving a lot of time in set-
ting up and analyzing calculations, it still comes with a number of drawbacks.
Even when using the heuristics to select sampling targets, many of the calcula-
tions end up being redundant, as only some of the isomers predicted by heuristics
to be most energetically favorable correspond to stable minima on the PES - thus,
many of the unconstrained optimizations still produce virtually identical geome-
tries. Furthermore, the workflow as described here with its particular inputs and
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scripts is only useful under very specific conditions - essentially water oxidation
catalysts with an MnyO4 cubane core that can access oxidation states featuring
Mn3* centers. An alternative approach that automatically samples the potential
energy surface of any given catalyst in an exploratory manner would be much
more generally useful - in this vein, I attempted to use the ab-initio nanoreactor in
my investigations of Mn4V4, as will be described in the following section.

2.3 Exploring Catalysis: the ab initio Nanoreactor

The ab initio nanoreactor is a method for exploring the ground state potential
energy surface of a molecular system based on Born-Oppenheimer molecular dy-
namics. [78, 79] It employs three tools to increase the simulation speed as well as
the likelihood of rare events occurring during a simulation:

1. The ab initio nanoreactor is implemented in TeraChem, [80, 81, 82, 83] a
quantum chemistry package that leverages graphical processing units to
speed up calculations.

2. Nanoreactor simulations are run at high temperature in order to supply
sufficient thermal energy to easily overcome reaction barriers.

3. A so-called virtual piston, a periodically contracting spherical potential, is
employed to increase the likelihood of collisions between reactive compo-
nents of the simulated system.

In practice, the nanoreactor simulations form part of a larger workflow: Once
a nanoreactor trajectory has been obtained, reactive trajectory segments must be
tirst identified and then refined using e.g. nudged elastic band (NEB) calcula-
tions. Thus, reaction pathways of both previously known and unknown reactions
can be characterized without requiring any initial information on their reactants,
intermediates, transition states, or products - even an unoptimized starting ge-
ometry is in principle sufficient. As the method’s authors point out, while the
nanoreactor method is applicable to any system that can be simulated in Tera-
Chem, a certain amount of parameter optimization is needed if useful results
are to be obtained. The temperature must be chosen such that non-covalent in-
teractions are rapidly broken while covalent bonds are largely preserved. Also,
the composition of the simulated system requires some thought: explicit solvent
molecules may be required if reactions of interest involve solvent interactions, as
is the case in proton transfer reactions. [78, 79]

Iinitially attempted to leverage the nanoreactor to investigate the catalytic cy-
cle of Mn4V4. In this, I quickly found that the open-ended, exploratory nature
of the nanoreactor makes it less suitable to studying individual reactions of inter-
est, as the likelihood of any particular reaction occurring within the simulation
time is still quite low when using this form of non-directed dynamics. I therefore
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attempted to utilize the nanoreactor for an exploratory study of catalyst degra-
dation pathways, using a variety of reactive intermediates spanning all relevant
oxidation states of the catalyst as starting geometries.

In this, I was first hampered by the virtual piston - a spherical potential that
encourages centripetal movement of small molecules is not best suited to enhance
the quasi-centrifugal forces that operate in the degradation of a large molecular
catalyst. Nevertheless, after much parameter optimization, some structures were
obtained that looked promising enough to prompt further investigation. How-
ever, in attempting to optimize them, I encountered a more substantial problem:
The commercial release of TeraChem is somewhat limited in its electronic struc-
ture modeling of transition metals, eschewing the use of f orbitals for effective
core potentials, exclusively. This produced structures with highly unrealistic spin
populations that could not be reproduced or otherwise optimized in other quan-
tum chemistry software.

Faced with these insurmountable issues, I elected to focus instead on more im-
mediately promising avenues of research. While an exploration-based approach
to studying transition metal catalysts would surely be welcomed by many theo-
retical chemists working in this field, the nanoreactor in its current form would
require significant additional development in general as well as some degree of
adaptation to the types of problems most studied in catalysis. This, in turn, would
render the resulting method less generally useful, calling into question whether
such method development is truly constructive at this point in time.

Ultimately, the nanoreactor is not best-suited to studying catalysts on a con-
ceptual level - it excels at untethered exploration of the chemical space of a single
reactive system, enabling the discovery of reactions no one has even considered
before. [78] However, in studying individual catalysts, the focus lies much more
on characterizing very specific reaction pathways in depth, rendering more tra-
ditional approaches that focus on sampling a multitude of structures along those
pathways attractive.

Expanding the scope of catalytic investigations to entire families of related
structures, recent methods developed specifically for the study of catalysis such
as augmented volcano plots focus instead on a data-driven approach. [48, 59, 84,
85, 86] By leveraging statistical analysis and machine learning-based approaches,
linear scaling relationships between certain catalyst properties and catalytic ac-
tivity can be derived from available theoretical and experimental data. In this
way, many different catalysts are screened in silico, allowing the user to identify
promising candidates for further experimental study and understand important
structure-property relationships.
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Chapter 3

Results and Discussion

This thesis project is made up of three main studies. Each of these studies corre-
sponds to a paper that is reprinted in appendix A. The first study concerns the
activation of the precatalyst Mn4V4 to its activated form and is reprinted in sec-
tion A.1. The second study concerns the mechanism of water oxidation in Mn4V4
and is reprinted in section A.2. The third and final study concerns catalyst regen-
eration, degradation, and a hypothesized alternative catalytic mechanism; it is
reprinted in section A.3. In the following, each of the studies that make up the
present thesis are shortly presented, and their most important results are summa-
rized; for a more detailed presentation, the reader is referred to the paper reprints.

3.1 Catalyst Activation

The first study that forms part of this thesis concerns the activation of the Mn4V4
catalyst. [54] It had been observed in previous experiments that the precatalytic
species 3344-OAc must undergo a lengthy induction period of about 3 minutes
under photocatalytic conditions before water oxidation can be observed; further-
more, two oxidation processes had been observed before water oxidation onset
under electrocatalytic conditions. [51] Therefore, it appeared that these two oxi-
dations along with the binding of water ligands are the necessary steps involved
in transforming the inactive precatalyst into an activated species able to enter
the water oxidation cycle. A combined theoretical and experimental study of the
mechanism of catalyst activation was consequently launched.

The aims of this study were threefold: First, to characterize oxidative pro-
cesses observed at potentials less positive than the onset of electrocatalytic wa-
ter oxidation. Secondly, to model the mechanism of ligand exchange involved in
binding water ligands to the catalyst. And thirdly, to determine the identity of the
activated species as well as the preferred order of oxidation and ligand exchange
steps that leads to its formation. To this end, infrared spectroscopy and square
wave voltammetry experiments were carried out along with mechanistic DFT
calculations and simulations of redox processes employing broken symmetry. It
was hoped that, by combining these diverse approaches, additional insight be-
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Figure 3.1: Reduction potentials of experimentally observed redox processes P1-
P5 (full symbols) and theoretically computed reduction potentials corresponding
to P1, P2, and P4, respectively (empty symbols linked by dashed lines) versus
water content in percentage of solvent volume. Adapted from [54].

yond the results of the individual experiments and calculations could be gained.
In the following, the most important results of this study will be summarized.
Starting with purely experimental results (see figure 3.1, full symbols), the
square wave voltammogram of the precatalyst in dry ACN shows two oxida-
tions, labeled P1 and P2; in the absence of water, these can be unambiguously
assigned as P1: 3344-OAc — 3444-OAc and P2: 3444-OAc — 4444-OAc (corre-
sponding to the black and red oxidation arrows in figure 3.2, respectively). Upon
addition of water, water oxidation onset is observed at potentials more positive
than P2, suggesting an activated species of oxidation state 4444. Infrared experi-
ments confirm that the precatalyst is stable in ACN solutions containing up to 5%
H>O on the timescale of the electrocatalytic experiments, indicating that neither
ligand exchange nor degradation reactions play any significant role at the 3344
oxidation state. Meanwhile, adding water to the reaction solution causes new ox-
idative processes P3, P4, and P5 to appear on the square wave voltammogram of
the precatalyst between the potentials of P1 and P2. The appearance of these pro-

36



3.1. CATALYST ACTIVATION

O—Mn*
Mn**-[O
AN
‘\O’__'\'/In4+
(@)
Oo—Mn3* o—Mn** Ox \//O LEx "
.\M+4+\-o i AN CHa OTMMQ%O
Mn3*-1O { O)_(' Mn3*-10 ' ‘1
e g PO
O l O ' _ 4+ O—‘MI’IJ'
o N9 TS Wh#so o &
CH, CHy "‘ H
LEX Mn3+..o\ OX
C‘)\ __’_I\I/In4+
H™>H 0.

Figure 3.2: Investigated oxidation (Ox) and ligand exchange (LEx) processes (ar-
rows in colors corresponding to appropriate reduction potentials in figure 3.1) as
well as intermediate structures involved in these processes. Structural changes
resulting from each reaction step are highlighted in orange. Two possible se-
quences of reaction steps were investigated: Ox-Ox-LEx (top pathway) and Ox-
LEx-Ox (bottom pathway). Adapted from [54].

cesses is accompanied by a significant decrease in the current of P2, showing that
they compete in some way with the 3444-OAc — 4444-OAc oxidation. The most
straightforward interpretation of these competing processes is that they involve
some form of ligand exchange.

To better understand the nature of the hypothesized ligand exchange pro-
cesses, DFT mechanistic calculations' were employed to model several possi-
ble pathways corresponding to two ligand exchange reactions: (I) 3444-OAC
— 3444-OH-H,0 and (II) 4444-OAC — 4444-OH-H,0 (green and red lig-
and exchange arrows in figure 3.2, respectively). It should be noted at this point
that, while it was initially assumed that ligand exchange would produce a cata-
lyst species bearing two H,O ligands, the calculations showed that the preferred
products of both investigated ligand reactions (I and II) feature one H,O and one
OH ligand. Five pathways were modeled in detail, and all but one were found to
be associated with kinetic barriers of more than 20 kcal/mol. The one exception
is pathway Ia (see figure 3.3, in black), where the first H,O-for-acetate ligand ex-
change takes place at a Mn3* center and is associated with a low barrier of just 7.3
kcal/mol. Rather counterintuitively, an electron is then transferred from the Mn
center binding the new H,O ligand to the cofacial Mn center binding the depart-
ing, now-monodentate acetate ligand. This allows the second H,O-for-acetate
ligand exchange to also take place at a Mn®* center, yielding another low barrier

These calculations were carried out by G. Cardenas.
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Figure 3.3: Overlapping ligand exchange pathways la (black) and Ib (grey) with
structures of intermediates and transition states. In each structure, the location
of the Mn3" center and the orientation of its main JT axis are highlighted in red.
Adapted from [54].

of only 8.0 kcal/mol. Without this crucial step, the barrier for the second ligand
exchange step would be significantly higher (see pathway Ib, grey in figure 3.3).
The wandering electron is then transferred back to its original Mn center, and
along with a series of proton transfers, this yields the ligand-exchanged species
3444-OH-H,O.

Upon closer inspection, I found that the reason for the unusually low barriers
in ligand exchange pathway la was that in both cases, the water molecule was
able to attack along the JT bond axis of a Mn3t center, utilizing the weaker, dis-
torted bond to hasten the kinetics of ligand exchange. Having now modeled the
3444-OAC, 3444-OH-H;0, 4444-OAc, and 4444-OH-H, 0O species, we were able
to compute highly accurate theoretical redox potentials? for processes P1 and P2,
as well as a new process, 3444-OH-H,O0 —; 4444-OH-H;0, which could then be
assigned to the experimental P4 (see empty symbols in figure 3.1). Based on these
results, the thermodynamically and kinetically most favorable activation path-
way for the precatalyst 3344-OAC was determined to consist of three key steps:
1. 3344-OAc — 3444-OAc oxidation (P1); 2. 3444-OAC — 3444-OH-H,0 lig-

2These calculations were carried out by D. Hernandez-Castillo and L. Schwiedrzik.
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and exchange according to pathway Ia; and 3. 3444-OH-H,O0 — 4444-OH-H,O
oxidation (P4) (the lower pathway in figure 3.2). Formally, the reaction leading to
the formation of the activated species from the precatalyst can be described as

[MH4V4013 (OAC)3]3_ +2H,O — [MH4V4013 (OAC)2 (HQO) (OH)]_ + AcOH + 2¢”

(3.1)
The activated species was determined to be 4444-OH-H,0. The experimental
processes P3 and P5 could not be characterized, but were hypothesized to in-
volve intermediate, electrode surface-adsorbed species and not play a major role
in the activation of the catalyst.

This initial study of how the Mn4V4 catalyst is activated contributed to my
overall research project in a number of ways. Firstly, the identity of the activated
species was established, defining a clear point of departure for future mechanis-
tic studies of the catalytic cycle of Mn4V4. Secondly, it was demonstrated that
theoretical calculations could contribute significantly to better understanding the
reactivity of Mn4V4. The catalyst had previously been studied using purely ex-
perimental methods, and it was only through the combination of theory and ex-
periment that the full mechanism of catalyst activation could be uncovered. Fi-
nally and most unexpectedly, the unique role played by JT distortions in lowering
the kinetic barriers of ligand exchange reactions first pointed toward the impor-
tance of JT effects for the reactivity of Mn4V4, a research topic that was to greatly
increase in importance during my subsequent investigations of Mn4V4.

3.2 Water Oxidation

The second study presented in this thesis investigates the mechanism of water
oxidation catalyzed by Mn4V4. [55] Having previously identified the activated
species that enters the catalytic cycle as 4444-OH-H;O, this structure was chosen
as the starting point for the following mechanistic investigations. The presence
of cofacial HyO and OH ligands in the activated species led us to focus on study-
ing multicenter mechanisms of catalysis that involved at least these two ligands
and the metal centers binding them in some fashion. As no experimental insight
into the speciation of the catalyst beyond the activated species was available, our
purely theoretical study design had to account for a large number of variables in
terms of catalyst reactivity. We therefore investigated a variety of diverse path-
ways and compared them with one another in order to find the most favorable
mechanism of water oxidation.

This study had three main goals: Firstly, to determine the relative stability of
catalyst intermediates that could be involved in water oxidation catalysis. Sec-
ondly, to predict the most likely mechanism of O-O bond formation. And thirdly,
to elucidate the role of redox and JT isomerism in the catalytic cycle of Mn4V4.
To achieve these goals, we carried out mechanistic DFT calculations in a multi-
step sampling approach described above, as well as NEB simulations of some
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Figure 3.4: Four possible pathways for water oxidation, with PCET steps marked
by blue arrows and ET steps marked by green arrows. Intermediates are labeled
1-6, and their relative energy is given in eV. In each intermediate structure, Mn**
centers are highlighted in magenta, while Mn>* and their main JT axes are high-
lighted in red. Adapted from [55].

individual reaction steps. Ultimately, we aimed to gain greater insight into the
reactivity of Mn4V4 in order to identify areas in which the design of the cata-
lyst could be improved (e.g. by lowering the thermodynamic overpotential) and
ways in which such improvements could be achieved (e.g. by favoring certain
redox and JT isomers). In the following, the most important results of our work
will be summarized.

From 4444-OH-H;0, water oxidation formally involves four single-electron
oxidations and three deprotonations; as is typically done in literature, we as-
sumed these are coupled, though the exact order of steps - 3 proton-coupled
electron transfers (PCET) and 1 electron transfer (ET) - was initially unknown,
resulting in 4 possible pathways. Both proton acceptors and oxidizing agents
are readily available in the catalytic reaction mixture, leading us to consider two
types of oxidation steps: intermolecular oxidation would involve just the water
ligands and an oxidizer in solution (i.e. [Ru(bpy)s;]*"), leaving the catalyst proper
to play the role of a supporting scaffold. Alternatively, intramolecular oxidation
would consist of electron transfers from the water ligands to the Mn** centers
of the catalyst, which would in that reaction play the role of redox equivalent
storage, much as the Mn centers in the OEC are known to do. Considering both
inter- and intramolecular oxidation for each oxidation step resulted in a total of
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Figure 3.5: Detailed reaction diagram for the iWNA-type O-O bond formation
reaction observed in Mn4V4. Note the transfer of an electron from the OH ligand
to the Mn** center binding it, an example of intramolecular oxidation yielding
Mn3*. The reactant structure corresponds to a deprotonated 2b, while the prod-
uct is 2a (see figure 3.4). In each intermediate and transition state structure, the
Mn3* centers and their main JT axes are highlighted in red; meanwhile, the at-
tacking OH ligand is highlighted in blue. Adapted from [55].

64 pathways to be characterized.

The initial focus of the study was to optimize® just one structure per inter-
mediate involved in the various pathways we were investigating, as the energy
differences between the intermediates involved in the oxidation and deprotona-
tion steps of water oxidation are known to be much larger than the energy dif-
ferences between conformers or redox/]T isomers of the catalyst. This approach
resulted in a number of key insights, namely that not all orders of the 3 PCET
and 1 ET steps were feasible; that intramolecular oxidation was heavily favored
thermodynamically over intermolecular oxidation; and that the mechanism of O-
O bond formation most likely involved a nucleophilic attack of an OH ligand on
a neighboring terminal oxyl radical (termed iWNA). Next, I decided to expand
the sampling to include a number of ligand conformers as well as redox and JT
isomers for every intermediate previously modeled.

This expanded sampling approach resulted in four possible pathways for wa-
ter oxidation (see figure 3.4), which can be quickly narrowed down to one ther-

3These initial calculations were carried out by V. Brieskorn under the supervision of L.
Schwiedrzik. All further calculations were carried out by L. Schwiedrzik.
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modynamically most favorable one (1, 2b, 3b, 4b-I, 5, 6) when considering the
resulting thermodynamic overpotentials, specifically 0.71 V for the most favor-
able pathway. Further investigation of the O-O bond formation and O, evolution
steps reveals additional roles played by JT and redox isomerism in the water ox-
idation cycle: In O; evolution, JT axes are involved in lowering the barrier to
Mn-O bond cleavage in a manner similar to that already observed during cat-
alyst activation. In O-O bond formation (see figure 3.5), NEB simulations and
subsequent optimization of stationary points showed that O-O bond formation
is preceded by deprotonation and then a redox isomerization; finally, the O-O
bond formation step is a concerted reaction consisting of homolytic Mn-OH bond
cleavage, homolytic O-OH bond formation, and the emergence of a new JT axis
at the Mn®*" center thus newly created. The resulting most favorable pathway
of water oxidation on Mn4V4 consists of the following steps: PCET, O-O bond
formation by iWNA-type nucleophilic attack of an OH ligand on a neighboring
terminal oxyl, another PCET, intramolecular ET, another PCET, and finally O,
evolution. Formally, the water oxidation reaction at Mn4V4 can be described as

[MnyV4013(0AC), (H,O) (OH)|” — [MngV4043(0Ac),]* + 0, +3HT  (3.2)

Our study of how Mn4V4 catalyzes water oxidation made several major contri-
butions to the research project overall. Firstly, a feasible mechanism of water
oxidation in Mn4V4 was proposed for the first time on the basis of a purely the-
oretical investigation. Secondly, I was able to model the O-O bond formation
process in great detail, gaining for the first time key insights into this unusual
type of multicenter, intramolecular water attack. Thirdly, I was able to expand
on my previous discovery of the importance of redox and JT isomerism in the
reactivity of the catalyst, establishing their role in the catalytic cycle proper. And
finally, I was able to rationalize the high catalytic activity of Mn4V4 observed in
experiment as being due to a combination of low thermodynamic overpotential
and relatively low kinetic barriers thanks to the involvement of JT distortions. As
the catalyst is left at its lowest oxidation state with two open coordination sites
(3333-0-0, see also structure 6 in figure 3.4) at the end of the proposed mecha-
nism, the next step was to close the catalytic cycle and, if possible, explain the
somewhat lacking stability of Mn4V4 under catalytic conditions.

3.3 Regeneration and Degradation

The final study that contributes to this thesis attempts to complete the proposed
theoretical model of the catalytic reactivity of Mn4V4. [50] The deactivated cata-
lyst species 3333-0-0 that results from the proposed water oxidation mechanism
is formally separated by four metal-centered oxidation steps, the binding of two
new water ligands, and a deprotonation from the activated species able to restart
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the water oxidation cycle, 4444-OH-H,0. The overall regeneration reaction can
be represented as

[MnyV4013(0AC),]* + 2H,0 — [MnyV4013(0AC),(Ho0) (OH)|” + H + 4e”

(3.3)
In the absence of experimental evidence, it fell to theory to elucidate the mech-
anism of catalyst regeneration. At the same time, the proposed cycle involving
an iWNA-style mechanism of water oxidation is not the only possible pathway
along which water oxidation could be achieved - alternatives might prove to be
more favorable. Finally, a marked decrease in activity over time had been ob-
served in photocatalytic experiments, explained by colloid formation via electro-
static aggregation of the anionic catalyst with the cationic photosensitizer. Un-
derstanding how this and other degradation processes occur would enable the
design of improved catalysts that avoid such deactivation pathways.

Our study thus aimed to answer a number of interconnected questions: How
is the activated species 4444-OH-H,0 regenerated from the deactivated species
3333-0-0 formed after O, evolution? Is an alternative form of O-O bond forma-
tion, involving the direct coupling of two terminal oxo groups (iDC), feasible in
Mn4V4? Can theory explain why and how the activity of the catalyst decreases
over time? And finally, what is the role played by JT distortions in all this? To
answer all these questions, a large scale in silico sampling effort* was undertaken,
which together with further NEB simulations unearthed a number of surprising
results; the most important of these are summarized in the following.

To study the processes of catalyst regeneration that connect 3333-0-0 to 4444-
OH-H,O0, a network of intermediates covering all oxidation states 3333 through
4444 and ligand configurations, including having two open coordination sites,
one H>O or OH ligand bound to either MnA or MnB, and the OH-H,O config-
uration of the activated species, was drawn up (see figure 3.6). Furthermore,
two sets of intermediates connecting 3333-0-0 via 3333-OH-H,O to 4444-0-0, a
species hypothesized to play a central role in an alternative iDC-type mechanism,
were also investigated. To limit the computational cost of these extensive calcula-
tions, the heuristic rules describing the relative stability of redox and JT isomers
developed by Mai et al. [69] were operationalized to predict which isomers of
each oxidation state are likely to be the most stable ones; only those under an
energy threshold of 12 kcal/mol were targeted for sampling using the multistage
approach already employed in our study of the water oxidation mechanism of
Mn4V4 (see section 2.2.2). In this way, 159 stable minima covering the entire net-
work of intermediates of interest were obtained.

In the absence of experimental evidence concerning at which oxidation state
the binding of new water ligands might occur, I decided to limit the characteriza-
tion of possible regeneration pathways to the purely thermodynamic perspective.

4Part of these calculations was carried out by T. Rajkovic under the supervision of L.
Schwiedrzik, with the rest carried out by L. Schwiedrzik
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Figure 3.6: The investigated network of intermediates, with each row correspond-
ing to one redox state of the cubane core and each column to one ligand config-
uration (for reference, see figure 2.2). For each type of intermediate, the most
stable isomer obtained from sampling is represented by a text box containing
its JT configuration, relative energy, and Boltzmann population at 298.15 K. The
initial reactant and final product structures of regeneration are highlighted in
gold; intermediates with populations greater than 5% are in white, while unpop-
ulated intermediates are shaded in grey. Formal oxidation steps are represented
by black arrows, while formal ligand exchange steps are represented by blue ar-
rows. Adapted from [50].

From this, one can judge which intermediates are most stable at each oxidation
state - a pathway consisting of these intermediates would result in the lowest
thermodynamic overpotential of regeneration, even if they are almost certainly
not the only intermediates formed during catalyst regeneration in vitro. I thus
uncovered that the first H,O ligand is bound to Mn4V4 during the first of four
oxidation steps, and the second H,O ligand is bound and deprotonated during
the final oxidation step (see gold and white boxes in figure 3.6). The redox poten-
tial of the final oxidation step was found to be comparable to the experimental
potential obtained for the 3444-OH-H;O to 4444-OH-H;O step of catalyst activa-
tion. The alternative iDC-type pathway studied herein was found to be thermo-
dynamically infeasible.
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Figure 3.7: NEB simulations of two degradation processes, with initial and final
structures as well as energy profiles. On the left (NEB 3), cubane opening and
protonation of O4 by the neighboring ligand can be observed. On the right (NEB
4), an HyO ligand is dissociated from its Mn center, remaining loosely bound to
the complex via H-bond. Mn>* centers and their main JT axes are highlighted
in red, while ligands at the active face of the catalyst are highlighted in blue.
Adapted from [50].

An analysis of bond length distributions across the obtained minima yielded
some unexpected results. The vanadate ligand appears to be far more chem-
ically active than previously thought, being able to accommodate JT axes and
even interact directly with the apical O atom of the cubane core at lower oxida-
tion states. Furthermore, a number of structures bearing unusually large inter-
atomic distances along JT-distorted bonds were identified and studied in greater
detail, as these could represent intermediates of potential catalyst degradation
processes.

Two types of catalyst degradation processes were identified: cubane opening
and ligand dissociation. NEB calculations were then used to approximate the
kinetics of these processes, showing that all examples studied herein are asso-
ciated with low barriers - hardly a surprising result, as the bond openings in
these degradation processes appear to universally occur along pre-existing JT
axes. Several of these apparent degradation processes were found to be fully
reversible, showing that while the abundance of JT axes at lower oxidation states
opens up many forms of unexpected side reactions for the Mn4V4 catalyst, not
all of these need be detrimental to its activity or ability to be regenerated (see for
example NEB 4 in figure 3.7).

One unique degradation product (xzzx-o-H,O*, see NEB 3 in figure 3.7) was
found that features a partially open, protonated y-oxo bridge. The opening of
u-oxo bridges could feasibly interrupt the free exchange of electrons within the
cubane core of the catalyst, potentially decreasing its activity. As this degradation
product is also significantly more stable than the deactivated species 3333-0-0, its

45



CHAPTER 3. RESULTS AND DISCUSSION

formation could represent an irreversible degradation of the catalyst, leading to
rapid loss of activity. However, a low kinetic barrier for this process was found
only when starting from a reactant complex already binding an H,O ligand, a
thermodynamically quite unstable structure. As Mn4V4 is known to catalyze a
significant number of turnovers in experiment, one can safely assume that the
kinetic barrier to the formation of xzzx-0o-H,O* by direct solvent attack on the
catalyst must be quite high. Nevertheless, this y-oxo-protonated structure offers
a first glimpse at how loss of activity could occur in Mn4V4 over time and should
be studied in greater detail in future work.

This final study of catalyst regeneration and degradation serves to complete
a number of avenues of investigation begun during the course of my research.
I was able to complete the proposed iWNA-type catalytic cycle centering on the
activated species 4444-OH-H,0, showing how that species can be regenerated
from the deactivated 3333-0-0. Furthermore, one alternative type of catalytic cy-
cle that features a species with two terminal oxo ligands, 4444-O-0O, was studied;
such an intermediate would be required in order to achieve O-O bond formation
according to the iDC type of mechanism, but was found to be highly unstable. As
a byproduct of our extensive sampling, I was able to serendipitously identify a
number of partially degraded species and study the processes of their formation,
shedding some light on how the catalyst might decrease in activity over time.
And finally, I was able to uncover another role played by JT effects in the reactiv-
ity of Mn4V4: In addition to facilitating ligand exchange and O-O bond formation
steps, JT distortions can weaken key bonds in the catalyst, possibly leading to its
eventual degradation. These results serve to underline the importance of a cat-
alyst design concept that has been known in heterogeneous catalysis for some
time: JT effects are key to increasing the catalytic activity of d* metal centers.
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Conclusion

The overall goal of this research project was to gain mechanistic insight into the
reactivity and stability of Mn4V4 in order to enable the design of an improved
catalyst. To this end, a theoretical approach using static DFT calculations and
NEB simulations was taken, resulting in three papers that were covered in the
previous chapters. In summary, I propose a feasible catalytic cycle for Mn4V4
that is comprised of three parts: first, activation, where the precatalyst is oxi-
dized and exchanges one of its ligands with water, enabling entry into the water
oxidation cycle proper. [54] Second, in the initial half of that cycle, a series of cou-
pled deprotonations and intramolecular electron transfers lead to the formation
of an O-O bond by way of nucleophilic attack of an OH ligand on a neighboring
terminal oxyl radical; [55] from this, O, is then formed, leaving all Mn centers
of the catalyst at their lowest oxidation state. Third, catalyst regeneration com-
mences, consisting of the binding of new water ligands and renewed oxidation
of the four Mn centers. [50] This entire process is illustrated in figure 4.1.

Within the proposed catalytic cycle, I found that JT effects play several promi-
nent roles. They weaken key metal-ligand bonds during catalyst activation, open-
ing up a low-barrier pathway for ligand exchange. JT and redox isomerizations
are also crucial to enabling the formation of the O-O bond during water oxida-
tion as well as the eventual evolution of O; from the complex. Finally, JT axes can
lower the barriers for a variety of degradation processes discovered during the
study of catalyst regeneration, showing they not only influence the water oxida-
tion activity of Mn4V4, but also its stability.

In terms of catalyst design, this thesis demonstrates the (theoretical) feasibil-
ity of several key design concepts already noted elsewhere, such as the ability of
cubane-core catalysts to flexibly redistribute electrons between their metal cen-
ters, reducing the need to achieve high oxidation states during water oxidation
catalysis. [20, 21, 22] Furthermore, the POM ligand of Mn4V4 does seem to serve
as a form of stabilizer to the catalyst, as it is not involved in any of the discovered
degradation mechanisms and generally appears to disfavor JT effects. [51, 69]

47



CHAPTER 4. CONCLUSION

AN o/ O—Mn®* . =
o~ o Activation
o) v \’ Mn—|O
\ / Oé)iMnTO cH l\O—l\/ln
PN N
o \O/\Mn"o\’ OI x 0}
cL\O’N;n’o;( e " 2H,0
2
\CH/O e AcOH
3 S
O\ l\‘/In\
| y—o
Mrﬁ -0, ’
/(‘) O*I\/{n
H
H O
e l
O—Mn
N
’ Mq‘—\o
O—™M +H.0 n(m\—‘-o ’
—Nin
‘\M"}*\O /H/O Oiw‘nH\O\_Mn\
MO ’ H* H O ‘ Mn—0
\O—Mn ’Y'rﬁ O ‘
| O. O—Mn
/O\ \H |
H™ H oL,
-e
-H*
S 3+
T Catalyst o) A
D 3+)
N atalys xygen Sl
NN H = Mn—|O. ‘
“o—n Regeneration Evolution LS
N\,
H/O\H (|)
H
-e'
O—Mn
’\Mn\@o O\—Mn
M0
Mn®*0. .
\O—\Mn3+ e -H Mn3“'0
— Mn3 -0 [N _\ 3+
C‘) O\ Mn 2 0. O—Mn
H” H ‘ M 3\O / @\b
+ R0 Mn*O N
\Oi\MnCH

Figure 4.1: The full proposed catalytic cycle of Mn4V4, consisting of activation
of the precatalyst (top), water oxidation (right half of cycle), and catalyst regen-
eration (left half of cycle). The Mn4V4 catalyst is represented as an abbreviated
ChemDraw structure; for reference, the full ChemDraw structure of the precata-

lyst 3344-OAc is shown in the top left insert. See also figure 2.2.

Finally, the present work proposes one design paradigm that is (to the best
of my knowledge) new to the field of homogeneous catalysis, though already
known in heterogeneous catalysis [65, 66, 67]: d* ions can be utilized to lower
key barriers during water oxidation catalysis through JT effects. As JT effects
depend on both the metal center and the ligand environment, one could imagine
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that these effects could be fine-tuned to favor reaction steps that facilitate catalysis
while avoiding those that lead to catalyst degradation.

Future work on the effective utilization of JT effects could focus on clarify-
ing their role in the catalytic cycle of the natural OEC, as has already been be-
gun by Drosou et al. [68] However, perhaps greater immediate benefit could be
gained from applying the lessons learned here to the design of multicomponent,
polymer-based systems for water splitting. In such systems, the binding of a
cubane core featuring d* ions could be achieved by way of a stable POM, while
the other faces of the cubane would be highly catalytically active due to the pres-
ence of favorable JT effects.

Finally, data-driven approaches to catalyst design by way of in-silico screen-
ing of potential catalyst structures for desirable qualities have been gaining pop-
ularity in recent years. [48, 59, 84, 85, 86] I would propose that the presence of
(multiple) d* ions is such a desirable quality in water oxidation (and probably
other types of) catalysts. This is not the only example of structural flexibility be-
ing shown to be crucial to the high activity of a water oxidation catalyst, [21] but
it is perhaps the most accessible form thereof, as JT effects can be easily detected
in a given system by monitoring of formal oxidation states through Mulliken spin
densities as well as relative bond lengths. It is my hope that, by using these and
other new insights gained into the functionality of water oxidation and hydrogen
evolution catalysts in recent years, the affordable production of green hydrogen
using nothing but water and sunlight can become a reality in the near future.
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Appendix A

Paper Reprints

Reprints of the publications that contribute to the present thesis are listed in this
appendix. The paper discussing catalyst activation is found in Appendix A.1.
The paper covering the mechanism of water oxidation is found in Appendix A.2.
Finally, the paper on catalyst regeneration, degradation, and an alternative water
oxidation mechanism is found in Appendix A.3.
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Activation by oxidation and ligand exchange in
a molecular manganese vanadium oxide water
oxidation catalyst+
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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 [Mn,V40:7(OAc)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 [Mny,>*Mn,**] to
IMn**Mnz**], acetate-to-water ligand exchange, and a second one-electron oxidation from [Mn**Mnz**]
to IMn,**]. 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 [Mn4V4017(OAc)>(H,O)(OH)]~ featuring one H,O
and one OH ligand. Redox potentials based on the computed intermediates are in excellent agreement
with electrochemical measurements at various solvent compositions. This intricate interplay between
redox chemistry and ligand exchange controls the formation of the catalytically active species. These
results provide key reactivity information essential to further study bio-inspired molecular WOCs and

rsc.li/chemical-science

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

“Institute of Theoretical Chemistry, University of Vienna, Wdihringer Str. 17, 1090
Vienna, Austria. E-mail: leticia.gonzalez@univie.ac.at

*Chemistry Department, Universidad Autonoma de Madrid, Calle Francisco Tomds y
Valiente, 7, 28049 Madrid, Spain

“Institute of Inorganic Chemistry I, Ulm University, Albert-Einstein-Allee 11, 89081,
Ulm, Germany. E-mail: carsten.streb@uni-ulm.de

“Institute of Analytical and Bioanalytical Chemistry, Ulm University, Albert-Einstein-
Allee 11, 89081 Ulm, Germany

Vienna Research Platform on Accelerating Reaction Discovery, University of Vienna,
Wiihringer Str. 17, 1090 Vienna, Austria

JIADCHEM, Institute for Advanced Research in Chemistry, Universidad Autonoma de
Madrid, Madrid, Spain

+ Electronic supplementary information (ESI) available: Electrochemical,
spectroscopic and theoretical data. See DOI: 10.1039/d1sc03239a

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

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,Oy] using POM ligands, as this approach limits
the oxidation state changes required per metal site during water
oxidation.*"**?¢

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(0AC)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 [Mn4V4O0:(-
OAc)s]®~. Conditions: f = 25 Hz, Egyy = 25 mV, Estep = 2 mV water-free
MeCN containing 0.1 M nBu4NPF¢ as electrolyte, working electrode:
glassy carbon; counter-electrode Pt wire, reference electrode: Ag/
AgCl (3.5 M KCl).

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,40,,(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,-
047(AcO);] (32 mg, 2 mM) was added to the solution and stirred
until dissolved (ca. 1 min).** After ca. 5 min equilibration, the SWV
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 (eg adsorption of intermediate species). SWV
parameters were as follows: Frequency f = 25 Hz, pulse amplitude
Egsw = 25 mV, potential step Egp = 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 ecm™' 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 3337 and polyoxometalate ~WOCs**#*5—
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.*

systems

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 €mixtures Ewater ANd Eacetonitrile are the dielectric constants of
the mixture, water (80.4) and acetonitrile (36.6), respectively,
and @uatery 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, 4uci0n) Were calcu-
lated relative to the Ag/AgCl electrode as:

o

o AG,

— reduction absolute
AEreduclion - nF - EAg/AgC] (2)
where AG,.q.cion 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 EZZ?XQSF is the
absolute reduction potential of the Ag/AgCl electrode. The value
of E,"\Z,?Xé‘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,O4] 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 ESIT)."*® 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,,(OAc);]>~ in the 700-1600 cm ™" spectral
range shows no significant changes during the experimental
electrochemical timescale (i.e., sample preparation and experi-
ment approx. 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 {Mn4V4} 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, Esy = 25 mV, Egep = 2 MV
containing 0.2 mM {Mn4V4} and 0.1 M nBu4NPFg 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,O 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-S5t). 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 experiment (ie.,
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. S1t),
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.} 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, i.e., further oxidation (to give
[Mn,**]) 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,] 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 Cs,
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

electrochemical each
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Scheme 1 Schematic representation of the two proposed reaction
mechanisms (I and 1l) 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. S61). 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),
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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 S47), 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¢c — 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 11, ie., after the oxidation to [Mn,*"] has taken
place. The first ligand exchange can either occur at Mn2**
(pathway I1d, 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. 4 Energy diagrams (AG free energy in kcal mol™) of the ligand exchange pathways studied at the B3LYP-D3/Def2-TZVP(Mn,V,0)-Def2-
SVP(C,H)//B3LYP-D3/Def2-SVP level of theory with implicit solvent in a 9 : 1 MeCN : H,O ratio. Oxidation numbers at the Mn-cubane are only
shown where they change. Pathways la—Ic (green) correspond to ligand exchange reactions which occur before the second oxidation step (Ox—
LEx—Ox); pathway Ild (red) corresponds to ligand exchange which occurs after the second oxidation process (Ox—Ox—LEx). The structures below
and above each energy diagram are reaction intermediates and transition states, respectively. Energies are given relative to the reactant species.
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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 IIe). The first ligand exchange in pathway IId
(1d — 2d) has a barrier of 20.3 keal 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. S71).

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*"-O 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
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data measured at different solvent water contents (Fig. 5, Table
S6t). 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. S47). This is in line with the interpretation
that at higher SWV frequencies, the oxidation step to [Mn,""]
(ESI, Fig. S3,f step 2a) can now compete with the acetate-to-
water ligand exchange (ESI, Fig. S3,1 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. S5t), 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 [Mn4V,40,,(AcO5)]*". 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,O)(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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S1. Electrochemistry

20

p1: Mn >t Mt
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Figure S1. Exemplary cyclovoltammogram of the native cluster {Mn,V,} (2 mM, oxidation state [Mn%*,Mn**,]) in water-free MeCN solution

(containing 0.1 M nBusNPFg as electrolyte) recorded at a glassy carbon electrode (3 mm diam.) scan rate: 50 mV/s vs. Ag/AgClI.

Square wave voltammetry

While cyclic voltammetry (CV) is a standard method to evaluate electron transfer kinetic data and reaction
mechanisms in electrochemical experiments, square-wave voltammetry (SWV) offers significant advantages for
the system studied here. In contrast to CV, where capacitive current may mask the faradaic signal for redox active
species evolving at low concentration, SWV eliminates the capacitive current component as it is a differential
method and thus achieves significantly higher sensitivity (up to at least 3 magnitudes, also see Figure S2)." In
addition, recording the forward and backward scan and varying either the scan frequency f or the current amplitude
Esw allows the effective study of electron transfer kinetics and reaction mechanisms.2 Depending on the
experimental conditions, SWV can differentiate two or more closely spaced redox processes by providing a better
peak separation (resolution) in comparison to CV. Hence, SWV was chosen here as electrochemical method to
study the electrochemistry of [Mn4V,017(0Ac);]* (abbreviated hereafter as {Mn4V,}).

As shown in Figure S2, when comparing CV and SWV data for the first two oxidation redox processes (P1, P2) at
different water concentrations, marked differences are observed. While the CV data is dominated by capacitive
currents, the SWV data is more sensitive and allows observations of five distinguishable redox processes. Based
on the CV data, the quasi-reversibility of P1 and P2 are observed. In addition, we note that the peak separation

AE, increases with increasing water content, see Table S1.

40 40
Water content / Vol-% Water content / Vol-%
(@) 3 ’ (b)
30 —
251 —3
£ 4 —5 =
i 20 E
= 151 2
=
§ 101 ]
- 4 S
3 ° 3
D N PPN v v e e =
5]
=10
-15 T T T T T T T -5 T T T T T T
02 04 06 08 10 12 14 16 0.2 04 0.6 0.8 1.0 1.2 1.4 1.6
E vs Ag/AgCI (V) E vs Ag/AgCl (V)

Figure S2: (a) CV of {Mn,V,} at 1, 3, 5 vol-% water content, scan rate =50 mV/s; (b) SWV of {Mn,V,} at 1, 3, 5 vol-% water content f= 25 Hz,
Esw =25 mV, Eqe,= 2 mV. Conditions: solvent: MeCN with added demineralized water and 0.1 M nBusNPFg; [{Mn,V,}] = 2 Mm.
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Table S1: CV peak separation depending on water content of the solvent

Water content / vol-% AE, P1 / mV AE, P2 /[ mV
0 73 90
1 84 >1002
2 >100° -

areductive peak shows low S/N ratio; Preductive peak not observed

SWV analysis of the individual oxidation and ligand exchange processes

For the non-oxidized, native catalyst [Mn3*,Mn**,], no acetate-to-water water ligand exchange is observed on the
timescale of SWV experiments, as shown by time-dependent ATR-IR spectroscopy (Figure 2a in the ms). However,
for the one-electron oxidized species [Mn®*Mn#*;] electrochemical data and theory suggest that this ligand
exchange is significantly faster. This is in line with SWV data, where the current of the second oxidation step P2
reduces significantly with increasing water content, while a new redox active species, P4, appears at slightly less
positive potentials than P2. Theoretical data suggests that P4 could be due to the oxidation of the ligand-exchanged
[Mn3*Mn#*;], see Figure S3. In sum, these observations and calculations suggest that two independent oxidation
paths, i.e. P2 (2" oxidation step without ligand exchange) and P4 (ligand exchanged species that undergoes a
second oxidation), are accessible starting from the non-ligand exchanged species [Mn3*Mn**;], see Figure S3.
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Figure S3: Proposed oxidation (Ox) and ligand exchange (LEx) mechanisms together with oxidation peak assignments P1, P2, P4. Also see
discussion in main text.

The correlation of the peaks P2 and P4 was further investigated by variation of the SWV frequency. This method
(in analogy to scan rate variation in CV) allows frequency-dependent analyses of electron transfer processes and
their kinetics, while retaining the advantages of SWV over CV. Here, we used frequency-variation SWV to gain
further insights into the observed electrochemical processes P1 — P5. Variation of the SWV frequency between 5
and 50 Hz showed that with increasing frequency (analogous to faster scan rate in CV), process P2 is partially
recovered (Figure S4a,b). This is in line with the interpretation that at higher frequency, the [Mn3*Mn#*;] > [Mn**,]

oxidation is preferred, as the rate constant for ligand exchange is lower than the electron transfer rate constant for
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this oxidation step. (Figure S3, Step 2a). Thus, at high frequency, the oxidation can compete with the acetate-to-

water ligand exchange, see Figure S3, Step 2b.
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Figure S4: (a) Frequency-dependent SWV, with frequency variation from 5 Hz to 50 Hz, Esw = 25 mV, Ege= 2 mV, [{Mn,V4}] = 2 mM, solvent:
acetonitrile containing 3 vol-% water and 0.1 M nBusNPF;. (b) Ratio of P2 / P1 peak heights, showing the partial recovery of peak P2 at

increasing SWV frequencies.

Analysis of 10 consecutive SWV scans shows decreasing currents which are indicative of surface deposition of

{Mn,V,}-related species, as shown in Figure S5.

SWV run no

UA)

Current

E vs Ag/AgCl (V)
Figure S5: Ten consecutive SWV sweeps. Conditions: [{Mn,V4}] =2 mM, f= 25 Hz, Esw= 25 mV, Eqep= 2 mV, solvent: acetonitrile containing

3 vol-% water and 0.1 M nBu,;NPFg.

$2. Calculation of ligand exchange pathways

In pathways la-Ic (Ox-LEx-Ox mechanism), the presence of a Mn3* ion in an octahedral environment gives rise to
Jahn-Teller (JT) distortions, elongating one bond axis (the JT axis) and shortening the other two. Due to the different
positions where the Mn3* ion could be located, but also due to the symmetry equivalence of the Mn2, Mn3 and Mn4
atoms (in the Cs, group), there are six possible orientations of the JT axis in the [Mn3*Mn**;] reactant species
(Figure S6). For this reason, geometry optimizations were carried out starting from six guess structures, where
elongated Mn-O bonds corresponding to each possible orientation of the JT axis were deliberately constrained.
Upon releasing the constraints, all optimizations converged toward one structure, where the Mn3* ion is Mn2, with

the JT axis along the Mn-acetate bond (Figure S6, e).
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Figure S6. Schematic representation of the six possible orientations of the Jahn-Teller (JT) axis due to the presence of a Mn3* ion. The geometry
optimizations of the guess structures (Mn-O bonds deliberately elongated to constrain the localization of the JT axis are shown in red) converged
in all cases towards the structure represented by (e).

All pathways la-Ic and lld-lle were determined stepwise, by first optimizing the transition state (TS) of a ligand
exchange reaction, followed by the optimization of the two intermediates connected by the TS using the two
extrema of the oscillation associated with the imaginary frequency as guess structures for the reactant and the
product. This process was repeated for the structures involved in the second ligand exchange reaction of each
pathway. More specifically, for the TS determination we first performed a constrained geometry optimization, in
which the atoms participating in the ligand substitution were frozen, followed by a relaxed TS optimization. The
Gibbs free energies of all structures considered are collected in Table S2 and depicted in Figure 4 of the main
manuscript (pathways la-lc and Ild), and Figure S7 (pathway lle). Cartesian coordinates of all geometries are
provided separately (file coordinates.pdf).
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Figure S7. Energy diagram (AG free energy in kcal/mol) of the ligand exchange pathway lle (Ox-Ox-LEx) studied at the B3LYP-D3/Def2-
TZVP(Mn,V,0)-Def2-SVP(C,H)//B3LYP-D3/Def2-SVP level of theory. Oxidation numbers are only shown at the cubane center when they
change. The structures below and above the energy diagram are reaction intermediates and transition states, respectively. Energies relative to
the reactant species. Note that a species with a OH group and a H,O molecule as ligands is formed.
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Localization of the Mn3* and Mn** ions is monitored along all pathways by inspecting Mulliken spin populations
(Tables S3 and S4). Spin populations close to the ideal values of 4 and 3 correspond to Mn3* and Mn#** ions,
respectively, so that electron transfer processes can be easily shown, e.g, as in 2a->3a. These electron transfer
processes can also be evinced structurally, by observing the Mn ion that presents a JT distortion characteristic of
a Mn3* ion. On the one hand, in 2a the Mn2-OH, bond length is 2.17 A and the parallel Mn2-O, bond (with a
cubane oxygen atom O,,) length amounts to 2.30 A, whereas the Mn1-OAc bond is 1.90 A, and the parallel Mn1-
Ocu» bond length amounts to 1.85 A. On the other hand, for 3a the analogous bonds involving Mn2 present
distances of 1.96 A (Mn2-OH,) and 1.92 A (Mn2-O.,,), whereas bonds involving Mn1 have bond lengths of 2.06 A
(Mn1-OH,) and of 2.15 A (Mn1-O,). The latter clearly evidences the JT axis displacement concomitant with the
electron transfer process from Mn2 to Mn1 (see table S5 for a comprehensive list of all Mn-O bond lengths of the

bonds involved in the ligand substitution reactions).

Table S2. Gibbs Free Energies (in kcal/mol) of all ligand exchange pathways studied in the present work.

Path la Path Ib Path Ic Path Iid Path lle
AG AG AG AG AG
Structure (kcal/mol) Structure (kcal/mol) Structure (kcal/mol) Structure (kcal/mol) Structure (kcal/mol)
1a 0.0 1b 0.0 1c 0.0 1d 0.0 1e 0.0
TS1a 7.3 TS1b 7.3 TS1c 21.0 TS1d 20.4 TS1e 20.3
2a 1.6 2b 1.6 2c 0.9 2d 6.8 2e 6.9
3a 8.7 TS2b 28.3 TS2c 34.0 3d 6.2 3e 5.2
4a 7.3 3b 0.3 3c 6.8 TS2d 26.0 4e 3.9
TS2a 15.3 4d 4.3
5a 8.5
6a 0.3

Table S3. Mulliken spin populations of the Mn ions of all structures involved in pathways in which the ligand exchange reactions occur before
the oxidation reaction (Ox-LEx-OX).

Pathway  Structure Mn1 Mn2 Mn3 Mn4
laand Ib 1a/1b 2.98 3.87 3.04 2.98
TS1a/TS1b 297 3.90 3.05 2.98

2al2b 3.02 3.89 3.05 3.02

TS2b 297 3.87 3.18 297

3a 3.89 2.99 2.99 2.98

4a 3.90 3.00 2.99 2.99

TS2a 3.92 2.99 2.98 2.99

5a 3.91 3.00 2.98 3.00

6a 3.00 3.88 3.01 2.99

lc 1c 3.01 3.87 3.06 3.01
TS1c 3.14 3.88 3.06 3.02

2c 3.03 3.88 3.06 3.01

TS2¢c 3.03 3.86 3.16 2.97

3c 3.03 3.88 3.08 3.02
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Table S4. Mulliken spin populations of the Mn ions of all structures involved in pathways in which the ligand exchange reactions occur after the

oxidation reaction (Ox-Ox-LEXx).

Pathway  Structure Mn1 Mn2 Mn3 Mn4
Ild 1d/1e 3.06 2.95 2.93 2.93
TS1d 3.03 3.05 2.92 2.92

2d 3.03 2.96 2.95 2.94

3d 3.07 2.95 2.95 2.95

TS2d 3.17 2.96 2.94 2.93

4d 3.07 2.96 2.95 2.95

lle TS1e 3.16 2.97 2.93 2.94
2e 3.07 2.94 2.95 2.94

3e 3.03 2.96 2.95 2.95

4e 3.03 2.93 2.94 2.92

Table S5. Bond lengths of the Mn-O bonds involved in the ligand exchange reactions of all the intermediates involved in the pathways studied
in this work. The bond lengths of the bonds breaking/formatting on the TS structures are not indicated, and are simply referred to as “TS

bonds”.

Mn (VO-bound)

Mn (apex)

Pathway Species Bond Bond Length (A) Bond Bond Length (A)

la 1a/b Mn2-OAc 2.19 Mn1-OAc 1.91

Mn2-Ogp 2.31 Mn1-Ogyp 1.86

TS1a/b  Mn2 (TS bonds) Mn1-OAc 1.89

Mn2-Oyp 2.29 Mn1-Ogup 1.85

2a/b Mn2-OH 217 Mn1-OAc 1.90

Mn2-Oc,p 2.30 Mn1-O¢yp 1.85

3alb Mn2-OH 1.96 Mn1-OAc 2.06

Mn2-Ogp 1.91 Mn1-Ogyp 2.15

4a Mn2-OH 1.85 Mn1-OAc 213

Mn2-Ogp 1.98 Mn1-Ogyp 212
TS2a Mn2-OH 1.84 Mn1 (TS bonds)

Mn2-Oyp 2.00 Mn1-Ogup 212

5a Mn2-OH 1.84 Mn1-OH, 2.18

Mn2-Ocyp 2.00 Mn1-O¢yp 2.15

6a Mn2-OH, 2.18 Mn1-OH 1.85

Mn2-Ocyp 2.30 Mn1-Ogyp 1.88

Ib TS2b Mn2-OH, 2.15 Mn1-Ogup 1.85
Mn2-Ocyp 2.32 Mn1 (TS bonds)

Ic 1c Mn3-OAc 2.00 Mn1-OAc 1.96

Mn3-Ogyp 1.87 Mn1-Ogup 1.84

TS1c  Mn3 (TS bonds) Mn1-OAc 1.90

Mn3-Ocyp 1.84 Mn1-O¢yp 1.86

2c Mn3-OH, 2.00 Mn1-OAc 1.92

Mn3-Ocyp 1.85 Mn1-Ogyp 1.83

TS2c Mn3-OH, 1.96 Mn1-Ogup 1.80
Mn3-Ogyp 1.87 Mn1 (TS bonds)

3c Mn3-OH 1.91 Mn1-OH, 2.00

Mn3-Ogup 1.90 Mn1-Ogup 1.82
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S3. Calculation of Redox Potentials

The redox processes considered were (also see step-labelling in Figure S3):

I.  Step 1: First oxidation of the manganese vanadium oxide: [Mn3*,Mn#*,]>[Mn3*Mn**;3] + e
II.  Step 2b: Second oxidation of the manganese vanadium oxide: [Mn3*Mn**3]>[Mn**,] + e
M. Step 3a: Second oxidation of the manganese vanadium oxide after ligand exchange and deprotonation
(Step 2a): [(Mn**Mn**3)(H0)(OH)]>[(Mn**4)(H,0)(OH)] + e
V. Second oxidation of the manganese vanadium oxide after ligand exchange only (for comparison):
[(Mn®*Mn**3)(H,0)2]> [(Mn**4)(H20),] + e

For the species [Mn3*Mn#+3], [Mn**,], [(Mn3*Mn**3)(H,O)(OH)] and [(Mn**;)(H,O)(OH)], initial guesses were taken
from the ligand exchange pathway studies. In the native manganese vanadium oxide [Mn3*;Mn**,], it was found
that the JT distortion is located along the Mn-acetate bond of two symmetry equivalent Mn3*, see Figure S8. Thus,

this configuration was used as an initial guess structure for the calculations.

Mn43*—o0,
\ 13‘“\_0 CHj
1

‘n_-..o
-0 N

o}

n23+_

Figure S8. Schematic representation of the JT axes in the most stable configuration found for the [Mn;*2Mn,*?] species.

o

AE, cquction resulting from our calculations are in Table S6. No calculations were

carried out at 0% water for the [(Mn3*Mn#*3)(H,O)(OH)]=>[(Mn?#*;)(H.0)(OH)] + e- reaction involving the manganese
vanadium oxide with an H,O and an OH ligand as well as the [(Mn3*Mn**3)(H,O),]>[(Mn#*;)(H20),] + e reaction

involving the manganese vanadium oxide with two H,O ligands, as these species can only be formed in the

The standard reduction potentials

presence of water. The significantly higher reduction potential of the reaction involving the species with two H,O
ligands (1.62 V on average) compared to that of the species involving an H,O and an OH ligand that was predicted
by our pathway calculations (1.22 V on average) further supports the conclusion that ligand exchange is most likely

followed by immediate deprotonation, as seen in pathway la.

Table S6. Calculated standard reduction potentials AE equction for all redox processes and solvent compositions discussed in this section.

Reaction 0% water 0,5% water 5%water
[Mn3*,Mn#*,]>[Mn3*Mn**;] + e 0.37 0.37 0.39
[Mn3*Mn4*5]>[Mn4*,] + e 1.34 1.34 1.34
[(Mn3*Mn**3)(H,0)(OH)]>[(Mn**,)(H,O)(OH)] + e - 1.21 1.22
[(Mn3*Mn?#*3)(H,0),] > [(Mn#*,)(H20),] + e - 1.62 1.62

Literature
1 A. Chen and B. Shah, Anal. Methods, 2013, 5, 2158.
2 S. N. Vettorelo and F. Garay, J. Solid State Electrochem., 2016, 20, 3271-3278.
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ABSTRACT: Understanding how water oxidation to molecular oxygen ?
proceeds in molecular metal-oxo catalysts is a challenging endeavor due to N -
their structural complexity. In this report, we unravel the water oxidation - '
mechanism of the highly active water oxidation catalyst > e
[Mn,V,0,,(0OAc);]>", a polyoxometalate catalyst with a [Mn,O,]*"
cubane core reminiscent of the natural oxygen-evolving complex. Starting Jahn-Teller &
from the activated species [Mn,*V,0,,(0Ac),(H,0)(OH)]'", we Isomerism ®
scrutinized multiple pathways to find that water oxidation proceeds via a

sequential proton-coupled electron transfer (PCET), O—O bond

formation, another PCET, an intramolecular electron transfer, and another ‘
PCET resulting in O, evolution, with a predicted thermodynamic
overpotential of 0.71 V. An in-depth investigation of the O—O bond 2H 20 02 + 4H* + 4e-
formation process revealed an essential interplay between redox isomerism

and Jahn—Teller effects, responsible for enhancing reactivity in the catalytic cycle. This is achieved by redistributing electrons
between metal centers and weakening relevant bonds through Jahn—Teller distortions, introducing flexibility to the otherwise rigid
cubane core of the catalyst. These mechanistic insights are expected to advance the design of efficient bioinspired Mn cubane water-
splitting catalysts.

KEYWORDS: artificial photosynthesis, polyoxometalate, Jahn—Teller axis, O—O bond formation, density functional theory

|somerism

B INTRODUCTION

Climate change caused by the emission of anthropogenic CO,

should catalyze water oxidation at a low thermodynamic
overpotential, that is, the overall reaction potential should be
overcome in four equal steps;”'*'" (i) the WOC should be

and other greenhouse gases into the atmosghere is one of the
greatest challenges facing humanity today."* Among the many
technologies being developed to reduce CO, emissions,
artificial water splitting promises to replace fossil fuels with a
clean-burning alternative, hydrogen gas.>* Inspired by the
natural process of photosynthesis, artificial water splitting aims
to produce oxygen and hydrogen according to

2H,0 —» O, + 2 H, 1)
consisting of the half-reactions

2H,0 > 0, + 4H" + 4e” )

4HY +4¢ > 2H, (3)

wherein eq 2 is referred to as water oxidation and eq 3 as
hydrogen evolution.”® Of the two, water oxidation is
thermodynamically more challenging, as it comprises four
one-electron oxidations and four deprotonations, usually
assumed to be coupled.® This has inspired a massive research
effort to come up with ever-more effective water oxidation
catalysts (WOCs) .53

In the development of synthetic molecular WOCs, a number
of central design criteria have emerged:é'w (i) the WOC

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

stable under the oxidative conditions typically found in
experimental photo- or electrocatalytic water-splitting set-
ups;6’16 (iii) earth-abundant elements should be used for the
metal centers to minimize the cost and environmental impact
of future industrial-scale usage;'® and (iv) every synthetic
WOC is judged by its activity, with the ultimate goal of
approaching or even surpassing the natural oxygen-evolving
complex (OEC).!"8

Given this variety of difficult-to-reconcile goals, it is not
surprising that the design of many WOC:s is inspired by nature,
attempting to copy one or several aspects of the OEC. As the
OEC is centered on a Mn;CaO, cubane structure with a
dangling fourth Mn center,”” such cubane structures have
received considerable attention. In particular, Co cubane
WOCs have been extensively studied both experimentally and
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theoretically.'”*° It was found that terminal Co-oxo or -oxyl

groups play a central role in O—O bond formation on Co
cubanes, with a variety of water oxidation cycles being
described.”' ~*° The relatively high water oxidation activity of
these systems has been linked to the ability of cubanes to
flexibly redistribute electrons between the metal centers.”>~>*
A number of Mn cubane WOCs have also been investigated,
often as model systems for the OEC."®*” ! In these model
systems, it has been noted that Jahn—Teller (JT) effects
present on Mn*" centers can lead to significant distortions of
the cubane®>™*° and even influence ligand exchange kinetics or
oxidation pathways.*"** Such JT distortions arise from d* ions
such as Mn** due to the energetically favorable splitting of the
octahedral ligand field, resulting in the elongation and
concomitant weakening of one bond axis (see Scheme 1).

Scheme 1. Reduction of Mn** Leads to the Emergence of
Jahn—Teller (JT) Distortions Due to Splitting of the
Octahedral Ligand Field in Mn?, Resulting in the
Elongation and Weakening of One Bond Axis (Marked in
Red)

wr| =3

+++ 4z

Here, we focus on a promising bioinspired catalyst,
[Mn,V,0,,(0Ac);]*", a highly active synthetic WOC with a
TON > 12000 and a TOF > 200 min~".**** It consists of a
Mn,O, cubane core, surrounded on three sides by a
multidentate V,O,; vanadate ligand and three acetate ligands
on the remaining sides (Figure 1a). A recent theoretical and
experimental study® uncovered the activation mechanism of
the precatalytic species [Mn,**Mn,*V,0;,(0Ac);]*~, consist-
ing of a one-electron oxidation, ligand exchange accompanied
by deprotonation, and further one-electron oxidation, resulting
in the activated species [Mn,*V,0,,(OAc),(H,0)(OH)]'~
(1) (Figure 1b). In that work, 1 was assigned an experimental
redox potential of 1.25 V, which is below the onset of water
oxidation observed at 1.6 eV under electrochemical conditions,
suggesting that 1 initiates the water oxidation cycle. It was also
found that during the acetate-to-water ligand exchange, the
first water molecule attacks along the JT-distorted bond axis of
Mng* (see Figure 1c), taking advantage of the weaker Mn*'—
OAc bond present at that metal center. A subsequent electron
transfer from Mng to Mn, allows the second water molecule to
also attack a weak JT-distorted bond, resulting in a much lower
reaction barrier than an attack at a Mn** center would (8.0 vs
26.7 kcal/mol). These findings hinted at a possible role of the
JT axes controlling the reactivity of [Mn,V,0,,(0Ac);]3~.* It
is well known that the OEC*" sports a large variety of stable JT
isomers (structures that differ in the relative orientation of
their JT axes) at its lower oxidation states,”® and in the S1
oxidation state, these favor oxidation leading to distinct redox
isomers (structures that differ in the assignment of oxidation
states to specific atoms) in the S2, possibly influencing the
water oxidation cycle of the OEC.*

A detailed investigation of JT and redox isomers of the
precatalytic and activated forms of [Mn,V,0;,(OAc),]*” at
various oxidation states found that JT axes prefer an
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Figure 1. (a) Structural formula of the pristine water oxidation
catalyst [Mn,V,0,,(0OAc);]3". (b) Activated species
[Mn,*V,0,,(0Ac),(H,0)(OH)]'~ (1), with Mn*" centers labeled
A-D in purple (left). Abbreviated structure of 1 showing only the
cubane core and reactive ligands (right). (c) Intermediates during
catalyst activation with Mn*" centers and Jahn—Teller (JT) axes
marked in red: a redox isomerization (half arrow, left) lowers the
barrier for the second water attack (full arrow, right), as the Mn,**-
OAc bond is weakened by JT distortion.

orientation toward the weaker acetate, water, or OH ligands
over the stronger vanadate ligand.46 Further, interconversion
between redox isomers appears to be associated with low
barriers (between 1.5 and 7.6 kcal/mol), while interconversion
between JT isomers is almost barrierless (between 0.6 and 1.6
kcal/mol), showing that various redox and JT isomers can be
easily accessed in the course of reactions on
[MH4V4017(OAC)3]3_-46

In this work, we unravel the water oxidation cycle for
[Mn,V,0,,(OAc);]*" starting from 1. Density functional
theory (DFT) is used to optimize possible intermediates
along multiple reaction pathways. A subsequent in-depth
sampling of reaction intermediates revealed the multiple roles
played by redox isomers and their JT effects in the water
oxidation cycle, which introduce a high degree of structural
flexibility to the otherwise rigid cubane core. These flexibility
effects were further studied by optimizing the minimum energy
paths (MEPs) for O—O bond formation including all
stationary points, giving a complete picture of this important
reaction step. These results are of general importance not only
for understanding water oxidation on molecular catalysts but
also for advancing the design of Mn-containing WOCs.

B METHODS

In the first step, unconstrained geometry optimizations were
carried out on guess structures representing possible

https://doi.org/10.1021/acscatal.1c03566
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intermediates of the reaction. As a starting point for the
optimization of these guess structures, the activated species 1
was adapted by deleting hydrogen atoms as necessary. The
different oxidation states of the reactive oxygen and manganese
atoms were specifically targeted by adjusting the multiplicity
and charge accordingly. Optimized structures and their Gibbs
free energies were obtained using the Gaussian16 package®” at
the B3LYP/def2-SVP level of theory** > with Grimme’s D3
dispersion correction.’" Solvent effects were accounted for by
employing the Polarizable Continuum Model (PCM), an
implicit solvation model;** the acetonitrile/H,0 9:1 (v/v)
solvent composition used in photocatalytic experiments****
was approximated using the parameters for acetonitrile with a
custom epsilon value of 41.589. All calculations were carried
out on an all-atom model of the complex using the high-spin
configuration.*>™>° Oxidation states of individual atoms are
reported based on their computed Mulliken spin populations.

The results of these initial unconstrained optimizations
indicated that both Mn®*" and Mn** centers play a role in the
water oxidation mechanism of the cluster. As Mn*" is a d* ion
that shows JT distortions in an octahedral coordination
environment, these effects were accounted for as follows. For
each Mn® center in a given structure, three orientations of the
elongated JT bond axis are possible: in the x-, y-, or z-direction.
The global minimum on the potential energy surface is
obtained by sampling all three possible JT orientations for each
Mn®* center, which results in a large number of distinct
isomers.”**® We adopted the sampling procedure of ref 46,
wherein individual isomers are obtained from guesses that used
constrained preoptimizations; specifically, the two bonds
corresponding to the desired JT axis for each Mn®" center
are elongated. Additionally, we sampled possible ligand
conformers for each protonation state of the cluster.
Constrained preoptimizations were carried out using the
ORCA 4.2.1 pau:kage‘%’57 at the BP86/def2-SVP level of
theory,”>*** with D3 dispersion correction’’ and PCM
(acetonitrile);** the looseopt keyword was employed, as full
convergence of these constrained structures was not required.
All preoptimized structures were then subjected to an
unconstrained optimization to obtain final geometries and
energies, again using Gaussian16 at the B3LYP/def2-SVP level
of theory. Final JT configurations of the intermediates were
determined by comparing the lengths of Mn**—O bonds, with
the two longest coaxial bonds indicating the x-, y-, or z-
orientation of the JT axis on a given Mn’* center. As in the
precatalyst,*® not every conceivable redox and JT isomer of an
individual intermediate corresponds to a stable minimum on
that intermediate’s potential energy surface. In the following,
only the most stable isomers for each intermediate in the
proposed water oxidation cycle shall be discussed (see Table
S1 for a list of all stable isomers and conformers).

Complex 1 and its various reaction intermediates show CS
symmetry. No explicit symmetry was employed in our
calculations; however, we did not consider symmetry-
equivalent redox and JT isomers separately. Furthermore,
isomers featuring JT axes oriented toward the vanadate ligand
were not specifically targeted, as these had been previously
found to be energetically unfavorable.*

To study the O—O bond formation, Climbing Image-
Nudged Elastic Band (CI-NEB) calculations were carried out
using the ORCA 5.0.0 package.”*” We used B3LYP*** with
the def2-SVP basis set,’”*” employing D3 dispersion
correction®’ and conductor-like PCM (acetonitrile)®> with a

custom epsilon value of 41.589 and surface type vdw_gaussian.
All stationary points found by NEB calculations were
optimized using Gaussianl6 at the B3LYP/def2-SVP level of
theory, as described above.

To ensure full convergence, the electronic energies of all
species discussed herein were refined at the B3LYP/def2-
TZVP level of theory. Taken together with thermochemical
corrections obtained from frequency calculations at the
B3LYP/def2-SVP level of theory at T = 298.150 K, we
calculated final Gibbs free energies relative to 1 (unless
otherwise noted). To account for differing protonation states
between structures, an energy correction term is calculated
using the approach proposed by Van Voorhis et al.,” wherein
the standard free energy of a proton in solution is added for
each proton removed from the cluster. To approximate the
standard free energy of a proton in the acetonitrile/H,0 9:1
(v/v) mixture used in the experiment, we used a 9:1 weighted
average of the standard free energy of a proton in acetonitrile
(11.0622 V) and the standard free energy of a proton in water
(11.5305 eV),*" giving a value of 11.1090 eV for each proton
transferred to the solution. A detailed breakdown of the final
Gibbs free energies is provided in Table S2.

The thermodynamic limit of water oxidation is defined in
this work as the free energy of the reaction (2), computed
using B3LYP as 4.56 eV.°> According to the Sabatier
principle,”® a thermodynamically ideal catalyst would over-
come this limit in four equal steps, each with a potential of 1.14
eV. Thus, the overpotential of water oxidation using such an
ideal catalyst would be entirely kinetic, possibly originating
from the reaction barriers of O—O bond formation or O,
evolution. In contrast, in a real catalyst, some intermediates are
more stabilized than others, resulting in one potential step
being larger than the others—the potential-determining step.’
The thermodynamic overpotential # of water oxidation is
defined as the difference between the potential-determinin
step of the real catalyst and the step size of an ideal catalyst'®

n= AGoy - AGideal (4)

real

B RESULTS AND DISCUSSION

The starting point of our study is the activated species
[Mn,*V,0,,(0Ac),(H,0)(OH)]'~ (1) (recall Figure 1b).*
As 1 features cofacial H,O and OH ligands in close proximity,
we assume that water oxidation involves both ligands and their
respective metal centers. While a variety of single-center
mechanisms could also be imagined, here we focus exclusively
on plausible multicenter mechanisms. The two ligands must
formally undergo four oxidation and three deprotonation steps,
which are assumed to be coupled® (i.e,, three proton-coupled
electron transfer (PCET) steps and one-electron transfer (ET)
step). A priori, the order of these steps is unknown. As proton
acceptors are readily available in solution under the photo-
catalytic conditions used in experiment (acetonitrile/H,0 9:1
(v/v), [Ru(bpy);]*, Na,S$,04),**** deprotonation of the
cluster is most likely carried out by the solvent.

Oxidation of the reactive H,O and OH ligands could occur
in two ways, either intermolecularly by an oxidizing agent
present under photocatalytic conditions, i.e,, [Ru(bpy);]**, or
intramolecularly, with a concomitant reduction of each Mn**
center to Mn>*. In the case of intermolecular oxidation, the
cluster would serve primarily as a structural support and
activator of the ligands, without being directly involved in their
redox chemistry. Alternatively, as all Mn centers are in the
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Mn*" oxidation state in 1, one can argue that the cluster is
storing up to four redox equivalents (much like the OEC),*
allowing intramolecular oxidation of the ligands to occur. Both
possibilities were accounted for in our calculations for each
step of the reaction. This, along with the multiple possible
orders of the PCET and ET steps, results in 64 possible
pathways for O, formation. These pathways were compared
according to the Gibbs free energies of their intermediates,
with only the thermodynamically most favorable pathways
being discussed here (further results are in Table S1). It should
be noted that a recent in situ IR spectroscopy study®® has
shown that changes of the catalyst under oxidative conditions
occur at the Mn centers, while the vanadate ligand remains
unaffected. We therefore focus on those redox pathways that
involve primarily the Mn,O, cubane core and the reactive
ligands.

The uncertainty regarding the order of PCET and ET steps
results in four possible arrangements of the reaction steps:
PCET-PCET-PCET-ET, PCET-PCET-ET-PCET, PCET-ET-
PCET-PCET, and ET-PCET-PCET-PCET (see Figure 2).

Prot. Q<o O\_\\
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State 14 ‘ ET " c‘) ‘
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H3 RN |
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Figure 2. Types of intermediates investigated by direct optimization,
starting from 1 (top left) and resulting from the four possible orders
of proton-coupled electron transfer (PCET, blue) and electron
transfer (ET, green) steps. The protonation state Hn (n = 0, 1, 2, 3)
for each pair of structures is noted on the left. The grayed-out
structure could not be optimized, leading to the exclusion of pathways
involving such an intermediate from further consideration.

First, we directly optimized intermediates corresponding to
each of the structures shown in Figure 2 considering all
accessible oxidation states of the Mn centers. The results
obtained proved to be pivotal for our further investigation, as
will be described next (for a detailed overview of results of
these direct optimizations, see Table S1).

We note that the species with two protonated oxyl groups
(gray in Figure 2) could not be optimized, indicating that the
PCET-ET-PCET-PCET and ET-PCET-PCET-PCET path-
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ways, which necessarily include such a species, may not be
feasible. Importantly, the investigation of both intermolecular
and intramolecular oxidation for each reaction step showed
that intramolecular oxidation of the ligands by the Mn*"
centers appears to be thermodynamically favored over
intermolecular oxidation, regardless of the order of PCET
and ET steps. Finally, our results pointed toward an
intramolecular water nucleophilic attack of an OH ligand on
the neighboring oxyl radical as a possible mechanism of O—O
bond formation, an i-WNA(OH)-type mechanism within the
classification proposed by Schilling and Luber.'* We therefore
expanded our sampling of reaction intermediates to include a
greater variety of isomers and conformers.

As redox and JT isomerism were previously shown to play an
important role in the reactivity of [Mn,V,0,,(OAc),]*~,**
we decided to target the most important isomers and
conformers of each intermediate of interest. To this end, we
extended the sampling procedure of ref 46 by also targeting
multiple ligand arrangements for each redox and JT isomer.
Accordingly, we next investigated all four arrangements of
reaction steps (PCET-PCET-PCET-ET, PCET-PCET-ET-
PCET, PCET-ET-PCET-PCET, and ET-PCET-PCET-
PCET) as well as both inter- and intramolecular oxidations.
Table 1 gives an overview of which specific redox and JT
isomers were targeted at each oxidation state of the cubane
core (designated as Mn4444 for Mn," and Mn3333 for
Mn,**) and the protonation state of the reactive ligands
(designated as Hn, where n is the number of protons). In total,
we investigated 91 unique isomers and 203 individual
conformers (considering the various ligand arrangements
sampled at each protonation state). A full overview of the
resulting 80 optimized geometries can be found in Table S1.

This extended sampling approach largely confirmed our
initial observations. An intermediate with two protonated oxyl
groups that would be essential for the ET-PCET-PCET-PCET
and PCET-ET-PCET-PCET mechanisms could not be
optimized, leading to the conclusion that such an intermediate
is too unstable to play any significant role in the water
oxidation mechanism of 1. Furthermore, the energy difference
between 1 and the most stable intermediate resulting from a
single intermolecular PCET step was found to be 7.50 eV (at
the B3LYP/def2-SVP level of theory, see Table S1), which is
significantly above the computed thermodynamic limit of
water oxidation at 4.56 eV.®> It appears therefore that
intermolecular ETs are highly unfavorable in the context of
the water oxidation cycle of 1, allowing us to focus exclusively
on pathways that feature intramolecular ETs.

The additional sampling of various conformations of the
reactive ligands for each intermediate revealed that the
nucleophilic attack of OH on the neighboring Mn-oxyl group
could take place at either Mny (Figure 3, top) or Mn, (Figure
3, bottom), with relatively minute differences in the stability of
the respective intermediates. Figure 3 shows the most stable
isomers found for each intermediate between the activated
species 1 and the deactivated catalyst after O, evolution and
dissociation 6.

Starting from 1, an intramolecular ET from the OH ligand to
its Mng** center, coupled to deprotonation of the neighboring
H,O0 ligand, results in intermediate 2b with a JT axis on Mng*>*
pointing in the z-direction toward the protonated oxyl species,
with a reaction energy of 1.85 eV. The next PCET step leads to
the formation of the O—O bond (3b, 2.99 eV), with some
internal rearrangement resulting in Mn,*" having a JT axis in

https://doi.org/10.1021/acscatal.1c03566
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Table 1. Redox and Jahn—Teller (JT) Isomers Targeted for Sampling at Each Oxidation State”
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“The nomenclature MnXXXX (left column) indicates the oxidation state of the four Mn atoms, e.g,, Mn3333 corresponds to a Mn,** configuration
and Mn4444 to a Mn,* configuration of the cubane core. At each oxidation state, a variety of ligand conformations for each relevant protonation
state Hn, where 7 is the number of protons, were targeted (right column). Mn®" centers and the orientation of their JT axes are marked in red and
Mn** centers in purple.
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Figure 3. Most stable isomers of intermediates along the thermodynamically most favorable pathways for the PCET-PCET-ET-PCET and PCET-
PCET-PCET-ET orders of steps. PCETs are marked by blue arrows, ETs by green arrows, and other reactions by black boxes. Mn*" centers are in
purple, and Mn®" centers and their JT axes are in red. Intermediates are labeled 1 through 6, and their relative Gibbs free energies are presented in

eV at the B3LYP/def2-SVP/def2-TZVP level of theory.

https://doi.org/10.1021/acscatal.1c03566

ACS Catal. 2021, 11, 13320-13329

79



ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

the z-direction toward an open coordination site and Mnc**
having a JT axis in the y-direction toward an acetate ligand.
The resulting peroxo species is bound to Mny**. Subsequently,
an ET step without deprotonation produces 4b-I, which adds a
JT axis on Mng*" in the z-direction toward the peroxyl species
with a resulting relative energy of 3.84 eV. In contrast, a PCET
from 3b results in 4b-II, with a new JT axis in the x-direction
(toward an acetate ligand) on Mnp** and a far higher relative
energy of 4.57 eV. In either case, the final redox step leads to
the product complex 5 (4.58 eV), in which molecular O, has
been formed and is no longer directly bound to any Mn center
but loosely associated with the complex (product complex).
The species 5 features JT axes on Mn,** and Mng** in the z-
direction toward the loosely associated O,, on Mnc*" in the y-
direction toward an acetate ligand, and on Mnp** in the z-
direction toward the vanadate ligand. Dissociation of O, gives
the final product 6, with an identical arrangement of JT axes
and a relative energy of 4.28 eV.

Alternatively, an intramolecular PCET at the H,O ligand
bound to Mn,* results in 2a, with a proton transfer to the OH
ligand yielding an oxyl species bound to Mn,*>" with a JT axis
in the x-direction toward a neighboring acetate ligand and a
reaction energy of 2.15 eV. The O—O bond formation once
again occurs with the next PCET step, resulting in the
intermediate 3a at 2.83 eV. This features JT axes at Mny** in
the z-direction toward the open coordination site and at Mnc>*
in the y-direction toward an acetate ligand, with the peroxo
species bound to Mn,**. Next, either a simple ET results in 4a-
I, with a new JT axis in the z-direction on Mn,** toward the
peroxyl species (3.85 eV) or a PCET step results in 4a-II, with
aJT axis added in the x-direction on Mn,>* toward an acetate
ligand (4.5S eV). The final steps converge to the product
complex § and final product 6 as described above.

Comparing the relative energies of the species in Figure 3, it
is immediately apparent that out of the intermediates resulting
from the penultimate redox step, 4b-1 (3.84 eV) is far more
stable than 4b-II (4.57 eV); the same can be observed for 4a-I
(3.85 eV) versus 4a-II (4.55 eV). From this, we can conclude
that PCET-PCET-ET-PCET is the preferred order of redox
steps. To determine whether the formation of the peroxo
species is thermodynamically favored to take place on Mn,
(pathway: 1, 2a, 3a, 4a-l, 5, 6; light blue in Figure 4) or on
Mny (pathway: 1, 2b, 3b, 4b-1, 5, 6, dark blue in Figure 4), we

45 m————— e e —r—-
4 4a-l | 6
4b-l
35 kool
3 3b r
iz 5 I 3a E
Ol 2a ____. '
<, --Ideal catalyst
15 | 2b —Thermodynamic limit
1 =1, 2b, 3b, 4b-1, 5, 6
05 1 ! 1, 2a, 3a, 4a-1,5,6

Figure 4. Gibbs free energies of intermediates along the most
favorable PCET-PCET-ET-PCET pathways, calculated at the
B3LYP/def2-SVP/def2-TZVP level of theory: 1, 2a, 3a, 4a-l, S, 6
(light blue, dashed) vs 1, 2b, 3b, 4b-1, 5, 6 (dark blue, continuous).
For comparison, the computed thermodynamic limit of water
oxidation (black, dashed) and an ideal catalyst with evenly spaced
intermediates (purple, dashed).
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compare the two resulting pathways to the behavior of an ideal
catalyst that overcomes the computed thermodynamic limit of
water oxidation (4.56 eV°?) in four equal steps of 1.14 €V each
(purple in Figure 4). The greater the departure from the ideal
catalyst, the larger the resulting thermodynamic overpotential,
limiting the efficiency of water oxidation by 1. Figure 4
discloses that the first redox step has the greatest reaction
energy—1.85 eV for 2b and 2.15 eV for 2a—and therefore
differs most significantly from the value of 1.14 eV for an ideal
catalyst, making this the potential-determining step. We can
thus conclude that the lowest thermodynamic overpotential
should result from forming the peroxo species on Mng,
following the pathway 1, 2b, 3b, 4b-I, S, 6. Specifically, the
predicted thermodynamic overpotential for this catalytic
sequence is 0.71 V, as computed from eq 4.

A closer examination of the intermediates comprising the
two most favorable pathways, 1, 2b, 3b, 4b-1, S, 6 and 1, 2a,
3a, 4a-I, 5, 6, reveals the multiple roles that redox
isomerizations and JT effects play in enhancing the reactivity
of [Mn,V,0,,(0Ac);]*>" (recall Figure 3). First, one can
observe that 4b-I and 4a-I prominently feature JT axes in the
z-direction toward the reactive ligand on Mng** and Mn,*,
respectively. As JT-distorted bonds break more easily, we can
infer that the barrier for the Mn**—O bond cleavage that
occurs in the O, evolution step is lowered due to the presence
of JT effects in 4b-I and 4a-I. Similar behavior has been
observed in related OEC model complexes*' as well as in the
activation of [Mn,V,0;,(OAc),;]*", where the rate-determin-
ing step in the ligand exchange had a lower barrier when a
Mn®" center with a JT axis in the direction of the departing
ligand was present.*’

Second, while the redox steps from 3b via 4b-I to S as well
as from 3a via 4a-I to S require no rearrangement of existing
JT axes, but rather involve only the progressive addition of a
new JT axis at each emerging Mn®* center, the PCET step
from 2b to 3b includes significant rearrangement, going from a
z-axis on Mng** to a z-axis on Mn,*" and a y-axis on Mnc>".
Similarly, the PCET step from 2a to 3a involves going from an
x-axis on Mn,>* to a z-axis on Mny** and a y-axis on Mnc*". As
these steps are key to the O—O bond formation, this seemingly
inexplicable behavior awoke our curiosity.

The reaction from 2b to 3b comprises at least three
elementary steps: deprotonation, ET, and O—O bond
formation. As the nucleophilic attack by the OH ligand on
the Mng**-oxyl cannot take place as long as the oxyl is
protonated, we can safely assume that deprotonation must
occur first. We therefore optimized a guess structure based on
2b, from which the proton on the oxyl ligand has been
removed (OO1). Next, a CI-NEB calculation was carried out
between OO1 and 3b to ascertain the order of ET and O—O
bond formation steps along the MEP. Figure S1 shows the
relative energy along the MEP and pairwise atom distances.

The NEB calculation detected two stationary points along
the MEP for O—O bond formation that we subsequently
optimized (Figure Sa and Tables S3 and S4). Starting from
001, an ET from Mnjg to Mn( results in a stable intermediate
(002, —8.7 kcal/mol, ro;_o, = 2.84 A) that is a redox isomer
of 001, featuring a JT axis in the y-direction along Mn**—04
as well as a more electrophilic Mng*-oxyl group (see also
Figure Sb, red and yellow). From 0O2, the expected
nucleophilic attack of OH at Mng**-oxyl proceeds via a barrier
of 31.0 kcal/mol, which compares favorably to the water
nucleophilic attack barriers previously described for related
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Figure 5. (a) Stationary points along the MEP for O—O bond
formation and their relative energies in kcal/mol. (b) Bond lengths for
stationary points along the MEP; O1—02 in blue, Mng—04 along the
z-axis in red, Mn,—O3 along the z-axis in orange, Mnc—04 along the
y-axis in yellow, and Mn,—O1 in purple.

WOCs.**™%% The associated transition state (TS1) has the
attacking OH ligand suspended halfway between its metal
center (ryma—oy = 2.07 A) and the oxyl ligand (ro;_o, = 1.84
A) and features spin populations of 3.56 on Mn, and 0.53 on
O2. This surprising result indicates that O—O bond formation
occurs by homolytic cleavage of the Mn,—O1 bond, resulting
in a one-electron reduction of Mn,*" to Mn,* and radical
coupling between O1 and O2. As can be seen in Figure Sb, the
formation of the O1—02 bond (blue), the cleavage of the
Mn,—O1 bond (purple), and the ET to Mn, (shown by the
eventual emergence of JT distortions in the z-direction along
Mn,—O03, orange) are clearly coupled. Inspection of the
normal mode corresponding to the imaginary frequency of
TS1 confirms that all three processes are in fact concerted. The
product 3b has an additional JT axis on Mn,>* in the z-
direction toward the now-open coordination site, with the
resulting peroxide species (ro_o = 1.43 A) bound to Mng",
giving an overall reaction energy of —3.4 kcal/mol for O—O
bond formation along the OO1 to 3b pathway.

We also investigated the alternative O—O bond formation
pathway between 2a and 3a by first optimizing a deprotonated
guess structure based on 2a (003). A NEB calculation
between OO3 and 3a was carried out and is shown in Figure
S2, with broadly similar results to the NEB calculation between
0OO1 and 3b described above: A redox isomerization leads to
an intermediate 004 (—6.1 kcal/mol, ro;_o, = 2.83 A),
featuring a JT axis in the y-direction along Mnc>*—04 as well
as a more electrophilic Mn,**-oxyl group. Unfortunately, the
transition state between 004 and 3a could not be optimized,
but the barrier is expected to be comparable to that presented
by TS1 (see above).

Finally, as 3a is 3.6 kcal/mol more stable than 3b, a
conversion of 3b to 3a via migration of the peroxo species from
Mng to Mn, with concomitant redox isomerization would be
thermodynamically favorable. A NEB calculation revealed that
this is a simple one-step reaction with a single transition state,
which was subsequently optimized as TS3 (see Figure S3).
The barrier for conversion from 3a to 3b was found to be quite
low, only 6.7 kcal/mol, making this process feasible and
opening up the possibility of a crossover pathway consisting of
1, 2b, 3b, 3a, 4a-], S, 6.

We thus conclude that structural flexibility in the form of
facile redox and JT isomerizations plays an essential role in
enhancing the reactivity of the [Mn,V,0;,(OAc);]*~ WOC
not only during the activation*’ but also in the water oxidation
cycle itself. A weak, JT-distorted bond contributes to lowering
the barrier for O, evolution, and a redox isomerization of 001
with its Mng**-oxyl yields 002, which features a more
electrophilic Mng**-oxyl group. This redox isomerization must
occur first to enable O—O bond formation via attack by a
neighboring OH ligand, and that attack takes place in concert
with an ET to Mn, and the emergence of a new JT axis at that
metal center. Our observations are reminiscent of the behavior
of the OEC recently described by Drosou et al,,** who found
that different JT isomers in the S1 state influence ligand
exchange kinetics as well as favor the formation of distinct
redox isomers in the S2, thereby directly influencing the
mechanism of water oxidation in the natural system. It should
be noted, however, that the high catalytic activity of the OEC
relies intimately on the protein environment in which it is
embedded, while our calculations deal with
[Mn,V,0,,(OAc);]*" in solution. It would therefore be
interesting to see whether the integration of
[Mn,V,0,,(OAc);]* into a functionalized soft matter matrix
would further increase its activity.

B CONCLUSIONS

In this paper, we propose a water oxidation mechanism for the
bioinspired water oxidation catalyst [Mn,V,0,,(OAc),]*,
starting from the activated species [Mn,*V,0,,(OAc),(H,0)-
(OH)]'™ (1). After activation, the catalyst holds four redox
equivalents in the form of four Mn** centers; the catalyst also
binds cofacial OH and H,O ligands that are positioned in close
proximity, allowing them both to participate in water
oxidation. Water oxidation proceeds by an intramolecular ET
from the OH ligand of Mnjg to that metal center, coupled with
deprotonation of the neighboring H,O ligand. This is followed
by another such PCET and O—O bond formation, with a
peroxo species formed on Mng. An intramolecular ET and final
PCET lead to the evolution and subsequent dissociation of O,,
resulting in the deactivated catalytic species
[Mn,**V,0,,(OAc),]*” with one open coordination site on
Mn, and Mny each.

While the presence of JT axes has been noted in OEC
models and carefully analyzed to allow for a better comparison
with experimental X-ray structures,*>** here we investigate
the explicit influence of these distortions on the water
oxidation cycle. We found that redox isomerism and JT effects
play a prominent role in the water oxidation cycle of
[Mn,V,0,,(0OAc);]*": In the O, release step, JT distortions
contribute to lowering the barrier of Mny**—0O bond cleavage
in a straightforward manner. The formation of the O—O bond
is preceded by a redox isomerization step and appears to be
concerted with an ET from the reactive ligands to Mn, and the
emergence of a new JT axis at that metal center. These findings
are of particular interest when one considers the role played by
redox isomerism and JT effects in the natural OEC; there, JT
effects were shown to influence both ligand exchange kinetics
and water oxidation pathways.*"** As redox isomerism and JT
effects are present in cubane structures with Mn**/Mn**
centers, we argue that these flexibility-enhancing effects should
be harnessed in the design of novel bioinspired WOCs. Future
work on [Mn,V,0,,(OAc),]*~ will focus on the stability of the
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catalyst, with special attention paid to its regeneration,
degradation, and modes of integration in soft matter matrices.
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1. List of all stable isomers and conformers

Table S1: Unique optimized isomers and conformers of possible intermediates in the water
oxidation cycle of [MnsV4017(OAc)s]*, grouped according to the overall redox state of the
cubane core (e.g Mnx444, corresponding to a Mn*'sMn** configuration with a JT axis in x
direction on Mna), charge q and multiplicity 2S+1. Columns from left to right: Redox and JT
configuration of the cubane; configuration of reactive ligands on Mng and Mna; Gibbs free
energy relative to 1, computed at the B3LYP/def2-SVP level of theory (in eV); spin populations
of Mna-p and of the oxygen atoms of the reactive ligands, where O2 is bound to Mng and O1
is bound to Mna in 1; ro.o distance between O1 and O2 atoms (in A). Further notes: named
intermediates in bold, f=structure obtained by direct optimization, {=no stable intermediates

found.

Cubane Ligands AGDZ rel Spin populations ro-o Notes

config e Mo V' Max Mg Mac Mm 02 o1 Al
Mndddd  g=1 28+1=13
Mn4444 OH OH, 000  3.05 293 293 292 00l 000 261 +1
Mnd4444 OH, OH 004 300 294 293 292 001 005 2.62
Mndd44  q=0 28+1=14
Mnd444 O*H OH,  7.69  3.04 285 288 288 093 001 2.88
Mnd444 OH, O*H 774  3.00 293 287 287 001 098 281 ¥
Mndddd  g=-1 28+1=14
Mnd444  O* OH,  7.50  3.05 283 292 292 101 001 2.68 t
Mnd444 O*H OH 7.63 3.02 286 292 292 098 002 251
Mn4444 OH O*H  7.65 300 293 292 292 000 099  2.50
Mnddd4  q=0 25+1=15 i
Mndddd  g=1 28+1=13
Mndd44  OOH 13.89 312 296 292 292 -0.04 001 142 ¥
Mnd444 OOH 1396 300 299 291 291 003 00l 143
Mndd44  q=0 25+1=14
Mn4444  OO* 2034 311 291 287 287 062 036 130 ¥

H
Mn4444 00* 2035 286 3.03 300 286 038 062 132
Mndddd  gq=1 . 28+1=14
Mndddd  OO* 1968 311 299 291 291 040 049 128 ¥
Mndddd  q=0 28+1=15
Mndddd O, 2558 313 300 286 286 100 100 1.0 ¥
Mn3444  g=1 28+1=15
Mnddy4 O*H OH, 146  3.03 292 38 296 095 001 282
Mnddy4 OH, O*H 148 299 297 386 296 001 096 277
Mndz44 OH, O*H 150  3.00 387 296 295 002 097 267
Mndz44 O*H OH, 151 3.04 385 296 295 1.03 000 2.82 t
Mnz444 O*H OH,  1.78 392 288 296 297 087 002 327
Mnx444 O*H OH, 178 392 294 297 295 071 000 3.82
Mnz444 OH, O*H  1.83 390 297 295 296 001 1.02 2.80
Mnx444 OH, O*H  1.89 388 297 293 295 -001 073 281
Mn3444  q==2 28+1=15
S2
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Mndz44 O*H  OH 1.85 303 3.8 299 299 1.04 003 257 12b
Mnx444 O*  OH,  2.02 391 292 299 298  1.00 -001 265
Mnx444 OH, O*H  2.15 387 301 298 298 003 101 267 2a
Mnz444 OH O*H 220 380 298 300 299 000 1.04 255
Mnz444 OH O*H 231 390 297 300 299 030 075 222
Mn3444 q=-1 28+1=16 I
Mn3444 q=-2 28+1=14
Mn4z44 OOH  7.70 305 389 299 299 -001 001 142
Mnz444 OOH 7.97 392 304 300 300 -006 -001 142 ¥
Mn44y4 OOH  8.09 303 303 388 299 000 000 144
Mnd4y4  OOH 8.14 307 298 386 299 -001 001 144
Mndz44  OOH 8.41 309 382 299 299 007 -0.02 145
Mn3444 q=- 28+1=15
Mn4z44 00* 1374 303 390 295 295 063 036 130
H
Mn44y4 00* 1400 303 303 38 295 064 035 130
H
Mnz444  OO* 1401 393 294 295 295 063 034 130
Mndz44 olé* 1402 310 3.8 295 294 070 033 131 +
H
Mnddyd  OO* 1403 308 296 3.8 295 064 034 130
Mn3444 q1={-2 28+1=15
Mn4z44 00* 2462  3.16 388 298 298 030 059 129 +
Mnz444  OO* 2478 392 328 300 300 046 021 126
Mnddyd  OO* 2489 307 299 387 298 048 049 129
Mn3444 =1 28+1=16
Mndz44 O, 2997 310 390 294 294 100 1.00 1.0 F
Mnddy4 O, 3020 3.09 3.02 386 294 1.00 1.00 120
Mnz444 O, 3036 3.94 298 294 294 091 1.06 120
Mn3344 q=- 28+1=17 I
Mn3344 q=-3 28+1=15
Mn4zy4 OOH 293 306 387 387 3.0l -00l 001 143  3a
Mnzdy4d  OOH 3.08 391 3.06 390 3.03 -003 000 143  +3b
Mnxz44 OOH  3.12 393 394 303 304 005 000 143
Mn44yx OOH  3.19 306 299 389 3.8  -001 000 144
Mnddyx  OOH 3.46 306 299 38 3.8 000 -001 146
Mnzz44  OOH 3.58 392 383 305 305 011 004 147
Mndzy4d OOH 3.61 308 383 387 299 007 -002 146
Mn3344 q=-2 28+1=16
Mnzz44 ~ OO* 8.36 393 388 302 3.02 071 032 131 4
H
Mndzy4 00* 843 302 388 386 298 065 034 131
H
Mnzdyd  OO* 8.51 391 299 390 3.01 066 033 131
H
Mn44yx 00*  8.65 303 298 387 3.8 065 034 130
H
Mndzyd  OO* 8.68 307 385 385 298 071 031 131
H
S3
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Mnddyx  OOH 8.70 307 295 38 386 067 032 131
%

Mnzdy4 00* 876 389 304 390 300 071 032 131
Mn3344 q=- HZS+1=16

Mndzy4 00*  8.66 313 387 387 300 059 033 1.9
Mnzdy4  OO* 8.77 390 3.0 390 304 057 035  1.29
Mnddyx 00* 885 307 298 387 387 044 052 130
Mnxz44 00* 891 401 393 303 303 060 028 130
Mnzz44 ~ OO%* 8.98 389 386 3.04 304 057 057 131 ¥
Mn3344 q=- 28+1=17

Mnzz44 O, 13.19 393 390 300 301 1.00 100 120 +
Mndzyd O, 1346  3.07 3.88 3.8 298 100 1.00 1.0
Mnzdy4d O, 1353 392 303 390 300 1.00 1.00 1.0
Mnddyx O, 13.63  3.07 297 38 386 1.00 1.00 1.0
Mn3334 q=- 28+1=17

Mnzzyd  OO* 3.89 391 387 38 303 071 031 131 f4bI
Mnzzy4 . 00*  3.90 380 38 38 303 071 031 131 4al

H
Mnzdyx ~ OO* 3.93 391 298 390 390 0.67 032 131
H
Mndzyz 00* 4.5 299 38 38 390 066 032 131
H

Mn3334 q=4 28+1=17

Mnzdyx ~ OO* 4.73 389 304 390 390 041 058 130  4b-II
Mnxzy4 00* 481 397 391 390 305 061 032 131 4all
Mndzyz 00* 484 312 3.8 387 389 058 032  1.29
Mnzzy4 00* 491 389 387 390 303 056 057 132 ¥
Mndzyx 00* 498 3.14 3.8 38 38 058 033 1.29
Mn4zyy 00*  5.05 308 3.8 387 389 059 036 130
Mnzxy4  OO* 5.06 392 398 390 307 032 060 130
Mn3334 q=-3 28+1=18

Mnzzyd O, 8.61 391 389 38 303 1.00 1.00 1.20 ¥
Mnzdyx O, 8.89 391 296 390 390 095 1.03 1.0
Mn3333 q=4 28+1=19

Mnzzyz O, 4.91 390 3.8 389 389 1.00 1.00 120 15
Mn3333 q=4 28+1=19

Mnzzyz O (r=o0) 4.70 390 387 389 388 1,6
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I1. Detailed energy breakdown, named Intermediates

Table S2: Named intermediates in the water oxidation cycle of [MnsV4017(OAc)s]*, with
detailed breakdown of electronic and thermochemical contributions to the Gibbs free energy.
Columns from left to right: Redox and JT configuration of the cubane; configuration of reactive
ligands on Mng and Mna; electronic energy relative to 1 at the B3LYP/def2-SVP level of
theory; electronic energy relative to 1 at the B3LYP/def2-SVP/def2-TZVP level of theory;
thermal correction to Enthalpy; thermal correction to Entropy; Grimme-D3 dispersion energy;
energy correction for protons transferred to solution; final Gibbs free energy relative to 1,
computed at the B3LYP/def2-SVP/def2-TZVP level of theory. All energy values are given in
eV. Further notes: named intermediates in bold.

Cubane Ligands AEpzra  AEtzra AH AS AEp3corr  AGMeorr  AGrzra  Notes
config Mng- M- [eV] [eV] [eV] [eV] [eV] [eV] [eV]

Mn4444 OH OH, -3.91 -3.91 6.90 0.0100 -2.36 0.0000 0.00 1
Mnx444 OH, O*H 9.74 9.74 6.55 0.0102 -2.29 11.1090 2.15 2a
Mn4z44 O*H OH 9.50 9.50 6.50 0.0102 -2.28 11.1090 1.85 2b
Mn4zy4 OOH 21.93 21.83 6.26  0.0102 -2.18 22.2181 2.83 3a
Mnz4y4 OOH 22.10 22.00 6.26  0.0102 -2.17 22.2181 2.99 3b
Mnzzy4 OO*H 23.06 23.01 6.24  0.0107 -2.08 22.2181 3.85 4a-1
Mnzzy4 OO*H 23.07 23.02 6.24  0.0107 -2.08 22.2181 3.84 4b-1
Mnxzy4 00* 35.34 35.08 5.90 0.0104 -2.07 33.3271 4.55 4a-11
Mnz4yx 00* 35.24 35.08 5.90 0.0103 -2.08 33.3271 4.57 4b-11
Mnzzyz 0, 35.65 35.32 590 0.0111 -2.01 33.3271 4.58 5
Mnzzyz 0, (r=m) 35.78 35.36 5.86 0.0121 -1.94 33.3271 4.28 6

Final Gibbs free energies are obtained according to
AGrzre(D) = (AErz (D) + AH(@D) — TAS(D) — AGLGH (1) — AGrz (1),

wherein AGryz ¢ (i) is the Gibbs free energy of species i at the BSLYP/def2-SVP/def2-TZVP
level of theory relative to AGr;(1), AE;;(i) is the electronic energy of species i at the
B3LYP/def2-TZVP level of theory, AH (i) is the thermal correction of the enthalpy for species
i obtained from frequency calculations at the B3LYP/def2-SVP level of theory, T = 298.150 K,
AS (i) is the thermal correction to the entropy for species i obtained from frequency calculations
at the B3LYP/def2-SVP level of theory, and AGZ . (i) is the correction to the Gibbs energy
arising from protons transferred to solution for species i. For simplicity, here we define

AETZ,rel(i) = AETZ(i) - AGTZ,rel(l)'

It should be noted that differences in Gibbs free energy between intermediates arise primarily
from the difference in electronic energy (see Table S2). There is some small variance in
enthalpic and entropic contributions that we ascribe to the differing number of protons between
intermediates and is effectively compensated by the correction term for protons transferred to

solution AGE}....
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III. Nudged elastic band calculations
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Figure S1: a) Energy changes along the minimum energy path (MEP) between OO1 and 3b.
b) Bond lengths along the MEP between OO1 and 3b; O1-O2 in blue, Mng-0O4 along z-axis
in red, Mna-0O3 along z-axis in orange, Mnc-O4 along y-axis in yellow, and Mna-O1 in

purple.
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Figure S2: a) Energy changes along the minimum energy path (MEP) between OO3 and 3a
(convergence: max(Fp)=0.02, RMS(FP)=0.01, max(FCI)=0.05, RMS(FCI)=0.002). b) Bond
lengths along the MEP between O03 and 3a; O1-O2 in blue, Mng-O4 along z-axis in red, Mna-
05 along x-axis in pink, Mnc-O4 along y-axis in yellow, and Mng-O2 in cyan. ¢) Stationary
points along the MEP for conversion of 3b to 3a and their relative energies in kcal/mol (TS
could not be optimized, shown in grey). d) Bond lengths for stationary points along the MEP;
color scheme as in b; TS could not be optimized, shown in grey).
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IV. List of O-O bond formation stationary points

Table S3: Stationary points along the MEPs for O-O bond formation. Columns from left to
right: Redox and JT configuration of the cubane (e.g Mnx444, corresponding to a Mn*"sMn**
configuration with a JT axis in x direction on Mna); configuration of reactive ligands on Mng
and Mna; Gibbs free energy relative to 1, computed at the B3LYP/def2-SVP/def2-TZVP level
of theory (in eV); spin populations of Mna.p as well as the oxygen atoms of the reactive ligands,
where 02 is bound to Mng and O1 is bound to Mna in 1; O1-O2 distance in A. Further notes:
names of intermediates and TSs in bold.

Cubane Ligands AGTzZrel Spin populations ro-o Notes
rset:f: Mios- M- Y1 Moy Moy Mnc Ma 02 o1 [A]

D

Mn4z44 O* OH 3.14 2.95 3.81 3.03 3.03 1.14 0.10 2.66 001
Mn44y4 O* OH 2.76 2.98 2.92 3.88 3.02 1.03 0.08 2.84 002
Mn44y4 Qs OH 4.10 356 295 389 3.03 0.53 0.01 1.84 TS1

Mnz4y4 OOH 2.99 391 3.05 390 3.03 -0.03 0.01 1.43 3b

Mnx444 OH O* 3.12 3.86 2.98 3.01 3.01 0.04 1.01 2.95 003

Mn44y4 OH O* 2.85 296 295 3.87 3.01 0.07 1.04 2.83 004

Mn4zy4 OOH 2.83 3.06 3.87 3.87 3.01 -0.01 0.01 1.43 3a

Mnzzy4 -OO*H- 341 3.91 3.89 389 3.02 -066 -0.33 1.32 TS3
S7
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V. Detailed energy breakdown, O-O bond formation stationary points

Table S4: Named intermediates and transition states along the MEPs of O-O bond formation
in [MnsV4017(0Ac)3]*, with detailed breakdown of electronic and thermochemical
contributions to the Gibbs free energy. Columns from left to right: Redox and JT configuration
of the cubane; configuration of reactive ligands on Mng and Mna; electronic energy relative to
1 at the B3LYP/def2-SVP level of theory; electronic energy relative to 1 at the B3LYP/def2-
SVP/def2-TZVP level of theory; thermal correction to enthalpy; thermal correction to entropy;
Grimme-D3 dispersion energy; energy correction for protons transferred to solution; final
Gibbs free energy relative to 1 at the B3LYP/def2-SVP/def2-TZVP level of theory. All energy
values are given in eV. Further notes: named intermediates, transition states in bold.

Cubane Ligands AEpzre  AEtrzre AH AS AEp3corr  AGM'orr  AGrzra  Notes
config Mng- Mna- [eV] [eV] [eV] [eV] [eV] [eV] [eV]

Mn4z44 O* OH 22.40 22.16 6.21 0.0101 -2.23 22.2181 3.14 001
Mn44y4 o* OH 22.01 21.77 6.22 0.0101 -2.23 22.2181 2.76 002
Mn44y4 Q03 OH 23.31 23.12 6.19 0.0100 -2.19 22.2181 4.10 TS1
Mnz4y4 OOH 22.10 22.00 6.26 0.0102 -2.17 22.2181 2.99 3b

Mnx444 OH o* 22.37 22.11 6.20 0.0100 -2.23 22.2181 3.12 003
Mn44y4 OH O* 22.08 21,83 6.23 0.0100 -2.23 22.2181 2.85 004
Mn4zy4 OOH 21.93 21.83 6.26 0.0102 -2.18 22.2181 2.83 3a

Mnzzy4 -OO*H- 2242 22.47 6.18 0.0102 -2.20 22.2181 3.41 TS3
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ABSTRACT: Complete understanding of catalytic cycles is required

to advance the design of water oxidation catalysts, but it is difficult to
attain, due to the complex factors governing their reactivity and
stability. In this study, we investigate the regeneration and degradation
pathways of the highly active biomimetic water oxidation catalyst Catalvst
[Mr‘13+2.Mn4+2‘V4O17(OAC)_«?]3_, thereby completing its catalytic Eycle. Reg:naelyastion Regeneration
Beginning with the deactivated species [Mn**,V,0,,(OAc),]*" left +2 H,0 +2H,0

over after O, evolution, we scrutinize a network of reaction -H, -de 4 H, de
intermediates belonging to two alternative water oxidation cycles.

We find that catalyst regeneration to the activated species

[Mn*,V,0,,(0OAc),(OH)(H,0)]~ proceeds via oxidation of each Degradation Degradation
Mn center, with one water ligand being bound during the first

oxidation step and a second water ligand being bound and

deprotonated during the final oxidation step. AAG values for this last oxidation are consistent with previous experimental results,
while regeneration within an alternative catalytic cycle was found to be thermodynamically unfavorable. Extensive in silico sampling
of catalyst structures also revealed two degradation processes: cubane opening and ligand dissociation, both of which have low
barriers at highly reduced states of the catalyst due to the presence of Jahn—Teller effects. These mechanistic insights are expected to
spur the development of more efficient and stable Mn cubane water oxidation catalysts.

Catalyst

KEYWORDS: artificial photosynthesis, polyoxometalate, Jahn—Teller axis, electrocatalysis, regeneration, degradation,
density functional theory

1. INTRODUCTION centers has been leveraged to explain their high water
oxidation activity.'"*>° Jahn—Teller (JT) effects have been
noted to significantly alter the structure’”*” and even the
reactivity of Mn-containing catalysts featuring Mn*" cen-
ters.**™*' Such distortions are present in d* metal centers such
as Mn®** and lead to the elongation of one bond axis and
concomitant shortening of the other two bond axes in an
octahedral coordination environment. They represent a form
of structural flexibility that, when taken together with the
aforementioned facile electron redistribution, makes Mn-oxo
cubane catalysts featuring Mn** centers particularly promising
candidates for increasing the efficiency of the water oxidation
reaction,**™**

In this work, we focus on the bioinspired water oxidation
catalyst [Mn**,Mn*,V,0,,(OAc);]*~ (abbreviated as 3344-
OAc, where the numbers indicate the oxidation states of the

Humanity’s overreliance on fossil fuels is the main driver of the
current climate and energy crises, the effects of which are
increasingly being felt across the globe.'™® Searching for
alternatives, researchers have worked for decades to develop
new technologies for converting solar to chemical energy.’
Among these, artificial water splitting plays a prominent role,
promising to create renewable H, from water and sunlight.é’7
Water splitting is a four-electron redox reaction consisting of
two half-reactions: water oxidation and hydrogen evolution.
Since water oxidation is considered the more challenging of the
two, great efforts have been made to develop eflicient water
oxidation catalysts.””'? Inspired by the oxygen-evolving
complex (OEC), which contains the tetramanganese cubane
active center responsible for water oxidation in natural
photosynthesis, a large number of biomimetic catalysts
featuring four metal centers in a cubane arrangement have
been synthesized and investigated.'>~** Received: December 21, 2022
Among such systems, those featuring Co,O, and Mn,O, Revised:  January 30, 2023

cubane cores have been intensively studied, often as model

systems for the natural OEC or for heterogeneous catalysts

relevant for industrial-scale water splitting. In this context, the

cubanes’ ability to flexibly redistribute electrons between metal

© XXXX The Authors. Published b
American Chemical Societg https://doi.org/10.1021/acscatal.2c06301
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Mn atoms; see Figure 1a).*> This highly active multicenter
catalyst (turnover number (TON) > 12 000; turnover

b) 0, evolution
-3 H, -0, -0,
Activation /\
3348|720 4444 \WNA| 3333 4444
OAc - AcOH OHH,0 oo (o o]
“HY-4e SAHY -de
Regeneration
R
M M M M
N~ ~_—
iWNA
Figure 1. (a) Three-dimensional structure of

[Mn**,Mn*,V,0,,(0OAc);]*~ or 3344-OAc with color legend (left)
and its ChemDraw structure (right). (b) Reactivity scheme of 3344-
OAGg, consisting of activation (black arrow), the proposed iWNA cycle
between 4444-OH-H,O and 3333-0-0 (blue), and the alternative
proposed iDC cycle between 4444-0-O and 3333-0-0 (gray). O,
evolution occurs in the upper half of each cycle, while the lower half
corresponds to catalyst regeneration. (c) Different types of O—O
bond formation mechanisms in multicenter water oxidation catalysts:
intramolecular nucleophilic attack by an OH ligand on a neighboring
terminal oxyl ligand (iWNA) and intramolecular direct coupling
between two neighboring terminal oxo ligands (iDC).

frequency (TOF) > 200 min~')*® consists of an Mn,O,
cubane core, surrounded on three sides by a hexadentate
V,0,; vanadate ligand and three bidentate acetate ligands on
the remaining sides. A prior combined experimental and
theoretical study showed that 3344-OAc is actually a
precatalyst that must first undergo activation by oxidation of
two Mn centers to yield an Mn*", configuration of the cubane
core as well as exchange of one acetate with an OH and an
H,O ligand before the actual O, evolution can be catalyzed
(Figure 1b, black arrow). The activated species was
determined to be [Mn*",V,0,,(0Ac),(OH)(H,0)]~ (4444-
OH-H,0).* Further theoretical work led to the proposal of a
feasible mechanism for O, evolution, consisting of three
proton-coupled electron transfers (PCET) and one electron
transfer (ET) step (Figure 1b, upper half of blue cycle).*' After
O, evolution, the catalyst was found to remain as
[Mn3*4V4Ol7(OAc)2]4‘ (3333-0-0), a deactivated species
with two cofacial open coordination sites (o) that must
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undergo regeneration before being able to catalyze another
turnover. The question of how 4444-OH-H,O0 is regenerated
from 3333-0-0 has thus far remained unanswered, leaving the
understanding of the catalytic cycle incomplete.

In our proposed water oxidation cycle, O—O bond
formation is achieved by the intramolecular attack of an OH
ligand bound to one Mn center on a cofacial metal-oxyl group,
as in the iWNA mechanism shown in Figure 1c.*' This is one
variant of the so-called “water nucleophilic attack” (WNA)
type of mechanism, which has been often invoked to explain
the reactivity of the OEC, as well as that of a large number of
synthetic water oxidation catalysts.*'*>'>*"*® I catalysts where
multiple terminal metal-oxo groups are present in close
proximity (including the OEC), an alternative form of O—O
bonding has been proposed, coined a direct coupling (DC)
type of mechanism—an intramolecular variant of which (iDC)
is also shown in Figure 1c.'>'*'%*7*%%° While no species
featuring two cofacial oxo or oxyl ligands have been invoked so
far for our tetramanganese catalyst, this does not rule out that
an iDC-type water oxidation cycle could exist alongside the
previously proposed iWNA-type. We hypothesize that O—O
bond formation according to the iDC mechanism could best
be achieved by first binding water ligands at a low redox state,
followed by combined deprotonation and metal-centered
oxidation through a series of PCET steps (Figure 1b, lower
half of gray cycle), leading to a highly oxidized catalyst with
terminal oxo ligands, [Mn*,V,0,,(OAc),(0),]*" (termed
4444.0-0).

Previous work on 3344-OAc paid particular attention to the
role of JT effects in the reactivity of the catalyst. These effects
have been noted to affect the structure and reactivity of the
OEC as well as other synthetic catalysts containing d* metal
centers;>” " JT effects have even been linked to increased
water oxidation activity in heterogeneous catalysts."”*~***' In
3344-OAc, we found that JT effects play a pivotal role in
multiple reaction steps. During activation, JT-elongated bonds
provided key weak points for water attack and subsequent
ligand exchange.40 We observed similar behavior for the O,
dissociation step of the water oxidation mechanism.*' Finally,
we showed that during O, evolution, a reorientation of JT-
distorted bonds precedes the formation of the O—O bond,
which is itself concerted with an ET from the reactive ligands
to a Mn center and the emergence of JT distortions at that
same metal center."'

The obvious importance of JT effects for the reactivity of
3344-OAc motivated some of us to study in depth the relative
stability of structures featuring different orientations of JT-
distorted bonds across all relevant redox states of the catalyst,
resulting in a set of heuristic rules for the comparison among
such structures.”> In this context, we found that JT axes were
energetically favorable when oriented toward the acetate or
water ligands, but not toward the vanadate ligand, so that the
vanadate appeared to stabilize the catalyst, which itself is
overall quite flexible. The presence of a number of structures
featuring open coordination sites as more stable alternatives to
fully coordinated complexes at the lowest oxidation state of the
catalyst (3333) was also noted and rationalized as an especially
strong JT effect.>

In this work, we set out to investigate the regeneration
mechanism of the 3344-OAc catalyst from the deactivated
3333-0-0 form to the 4444-OH-H,O one (lower half of the
blue cycle in Figure 1b), formally

https://doi.org/10.1021/acscatal.2c06301
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[Mn**,V,0,,(0Ac),]*” + 2H,0

— [Mn**,V,0,,(0Ac),(OH)(H,0)]” + H* + 4e”
(1)

by sampling the large number of structures that could be
involved in that process. To this end, we propose a network of
intermediates that connect the two species, featuring a variety
of ligand configurations from the two open coordination sites
of the deactivated species to the H,O and OH ligands of the
activated catalyst. By comparing the stabilities of these various
intermediates, we aim at uncovering a feasible regeneration
mechanism for 3344-OAc, thereby closing the proposed
iWNA cyle. At the same time, we investigate the possibility
of an iDC-type water oxidation cycle (shown in gray in Figure
1b). We focus on regeneration via binding of water ligands at a
low oxidation state and a series of PCET steps, leading to a
highly oxidized catalyst with terminal oxo ligands, 4444-0-O,
that is able to carry out O, evolution according to the iDC
mechanism. Finally, we expect that the exhaustive sampling of
reaction intermediate structures here undertaken can shed
further light on the role of JT effects in the reactivity and
stability of 3344-OAc and its derivatives.

2. METHODS

2.1. Nomenclature. The presence of up to four Mn®'
centers across multiple oxidation states of our catalyst, which
show distinctive JT bond distortions, necessitates sampling a
large number of redox isomers (structures that differ in the
assignment of oxidation states to specific Mn centers) and JT
isomers (structures that differ in the x-, y-, or z-orientation of
their elongated JT bond axes). To differentiate between these
isomers, we use a specific nomenclature and abbreviated
structural representation that is illustrated in Figure 2. Figure
2a shows the full and abbreviated ChemDraw structures of the
most stable JT isomer of the deactivated species 3333-0-0,
which features four Mn*" centers, each with a JT axis pointing
to the z-direction (highlighted in red), and which will therefore
be referred to as zzzz-o-o. Further representative examples
with other oxidation states are shown in Figures 2b—d. Figure
2b is a 3334-0-0 structure, and because MnA, MnB, and MnD
are Mn>* centers with JT axes in the z-direction and MnC is an
Mn*" center without a JT axis, it is labeled as zz4z-0-o. Figure
2c is a 3344-0-0 species, where MnA and MnB are Mn**
centers without JT axes, while MnC and MnD are Mn*
centers with a JT axis in the y- and z-direction, respectively; it
is therefore labeled as 44yz-o-o. Finally, in Figure 2d, we
depict a 3444-0-0 structure, with MnA, MnB, and MnC being
Mn** centers and thus having no JT axes, and MnD being a
Mn®" center with a JT axis in the x-direction, thus labeled as
444x-0-0. The 4444 oxidation state of the catalyst does not
show redox or JT isomerism.

Furthermore, the catalyst was investigated in a variety of
ligand configurations that are exemplified in Figure 3 for the
oxidation state 4444. Figure 3a shows the full and abbreviated
ChemDraw structures of 4444-OH-H,0, a structure with an
OH ligand bound to MnB and an H,O ligand bound to MnA.
Figure 3b displays 4444-0-0, a structure with an open
coordination site at each of the reactive centers MnA and
MnB, while Figures 3¢ and 3d provide two examples each of
structures with an open coordination site at MnA and a ligand
bound to MnB (4444-H,0-o0 and 4444-OH-0) and vice versa
(4444-0-H,0 and 4444-0-OH). Finally, Figure 3e depicts a
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Figure 2. (a) Full ChemDraw structure of zzzz-0-o, the most stable
isomer of the deactivated species 3333-0-0, and its abbreviated
ChemDraw structure with Mn centers labeled A—D and O atoms
labeled 1—4. The Mn*" centers and their respective JT axes are
highlighted in red. The accompanying text box contains a descriptor
consisting of two parts, the first with letters corresponding to the JT
axis orientations at the Mn*" centers ABCD (in this case, zzzz) and
the second giving ligand configuration (in this case, 0 o, representing
open coordination sites at MnB and MnA). (b—d) Abbreviated
ChemDraw structures for zz4z-0-o (3334 oxidation state), 44yz-0-o
(3344), and 444x-0-0 (3444), respectively.

structure with terminal oxo ligands bound to both MnA and
MnB (4444-0-0). Other ligand configurations featuring, e.g,,
acetate ligands bound to MnA and MnB were not investigated
here, as this would go beyond the scope of the present study;
the reader is instead referred to other work covering the
speciation of the catalyst both from an experimental and
theoretical point of view.***>#525%

2.2. Sampling Procedure. In all investigated ligand
configurations, the catalyst exhibits an idealized Cg symmetry,
meaning that symmetry-equivalent structures were considered
degenerate and therefore not sampled separately. Therefore, all
Boltzmann populations are weighted by the degeneracy of the
corresponding isomers. Even considering the idealized Cg
symmetry of 3344-OAc derivatives, the complete character-
ization of a single ligand configuration would have included
136 individual redox and JT isomers, an intractable task
considering the number of ligand configurations investigated in
this study. Therefore, we made use of the heuristic rules for the
relative stability of redox and JT isomers derived by Mai et al.>
to predict the most stable isomers for each oxidation state. In
the case of the 4444 and 3444 oxidation states, the total
number of symmetry-unique isomers is small enough so that all
of them could be sampled. However, for the 3344, 3334, and
3333 oxidation states, only those isomers predicted by
heuristics>”> to be within less than 12 kcal/mol of the most
stable isomer within each oxidation state were targeted for
sampling. A detailed analysis of the utility and accuracy of the
heuristics used for sampling target selection can be found in
section I in the Supporting Information (SI).

Sampling was performed according to a multistep protocol
adapted from Mai et al.>> Guess geometries for each isomer
targeted for sampling were initially obtained from preoptimiza-
tions with geometric constraints, wherein a specific JT

https://doi.org/10.1021/acscatal.2c06301
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Figure 3. (a) Full ChemDraw structure of the activated species 4444-
OH-H,0, showing the redox state of each Mn center, and its
abbreviated ChemDraw structure with Mn centers labeled A-D, O
atoms labeled 1—6. Ligands at MnA and MnB are highlighted in blue.
The accompanying text box contains a descriptor consisting of two
parts; in the first, each number corresponds to the redox state of the
Mn** centers ABCD that have no JT axes (in this case, 4444) and the
ligand configuration (in this case, OH H,O, representing the OH
ligand at MnB and the H,O ligand at MnA). (b—e) Abbreviated
ChemDraw structures for 4444-0-0 (panel (b)), 4444-H,0-0 and
4444-OH-o (panel (c)), 4444-0-H,0 and 4444-0-OH (panel (d)),
and 4444-0-0 (panel (e)).

configuration was enforced by setting the bond length of the
corresponding Mn—O bond(s) within the cubane core to a
value of 2.30 A (in some cases, the opposing bond additionally
had to be constrained to 2.20 A; see section II in the SI for
details). These guess geometries were then optimized without
constraints, resulting in one or more stable isomers for the
particular oxidation state and ligand configuration under
investigation. As not every targeted isomer corresponded to
a stable minimum on the potential energy surface, many of the
unconstrained optimizations resulted in virtually identical
structures; only the most stable of these for each redox and
JT isomer is reported herein.

2.3. Computational Details. All single point, optimiza-
tion, and frequency calculations were performed using the
Orca 4.2.1 package,””*° with the zeroth order regular
approximation (ZORA),*”~*° Grimme’s D3 dispersion correc-
tion,”” and the conductor-like polarized continuum model C-
PCM for implicit solvation with surface type vdw_gaussian.’’
The resolution of identity for Coulomb integrals and numerical
chain-of-sphere integration for the Hartree—Fock exchange
integrals (RIJCOSX) was used to accelerate the calculations.”
Constrained preoptimizations used the looseopt keyword for
looser optimization convergence thresholds, with the unre-
stricted BP86 functional®** and the ZORA-SVP basis set with
def2/] general auxiliary basis set.”> For simplicity, the C-PCM
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parameters of acetonitrile were used. Final unconstrained
optimizations and numerical frequency calculations of isomers
made use of the unrestricted B3LYP functional,®®®” with the
double-{ ZORA-def2-SVP basis set and SARC/J decontracted
auxiliary basis set.”> To simulate the ACN:H,0 9:1 (v/v)
solvent mixture employed in e:)(l:>erime3nts,45’46 the C-PCM
parameters for acetonitrile were combined with a custom
epsilon value of 41.589 (9:1 weighted average of the epsilon
values of ACN and H,0).*! Finally, single point electronic
energies were refined using the larger triple-{ ZORA-def2-
TZVP basis set® with otherwise identical parameters to the
final optimization protocol. The JT configuration of optimized
structures was determined by comparing the lengths of Mn—O
bonds within the cubane core, with the longest bond
determining the x-, y-, or z-orientation of the JT axis on
each Mn*" center. All obtained structures were evaluated
according to their numerically calculated vibrational frequen-
cies; those showing negative frequencies were excluded from
the results discussed herein. In all our calculations, an all-atom
model of the complex using the high-spin configuration was
employed, as is common in the literature.* 41,52,54,68=70
Oxidation states are reported based on the Mulliken spin
populations computed for individual atoms.

Final reported Gibbs energies are based on the refined
electronic energies calculated using the ZORA-def2-TZVP
basis set in combination with thermochemical corrections from
the final optimizations and frequency calculations carried out
using the ZORA-def2-SVP basis set. To account for energy
differences between different ligand configurations, reference
energies of the isolated ligands were calculated at the same
final level of theory. Free energies in solution have been
corrected for concentration effects using the package “Good-
Vibes”,”" setting the concentrations of all catalyst intermediates
to a standard reference value of 1 M and the concentration of
the 10% water in solution to 5.53 M.”” Furthermore, to
account for differing protonation states between structures, an
energy correction term was calculated using the approach of
Van Voorhis and co-workers, wherein the standard free energy
of a proton in solution is added for each proton abstracted
from the cluster.® As in our previous work,”" we used a 9:1
weighted average of the standard free energy of a proton in
acetonitrile (11.0622 V) and of a proton in water (11.5305
eV)”? to approximate the standard free energy of a proton in
the ACN:H,O 9:1 (v/v) solution mixture used in the
experiment, giving 11.1090 eV.

In order to study possible instances of catalyst de§radation,
Climbing Image-Nudged Elastic Band (CI-NEB)”* calcula-
tions, as implemented in ORCA 5.0.3,””°° were performed on
several examples of intermediates showing various structural
defects. Here, the unrestricted B3LYP functional®®®’ was used
with the ZORA-def2-SVP basis set,’> D3 dispersion
correction,”” and C-PCM (acetonitrile, epsilon = 41.589)
with surface type vdw_gaussian.61 Barrier heights for reactions
studied using CI-NEB reported herein are calculated based on
the electronic energy difference between the NEB climbing
image and the reactant species, computed using ZORA-def2-
SVP, and should therefore be taken as approximate, most likely
upper bounds.

3. RESULTS

A total of 558 individual isomers were sampled across all
oxidation states and ligand configurations, resulting in 159
stable minima. All investigated combinations of oxidation

https://doi.org/10.1021/acscatal.2c06301
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Figure 4. Scheme of all investigated oxidation pathways and their intermediates. Ligand exchange reactions are indicated by blue arrows, oxidation
steps by black arrows, and proton-coupled electron transfer (PCET) steps by gray arrows. The starting 3333-0-0 and final 4444-OH-H,O

structures (derived from prior work®®*") are highlighted in orange.

states and ligand configurations are shown in Figure 4. In the
following, obtained results will be summarized for each ligand
configuration, focusing on the most stable minima for each
oxidation state—i.e., listing all structures with a Boltzmann
population of at least 5% at thermal equilibrium (T = 298.15
K) for that ligand configuration and oxidation state. A full list
of all optimized structures can be found in Tables S2—S9 in
the SI.

Analysis of the bond lengths between each metal center and
its coordinating atoms revealed several structures showing
varying degrees of ligand dissociation; these structures are
marked with an asterisk (*), and corresponding large
interatomic distances are noted explicitly. To study the
processes leading to the formation of such partially dissociated
intermediates, NEB calculations were performed between
representative examples of these intermediates and non-
dissociated structures of identical oxidation state and
comparable ligand configuration. The energy values given for
intermediates and their various isomers are relative Gibbs
energies calculated at the B3LYP-D3/ZORA-def2-TZVP//
B3LYP-D3/ZORA-def2-SVP level of theory, while barrier
heights are the relative electronic energy between the reactant
and the climbing image of a CI-NEB simulation carried out
only at the B3LYP-D3/ZORA-def2-SVP level of theory.

We begin at the lowest oxidation state with the ligand
configuration featuring two open coordination sites, 3333-0-o,
which is the starting point of catalyst regeneration. The most
stable isomer is zzzz-0-0* (0.0 eV relative Gibbs energy, 68%
Boltzmann population at T = 298.15 K), which is used as a
reference structure throughout this work. It features two
slightly longer-than-average bond lengths within the cubane
core caused by strong JT effects (r(MnC—04) = 2.579 A,
r(MnD—03) = 2.549 A). Two other populated JT isomers
were found: zzyz-o-0* (0.04 eV, 26%, r(MnD—03) = 2.776
A) and zzzz-0-0 (0.06 eV, 5%). A NEB calculation between
27222-0-0 and zz2z-0-0* revealed a low kinetic barrier between
them amounting to 0.25 eV or 5.7 kcal/mol. Oxidation to the
3334 state yields a mixed population consisting of zz4z-0-0*
(3.95 eV, 90%, r(MnD—03 = 2.519 A) and zz4x-0-0 (4.01 eV,
10%). A corresponding NEB calculation between zz4x-0-0 and
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2242-0-0* showed that the elongation within the cubane core
of the bond between MnD and O3 is effectively barrierless,
with an activation energy of only 0.04 eV or 0.9 kcal/mol.
Further oxidation states are dominated by single isomers:
2244-0-0 (8.71 eV, 100%) for the 3344 oxidation state, 4z44-
0-0 (14.49 eV, 100%) for the 3444 oxidation state, and finally
4444-0-0 (21.19 eV, 100%) for the 4444 oxidation state.

Moving on to the ligand configuration featuring a H,O
bound at MnB and an open coordination site at MnA, the
most stable structures found at the lowest oxidation state
(corresponding to 3333-H,0-o0 in Figure 4) are xzxx-H,0-0*
(0.05 eV, 57%, (MnC—02) = 2.548 A, ((MnB—05) = 3.526
A, (MnD—0AC) = 4.450 A) and zzzx-H,0-0* (0.05 eV, 43%,
r(MnC—04) = 2.884 A, r(MnB—0S5) = 3.851 A). These
structures, along with all but one of the others found for this
ligand configuration and oxidation state, feature dissociated
ligands—the sole exception being zxyx-H,0-0 (0.50 eV),
which is however unpopulated at thermal equilibrium. At the
3334 oxidation state, two stable, populated intermediates
could be identified: z4yx-H,0-0 (3.94 eV, 53%) and zz4x-
H,0-0 (3.96 eV, 47%). The next oxidation leads to z4y4-H,O-
o0 (8.51 eV, 100%); further oxidation yields a mixture of z444-
H,0-0 (13.95 eV, 79%) and 444x-H,0-0 (14.00 eV, 21%);
and finally 4444-H,0-0 (20.22 eV, 100%) is obtained.

For the ligand configuration with an open coordination site
at MnB and H,O bound at MnA, the most stable isomer
corresponding to 3333-0-H,O is xzzx-0-H,0%* (—0.37 eV,
100%, r(MnC—04) = 3.014 A), featuring an unusual
combination of opened cubane core and protonated O4. A
NEB calculation between the unpopulated xzxx-0-H,0 (0.43
eV) and xzzx-0-H,0% reveals a very low barrier of only 0.17
eV or 3.8 kcal/mol for conversion to the O4-protonated
species. The remaining oxidation states are dominated by only
one populated species. Accordingly, starting at the 3334
oxidation state with zzy4-0-H,O (3.92 eV, 98%), oxidation to
the 3344 oxidation state yields 4z4x-0-H,O (8.38 eV, 100%),
further oxidation to the 3444 oxidation state yields 4z44-o-
H,0 (13.57 €V, 100%), and finally oxidation to 4444 yields
4444-0-H,0 (20,11 eV, 100%).

https://doi.org/10.1021/acscatal.2c06301
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Next, we examine the most stable intermediates for the
ligand configuration featuring an open coordination site at
MnB and OH bound at MnA. For the lowest oxidation state,
the most stable isomer of 3333-0-OH is xzyz-0-OH (1.86 €V,
95%). Oxidation to the 3334 oxidation state yields a mixed
population of yzd4x-0-OH (5.25 eV, 63%) and yzy4-o-OH
(5.26 eV, 37%). Further oxidation to the 3344 oxidation state
gives 4zy4-0-OH (9.28 eV, 99%), then oxidation to the 3444
oxidation state gives 4z44-0-OH (14.04 eV, 100%), and finally
oxidation to the 4444 oxidation state gives 4444-0-OH (20.23
eV, 100%).

All isomers found for 3333-OH-o, the lowest oxidation state
for the ligand configuration featuring OH bound at MnB and
an open coordination site at MnA, have at least one partially
dissociated ligand. The most stable isomers are xxxx—OH-0*
(1.88 €V, 71%, r(MnB—03) = 2.531 A, r(MnD—OAc) = 4.810
A) with an acetate ligand dissociated from one of its metal
centers resulting in an open coordination site at MnD and
yyyx-OH-o0* (1.90 eV, 29%, r(MnB—04) = 2.807 A, r(MnC—
OAc) = 6.651 A) with a corresponding open coordination site
at MnC. A NEB calculation was performed between the
unpopulated isomers zzyx-OH-o* (2.84 eV, r(MnC—OAc) =
2.564 A, r(MnD—0Ac) = 2.556 A) and zxyx-OH-o0* (2.03 eV,
r(MnD—0Ac) 4.157 A) to investigate the transition
between a strongly distorted and a fully dissociated Mn—
OAc bond, finding a very low barrier of only 0.08 eV or 1.9
kcal/mol. Moving on to the 3334 oxidation state, only one
populated isomer, z4yz-OH-o (5.44 eV, 99%), could be
optimized. Oxidation to the 3344 oxidation state yields z44x-
OH-o (9.50 eV, 100%); further oxidation to 3334 then results
in z444-OH-o (14.45 eV, 100%), and finally oxidation to 4444
gives 4444-OH-o (20.35 eV, 100%).

The final ligand configuration investigated as part of the
regeneration half of the iWNA cycle from 3333-0-0 to 4444-
OH-H,0 features an OH and an H,O ligand. One should note
that the ligands at the two binding sites MnA and MnB are
essentially interchangeable due to their hydrogen-bonded
nature. However, thermodynamically it is more favorable to
have H,O bound to MnB for all oxidation states except the
4444 oxidation state. At the 3333 oxidation state, the most
stable structures are yzzx-H,0-OH* (1.91 eV, 93%, r(MnB—
05) = 3.166 A) with a dissociated H,0 ligand and xxyx-H,0—
OH (1.98 eV, 5%). To obtain an approximate barrier height
for the dissociation of an H,O ligand, a NEB calculation was
performed between xxyx-H,0-OH and yzzx-H,0-OH¥,
resulting in a low barrier of 0.23 eV or 5.4 kcal/mol. Oxidizing
to the 3334 oxidation state results in a mixed population of
yz4x-H,0-OH (5.13 eV, 84%) and xz4x-H,0-OH (5,18 €V,
13%). Further oxidation to the 3344 oxidation state gives both
424x-H,0-OH (9.05 €V, 91%) and 44yx-H,0-OH (9.10 eV,
6%), while further oxidation to the 3444 oxidation state yields
a mixture of 4z44-H,0-OH (13.69 ¢V, 58%) and 444x-H,O-
OH (13.71 eV, 42%). The final oxidation step leads to 4444-
OH-H,0 (19.26 eV, 70%) and 4444-H,0-OH (19.28 &V,
30%), illustrating the typically small energy difference between
the two protonation states.

We turn now to intermediates from a possible alternative
iDC-type water oxidation cycle (gray in Figure 1b). The two
iDC regeneration pathways we investigated (Figure 4) start
from 3333-0-0 and proceed through the binding of water and
a combination of PCET steps and one-electron oxidations all
the way to 4444-0-O, which contains two terminal oxo
groups, ready to form an O—O bond by direct coupling. The
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initial intermediates of the first pathway feature an H,O ligand
bound to MnB and an OH ligand bound to MnA, resulting in
two JT isomers: yzzx-H,0-OH* (1.91 eV, 93%, r(MnB-0S) =
3.166 A) and xxyx-H,0-OH (1.98 eV, 5%). The first PCET
step also results in a mixture of isomers, yy4x-HO-HO (7.09
eV, 54%), with O6 as the H-bond donor and OS5 as the
acceptor, and xx4x-OH-OH (7.10 eV, 40%) with OS as the H-
bond donor. Also at this step, a NEB calculation was
performed between the unpopulated isomers 4xyx-OH-OH
(7.31 eV) and 4x0x-OH-OH* (7.40 eV, r(MnD—OAc = 2.548
A)), both with OS5 as the H-bond donor and O6 as the H-bond
acceptor. The barrier for the transition from the JT-distorted
MnD—OAc bond of 4xyx-OH-OH to the very strongly JT-
distorted MnD—OAc bond of 4xxx-OH-OH* was found to be
very low at 0.17 eV or 4.0 kcal/mol. The second PCET step
gives a mixed population of 4y4x-OH-O (13.30 eV, 34%),
4x4x-0OH-O (13.30 eV, 27%), x44x-0-OH (13.31 eV, 18%),
and y44x-O-OH (13.32 eV, 14%). The final PCET step yields
444x-0-0 (19.66 eV, 100%), which can be oxidized to 4444-
0-O (23.58 eV, 100%). Some spin delocalization across the
Mn—O bonds can be observed for the deprotonated terminal
oxo groups (see Table S8 in the SI).

Finally, the initial intermediates of the second iDC
regeneration pathway investigated also feature an H,O and
an OH ligand: yzzx-H,0-OH* (1.91 eV, 93%, r(MnB—0S) =
3.166 A) and xxyx-H,0-OH (1.98 €V, 5%), then yz4x-H,O-
OH (5.13 eV, 84%) and xz4x-H,0-OH (5,18 eV, 13%). The
first PCET step yields a mixed population of y44x-HO-HO
(10.64 eV, 30%) with O6 being the H-bond donor and OS the
acceptor, x44x-HO-HO (10.65 eV, 24%) with the same H-
bonding configuration, y44x-OH-OH (10.66 eV, 16%) with
the inverted configuration of OS5 being the H-bond donor and
06 the acceptor, x44x-OH-OH (10.66 eV, 11%) with the
same inverted configuration, and 4x4x-HO-HO (10.67 eV,
11%) once again having O6 as the donor. A further PCET step
gives a mixture of 444x-OH-O (16.90 eV, 87%) and 444x-O-
OH (16.95 eV, 13%). The final PCET step results in the same
final product as the previous pathway, 4444-0-O (23.58 eV,
100%). Again, some spin delocalization across the Mn—O
bonds can be observed for the deprotonated terminal oxo
groups (see Table S9 in the SI).

4. DISCUSSION

4.1. Structural Analysis. Analyzing the distributions of the
interatomic distances between the Mn centers and each of
their coordinating atoms reveals a common pattern (see
section III in the SI), shown exemplarily in Figure Sa for
r(MnB—03). A peak at ~1.9 A represents both the
undistorted bonds found at Mn** centers as well as the
slightly shorter bonds not corresponding to the main JT axis at
Mn* centers. A second peak at ~2.3 A represents bonds
lengthened by JT distortions. Outliers above 2.5 A correspond
to structures featuring very strongly distorted or even fully
dissociated bonds, which will be discussed in detail below.

This pattern of interatomic distance distributions marked by
two main peaks is found essentially in all Mn centers and
coordinating atoms, showing that JT distortions are possible
along all bond axes, including those to the vanadate ligand (see
Figure Sb). Overall, we predict 78 structures bearing at least
one JT axis oriented toward the vanadate ligand, 18 of which
have a Boltzmann population of >5% at thermal equilibrium,
marking them as being among the most stable isomers. While
the majority of these structures belong to the 3333 and 3334

https://doi.org/10.1021/acscatal.2c06301
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Figure 5. Interatomic distance distributions (in A) for selected atom
pairs highlighted in blue in the insets. (a) r(MnB—03), showing two
peaks: one at ~2.3 A for JT-distorted bonds and one around 1.9 A for
bonds not lengthened by JT effects. An outlier above 2.5 A represents
possibly dissociated structures. (b) *(MnC—OV), where OV is the
nearest O atom of the vanadate ligand. The presence of a second peak
of ~2.1 A indicates that bonds to the vanadate ligand are affected by
JT distortions. (c) r(O1—V), where V is the nearest V atom of the
vanadate ligand. Outliers below 2.6 A show that an attractive
interaction between these two atoms can pull them up to 0.4 A closer
together.

oxidation states, 17 such structures were found at the 3344 and
1 structure was found even at the 3444 oxidation state. This is
a surprising result because it diverges somewhat from the
assumption that the seemingly chemically inert vanadate ligand
was unlikely to participate in the formation of JT axes.>>
Rather, it appears that JT distortions in bonds to the
vanadate ligand are possible, although they result in bonds that
are more stable than is the case for other ligands (bonds to the
vanadate lengthened by JT distortions are on average 0.1—0.2
A shorter than JT-lengthened bonds to other ligands), and no
instances of bond dissociation were observed for the vanadate

ligand.
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Interestingly, we obtained a number of structures featuring
an interatomic distance smaller than 2.5 A between O1 and
one of the vanadium atoms (Figure Sc), indicating a certain
degree of interaction between the two atoms. As previously
noted by Mai et al,, the experimental X-ray structure obtained
at the 3344 oxidation state features three elongated Mn—O1
bonds, which were originally rationalized as being caused by
attractive electrostatic interactions between O1 and the
vanadate ligand,” but are more likely a result of dynamic
disorder in the crystal structure between different JT isomers
separated by low kinetic barriers.>> Now, however, we find
structures in the 3333 and 3334 oxidation state, all of which
have three JT axes pointed at Ol and significantly lower than
average distances between O1 and the vanadate ligand. This
implies that the hypothesized attractive interaction of this
pairing could be observed, but only at the lowest oxidation
states and with the cooperation of three JT axes pushing O1
toward the vanadate ligand.

4.2. Catalyst Degradation. The appearance of numerous
outliers in the interatomic distance analysis prompted us to
investigate in depth structures featuring very strongly distorted
or even fully dissociated bonds between Mn centers and their
coordinating atoms. We discovered two types of potential
catalyst degradation processes: (i) cubane opening, where
intracubane Mn—O bonds are extended up to 3.0 A, in one
case followed by protonation of O4 by a neighboring H,O
ligand; and (ii) ligand dissociation, where Mn—OH, distances
up to 3.9 A and Mn—OAc distances up to 6.7 A can be
observed. Structures bearing one or even several of these
distortions were found both in the 3334 oxidation state, where
they appear in a small number of mostly unpopulated isomers,
and in the 3333 oxidation state, where they are far more
common and often among the most stable isomers obtained.
In all these structures, Mn-ligand bond distortions and
dissociations are consistent with the JT axes of their respective
Mn?" centers. Therefore, it is reasonable to assume that here,
as in other parts of the catalytic cycles,*”*' JT effects lower
barriers for bond breakage and formation at Mn?*" centers, in
this case potentially facilitating catalyst degradation through
cubane opening and ligand dissociation.

To better understand the kinetics of these degradation
processes, NEB calculations were performed between
representative examples of structures bearing strongly distorted
or dissociated bonds and nondissociated isomers of identical
oxidation state and comparable ligand configuration. In this
way, approximate barrier heights for different types of cubane
opening and ligand dissociation processes could be obtained.
Six such calculations were performed (see Figure 6 and section
IV in the SI); in some cases (NEB 1, NEB 2), the minimum
energy pathway obtained from the NEB calculation fluctuates
between several JT isomers due to the near-degeneracy of
many isomers at the 3333 oxidation state. However, the
emergence of JT distortions consistent with the studied
degradation process was observed before bond cleavage in two
simulations (NEB 3, NEB 4), while in the remaining
calculations, such JT distortions were already present in the
reactant structure.

The barriers of all degradation processes investigated using
NEB simulations were found to be small (<0.25 eV or 5.8
kcal/mol), pointing to the high reactivity of the catalyst at the
3333 and 3334 oxidation states. The catalyst’s propensity for
quickly dissociating ligands is enabled by the presence of JT
effects at Mn®* centers, which can extend Mn-ligand bonds and

https://doi.org/10.1021/acscatal.2c06301
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Figure 6. CI-NEB calculations carried out between relatively intact
isomers and examples featuring at least one form of structural
distortion. Mn®* centers and their JT axes are marked in red; ligands
at MnA and MnB are highlighted in blue. Activation energies AE,
(kcal/mol) correspond to the electronic energy of the climbing image
relative to the reactant, computed at the B3LYP-D3/ZORA-def2-SVP
level of theory. Gibbs energy differences AAG (in kcal/mol) are
calculated at the B3LYP-D3/ZORA-def2-TZVP//B3LYP-D3/ZORA-
def2-SVP level of theory.

thereby lower reaction barriers for bond dissociation. Based on
these results, it appears that all of these extremely fast reactions
are potentially reversible, depending on the AAG between
reactant and product. For example, the products of NEB 1 and
NEB 2 featuring extended intracubane Mn—O bonds, zzzz-o-
o* and zz4z-0-0%, are in equilibrium with their “intact”
reactants. In these two cases, cubane opening does not seem to
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interfere with oxidative regeneration of the catalyst and is
simply a form of a particularly strong JT effect. Similarly, the
H,O and acetate ligand dissociations studied in NEB 4 and
NEB S, respectively, appear to be reversible, showing that
(partial) ligand dissociation does not necessarily impede
regeneration. This is plausible in the case of H,0, which is
abundant in the reaction mixture under experimental
conditions.**® However, the dissociation of acetate from the
complex bears further investigation (see below).

While NEB § shows that extreme distortion of an Mn—OAc
bond (r(MnD—OAc) = 2.548 A in the product) is reversible,
this is not the case in NEB 6. In the latter, the bidentate acetate
ligand is fully dissociated from MnD, with the remainder being
bound as a monodentate ligand at MnA and leaving behind an
additional open coordination site. This far more dramatic
reaction is associated with a large negative AAG, pushing the
system irreversibly toward the degraded product. NEB 3 falls
into the same category; there, a combination of cubane
opening and protonation by an H,O ligand at O4 irreversibly
results in the formation of a unique degradation product, xzzx-
0-H,0%, that is fully 0.37 eV lower in energy than the next
most stable isomer, zzzz-0-0*. It would seem that this process
could cause potentially irreversible damage to the catalyst, as
the breaking of a p-oxo bridge in the cubane core might
interfere with the facile transfer of electrons between Mn
centers, leading to a reduction in catalytic activity as this
degradation product accumulates and possibly disintegrates
even further. However, the irreversible protonation at O4 first
requires H,O to be bound as a ligand, which is thermodynami-
cally quite unfavorable at the 3333 oxidation state: The most
stable isomer that includes an H,O ligand bound to either
active site is the thermally unpopulated xzyz-H20-0* (0.29
eV, r(MnD—03) = 2.619 A); this isomer, in turn, is 0.29 eV
less stable than the reference structure without H,O ligands,
2222-0-0%. Alternatively, O4 could be protonated by a solvent
water molecule to form xzzx-0-H,O%. As the catalyst has been
shown in experiments to catalyze over 12 000 turnovers,d'6 we
can safely assume that deactivation by solvent-based
protonation of O4 must be associated with a substantial
kinetic barrier. The further investigation of this intriguing
process would require the inclusion of explicit solvent
dynamics and is therefore beyond the scope of this work.

4.3. Catalyst Regeneration (iWNA Cycle). Leaving aside
possible degradation products (in particular, xzzx-0-H,0%),
we now turn to the question of how 4444-OH-H,O is
regenerated from 3333-0-0 within the IWNA catalytic cycle of
3344-OAc. As noted above, this regeneration reaction formally
involves oxidation as well as ligand binding steps, making the
detailed characterization of a single preferred reaction pathway
extremely difficult. The binding of new water ligands to 3344-
OAc could occur at any oxidation state and has been shown to
be subject to reaction barriers of widely differing heights in the
context of catalyst activation.*® Therefore, we choose to focus
here solely on the thermodynamics of catalyst regeneration by
identifying the most stable intermediates for each oxidation
state and ligand configuration, shown in Figure 7.

To simplify the discussion, let us imagine that in place of the
many JT and redox isomers that we have sampled, only the
most stable isomer for each combination of redox state and
ligand configuration were thermally populated. This would
allow us to more easily compare intermediates featuring
different ligand configurations at the same oxidation state,
enabling us to estimate which of these intermediates could be

https://doi.org/10.1021/acscatal.2c06301
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Figure 7. Most stable intermediates for each oxidation state (left) and ligand configuration (top), together comprising the most thermodynamically
favorable regeneration pathways within the iWNA cycle. For each structure, the text box specifies JT isomer, relative Gibbs free energy (in eV), and
relative Boltzmann population at 298.15 K within the given oxidation state. The starting 3333-0-o0 and final 4444-OH-H,O structures are
highlighted in orange, intermediates with a relative population smaller than 5.0% are shaded in gray. Ligand exchange reactions are indicated by

blue arrows, and oxidation steps are indicated by black arrows.

populated at thermal equilibrium (orange and white boxes in
Figure 7). Although unpopulated intermediates (gray boxes in
Figure 7) may also play a role in catalyst regeneration
depending on the reaction conditions (e.g, applied over-
potential in electrocatalysis), a regeneration pathway featuring
only the most stable intermediates would result in the lowest
thermodynamic overpotential.””>”°

Starting at the 3333 oxidation state, an isomer of the o0-o
ligand configuration (zzzz-0-0%, 0.00 eV, 74.4%) is in
thermodynamic equilibrium with a structure bearing dis-
sociated H,O and acetate ligands (xzxx-H,0-0%, 0.05 eV,
25.0%). It appears that having open coordination sites at both
MnA and MnB is the most stable ligand configuration at the
3333 oxidation state. Oxidation to the 3334 state results in an
equilibrium between structures with one open coordination
site as well as one H,O ligand, zzy4-0-H,0 (3.92 eV, 64.6%)
and z4yx-H,0-0 (3.94 eV, 15.3%), and a structure with two
open coordination sites, zz4z-0-0* (3.95 eV, 20.1%). Oxidizing
to the 3344 oxidation state, the o-H,O configuration with an
open coordination site at MnB and H,O bound to MnA
becomes the most stable by far (4z4x-0-H,0, 8.38 eV, 99.4%).
This behavior is also found at the 3444 oxidation state, where
4z44-0-H,0 (13.57 eV, 98.8%) is the only significantly
populated intermediate. At the highest oxidation state 4444,
the expected final product 4444-OH-H,O (19.26 eV, 100%) is
also the most stable structure.

Table 1 shows the oxidation potentials of the oxidation steps
connecting the thermally populated intermediates in Figure 7
(ranges are given where several intermediates are populated).
We note that the potential of the last oxidation step is the
highest of the overall reaction: 1.41 V versus normal hydrogen
electrode (NHE) for 4z44-0-H,O to 4444-OH-H,O. This
value is just below the redox potential of the 3444-OH-H, O to
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Table 1. Oxidation Potentials versus Normal Hydrogen
Electrode Eyyg for Oxidation Steps between Thermally
Populated Intermediates Shown in Figure 7

oxidation step Enus” [V]
3333 — 3334 [-0.33; —0.41]
3334 — 3344 [0.15; 0.18]
3344 — 3444 0.91
3444 > 4444 1.41

“Potential ranges are given where several populated intermediates are
present.

4444-OH-H,0 oxidation observed experimentally during
catalyst activation, 1.47 eV vs NHE,* but slightly higher
than the potential of the same oxidation step in a comparable
OEC mimic, 1.3 V vs NHE.”” These results indicate that
oxidative regeneration of the 3344-OAc catalyst is energeti-
cally comparable to its activation as well as to parallel processes
in comparable structures.

4.4. Alternative Regeneration Pathways (iDC Cycle).
Finally, we discuss two alternative regeneration pathways
enabling an iDC-type water oxidation cycle. We hypothesized
that O, evolution according to such a mechanism could best be
enabled by first binding water ligands at a low redox state
(3333 or 3334), followed by combined deprotonation and
metal-centered oxidation through a series of PCET steps,
leading to a highly oxidized catalyst with terminal oxo ligands
(4444-0-0). For the pathway starting from 3333-H,0-OH,
already the first PCET step leads to a structure (yy4x-HO-
HO) that is 1.65 eV higher in energy than the next most stable
isomer belonging to the iWNA cycle, z4yz-OH-o0. A similar
result is obtained when starting instead from 3334-H,0-OH,
with the first PCET step leading to y44x-HO-HO, which is

https://doi.org/10.1021/acscatal.2c06301
ACS Catal. 2023, 13, 3007-3019

103



ACS Catalysis

pubs.acs.org/acscatalysis

Research Article

1.14 eV less stable than the next most stable isomer from the
iWNA cycle, z44x-OH-o. All further intermediates from these
two iDC regeneration pathways are also far less stable than
iWNA regeneration intermediates at the same oxidation state.
We therefore conclude that these particular iDC-type
regeneration pathways play no significant role in the reactivity
of our catalyst, although a different type of DC water oxidation
cycle may, of course, yet be discovered.

5. CONCLUSION

We determined the most favorable regeneration mechanism of
the biomimetic polyoxometalate water oxidation catalyst
[Mn**,Mn*,V,0,,(0Ac);]*>~ (3344-OAc), thereby complet-
ing the iWNA-type catalytic cycle. Starting from its least
oxidized 3333-0-0 form with two open coordination sides, the
first H,O ligand is able to bind at the 3334 oxidation state.
This oxidation state shows the greatest diversity of populated
ligand configurations. Afterward, the reaction converges to a
single pathway leading via 3344-0-H,O and 3444-0-H,0 back
to the activated species 4444-OH-H,O as the final product.
The second H,O ligand is bound and deprotonated together
with the final oxidation step. The catalyst’s ability to access a
variety of JT as well as redox isomers and ligand configurations
is key to achieving a highly efficient catalytic cycle, starting
with initial activation of the precatalyst 3344-OAc to 4444-
OH-H,0," then O, evolution leaving behind the deactivated
3333-0-0,"' and finally regeneration of 4444-OH-H,0.
Additionally, we investigated the feasibility of an alternative
iDC-type water oxidation cycle, initiated by binding water
ligands to 3333-0-0 followed by a series of PCET steps to
attain a highly oxidized species with two cofacial terminal oxo
ligands (4444-0-0). However, this alternative regeneration
pathway did not turn out to be thermodynamically favorable.
Since JT effects play a major role in determining the
reactivity and stability of this polyoxometalate water oxidation
catalyst, a tremendous in silico sampling effort was
indispensable to characterize the involved structures, resulting
in 159 individual stable minima found. This large-scale
theoretical investigation not only offers unprecedented insight
into the regeneration of 3344-OAc, but has additionally
produced several unforeseen results. Our sampling revealed
that the vanadate ligand is far less inert than previously
thought.*” Having the ability to participate in the formation of
surprisingly stable JT-distorted bonds, this hexadentate ligand
even demonstrated an ability to additionally interact with the
cubane core of the catalyst at the apical O1 atom, facilitated by
three JT axes cooperatively pushing O1 toward the vanadate.
Equally unexpectedly, we found many strongly distorted or
partially dissociated structures using our multistep sampling
approach. Two types of degradation processes were identified:
cubane opening and ligand dissociation. All barriers of
investigated reactions were quite low, underlining the role of
JT effects in facilitating the reactivity of the catalyst. Thus, in
the 3333 and 3334 oxidation states, the catalyst in many ways
appears to be less stable than at higher oxidation states;
however, the majority of the investigated catalyst degradation
reactions were found to be reversible. Only for specific ligand
configurations in the 3333 oxidation state, some forms of
ligand dissociation reactions may be irreversible. Most
interestingly, a unique degradation product was discovered,
which is most likely formed by protonation of O4 by solvent
water. While the kinetics of this process remain unknown, we
argue that a fairly high kinetic barrier is required to explain the
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high turnover observed in the experiments,” as the O4-
protonated structure is more stable than the deactivated
catalyst 3333-0-0. Nevertheless, this unusual structure offers a
first glimpse at how a loss of catalytic activity over time could
occur in 3344-OAc.

Looking to the future, greater understanding of the
fundamental principles involved in catalyst degradation could
be achieved through simulations in explicit solvation, thereby
contributing to the goal of imbuing this highly efficient
molecular catalyst with greater stability. From an experimental
point of view, the proposal of a complete catalytic cycle for
3344-OAc opens up many avenues for further investigation,
both to verify the accuracy of our proposal as well as to
operationalize the insights gained from these simulations. Chief
among these is the importance of JT effects for increasing the
water oxidation activity of catalysts that include d* metal
centers. This structure—property relationship is already well-
known in heterogeneous catalysis,**~***" and it is high time it
were applied to the development of molecular catalysts for
artificial water splitting.
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I. Analysis of heuristics for sampling target selection

In selecting which structures to target for sampling, we made use of a set of heuristic rules
derived by Mai et al. for the relative stability of Jahn-Teller (JT) and redox isomers of the 3344-
OAc catalyst and its derivatives.! These rules were developed on the basis of optimized
structures covering all oxidation states of the catalyst (3333, 3334, 3344, 3444, 4444) with one
H,0O and one OH ligand. They take the form of absolute energy values for each type of JT axis
that a structure might contain:

JT axes at MnA cost 7.5 kcal/mol.

A crossing of two JT axes costs 5 kcal/mol.

JT axes to the vanadate ligand cost 12 kcal/mol.
A crossing of three JT axes costs 17 kcal/mol.

i o e

In practice, these rules allow us to predict the energy of every conceivable isomer (relative to
a structure without JT distortions) by adding up the respective value for every JT axis in that
isomer. For example, z444-OH-H,O has a predicted energy of 7.5 kcal/mol, while z44y-OH-
H,O0 has a predicted relative energy of 24.5 kcal/mol. We thus created an energy ranking of all
isomers for each oxidation state of the catalyst. In the case of the 4444 and 3444 oxidation
states, the total number of symmetry-unique isomers is small enough so that all of them could
be sampled. For the 3344, 3334, and 3333 oxidation states, we decided to limit our sampling
to those isomers within less than 12 kcal/mol of the most stable isomer for each oxidation state,
thereby greatly reducing the computational cost of our study.

Having obtained a large number of optimized geometries and their respective Gibbs energies,
we now wanted to evaluate the utility and accuracy of the heuristic-based target selection by
comparing the predicted energies obtained using the heuristic rules E,,.; to the calculated
energies from our DFT calculations E,,.. To this end, we split the optimized geometries into
six groups according to their ligand configurations: 0-o contains all structures listed in table
S2; H,0-0/0-H,O contains all structures from tables S3 and S4; OH-0/0-OH contains all
structures from tables S5 and S6; OH-H,0O contains all structures listed in table S7; PCET 1
contains all structures from table S8; and PCET 2 contains all structures from table S9 (see
section II). Within each of these groups, the most stable isomer belonging to a specific ligand
configuration and oxidation state is used as a reference for that combination of ligand
configuration and oxidation state by defining its £y, as equal to its E,,.q. Other structures of
the same ligand configuration and oxidation state then have their £, defined relative to this
reference, allowing us to compare values across multiple oxidation states and ligand
configurations. These reference structures are omitted in the linear fits shown in figure S1, as
they have an absolute error of 0.0 kcal/mol by definition.

Figure S1 shows linear fits obtained by plotting E,..; vs E.y. for each of the six groups of
structures, while Table S1 shows the fit parameters: slope, intercept, R?, and the mean absolute
error (MAE). Ideally, these linear fits should have a slope of 1, an intercept of 0, R = 1.0, and
MAE = 0.0; this would indicate that the heuristics-derived energies perfectly predict the DFT-
calculated energies. Deviations from these ideal values allow us to evaluate the accuracy and
precision of the heuristic predictions.
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Figure S1: Linear fits of heuristics-predicted E,,,.; vs DFT-calculated £, (in kcal/mol) for all
six groups of structures. The blue dashed lines represent the linear fits, while the grey unbroken
line represents an ideal fit with a slope of 1 and intercept of 0.

Table S1: Parameters of the linear fits shown in figure S1: number of structures, slope,
intercept, R?, and MAE (in kcal/mol). In the latter four categories, the values closest to an ideal
fit are highlighted in bold.

Group 0-0 I:_z}(l)z'g/ f))_lg)';’l/ OH-H,0 | PCET1 | PCET?2
Structures 12 18 15 31 29 18
Slope 0,75 0,55 0,54 0,95 0,79 0,60
Intercept -3,37 4,06 5,88 0,45 -0,43 3,40
R? 0,76 0,68 0,52 0,86 0,66 0,20
MAE 10,94 14,23 9,82 7,02 14,61 6,24

For all six groups of structures, the linear fits show that the predicted energies are able to at
least qualitatively reproduce the calculated energies: all slopes are positive, showing that the
energy ranking from low- to high-energy structure is comparable between predicted and
calculated energy values. Non-zero intercept values are a lesser concern, as they represent an
overall bias in the prediction affecting all structures equally and therefore not interfering with
the correct energy ranking. In all cases, the energies of less stable structures with a greater
number of JT axes are at least slightly underestimated, shown by the downward deviation of
the linear fits (blue dashed lines) from the ideal fit (grey unbroken line) in figure S1. A small
degree of overestimation of relative energies can be observed for structures under 10 kcal/mol
calculated energy in the H,0-0/0-H,O, OH-0/0-OH, and PCET 2 groups, but as only
structures occupying the higher oxidation states of the catalyst (of which all possible isomers
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were sampled) occupy this energy range, this overestimation does not reflect negatively on the
practical accuracy of our heuristics. The highest precision is achieved in the OH-H,O group,
which was to be expected as this is the ligand configuration the heuristic rules were developed
for. As already noted by Mai et al., the energy “costs” associated with each type of JT axis are
heavily dependent on the ligand configuration of the system.! This observation is confirmed by
the significantly lower R? values obtained for the other five groups of structures. Finally, the
MAE values allow us to quantify the error separating predicted and calculated energies in terms
of a mean absolute deviation in kcal/mol for each of the groups of structures. Again, the OH-
H,O group has the lowest value among the first four groups, which each cover all investigated
oxidation states of the catalyst. The MAE of the PCET 2 group is even lower, but this is mainly
because this group only contains structures from the 3344, 3444, and 4444 oxidation states
bearing fewer JT axes.

I1. Tables of stable isomers

In the following, a table for each ligand configuration in the different oxidation states is
provided, collecting relative Gibbs energies, relative Boltzmann populations at thermal
equilibrium (T = 298.15 K) and spin populations.

Table S2: Unique isomers for the ligand configuration with two open coordination sites (0-0),
grouped according to the overall oxidation state of the cubane core, charge q and multiplicity
2S+1. Columns from left to right: Oxidation state of the cubane core; name of isomer; Gibbs
free energy relative to zzzz-0-0* (in eV); relative Boltzmann population at thermal equilibrium
(T = 298.15 K); spin populations of MnA-D. Further notes: other spin populations over 0.15
with their atom name and number, 1 = structure obtained by applying two constraints along at
least one JT axis. Structures with Boltzmann populations over 5.0% are highlighted in bold.

Ox. AG e Spin populations
state Isomer V] TP MpA MnB  MnC MaD O
4 q=0 25+ =13
4444-0-0 2119 100%  3.04 295 285 285
—1 2S+1 = 14
sagy | 7400 1479 0.0% 395 297 293 293 %
444%-0-0 1473 0.0% 3.03 297 292 386 %
4744-0-0 1449  100%  3.04 388 292 292 %
q=-2 25+ =15
44y7-0-0 928  0.0% 301 297 386 3.86 t
aay | Myxeoo 925  0.0% 3.02 293 38 3.86 1
244%-0-0 9.04  0.0% 389 298 298 389 %
424%-0-0 9.02  00% 3.03 386 296 3.85
2244-0-0 872 100% 390 389 299 299
q=-3 25t1=16
4zyz-0-0* 443 00% 3.00 384 386 387 0O10.17,+
3334 zdyx-0-0 427  0.0% 389 294 389 389 +
224%-0-0 401 97% 390 387 300 3.88 010.15,F
2247-0-0* 395 903% 393 388 3.03 387 1
3333 q=-4 25+ =17
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zzyX-0-0* 0.46 0.0% 3.96 3.93 3.87 3.87 010.25

Z717-0-0 0.06 5.5% 3.91 3.87 3.88 3.88 T
ZZy7-0-0* 0.04 26.3% 391 3.86 3.90 3.87 0O10.18, f
Z7717-0-0% 0.00 68.2% 391 3.92 3.88 3.88 f

Table S3: Unique isomers for the ligand configuration with H,O bound to MnB and and open
coordination site at MnA (H,0-0), grouped according to the overall oxidation state of the
cubane core, charge q and multiplicity 2S+1. Columns from left to right: Oxidation state of
the cubane core; name of isomer; Gibbs free energy relative to zzzz-0-0* (in eV); relative
Boltzmann population at thermal equilibrium (T = 298.15 K); spin populations of MnA-D.
Further notes: other spin populations over 0.15 with their atom name and number, { =
structure obtained by applying two constraints along at least one JT axis. Structures with
Boltzmann populations over 5.0% are highlighted in bold.

Ox. AG e Spin populations
state  oueture V] T MpA MnB  MnC MaD O
wai q=0 25+ =13
4444-H,0-0 2022  100%  3.04 293 287 287
q=-1 2S+1 = 14
3444 444x-H,0-0 1400 21.4%  3.04 298 294  3.86
2444-H,0-0 1395 78.6% 390 296 295 295
344 q=-2 25+1=15
24y4-H,0-0 851 100% 390 3.00 389 299
q=-3 2S+1 =16
3334 724x-H,0-0 3.96 46.9% 390 389 3.00 3.89
24yx-H,0-0 394 531% 390 298 3.89  3.89
— 4 25+ =17
2zxz-H,0-0% 054 0.0% 392 387 387 388 02020
2xyx-H,0-0 050  0.0% 394 386 389 390 O10.15

3333
zzyx-H,0-o* 0.39 0.0% 3.95 3.84 3.87 3.87 010.31

zzzx-H,0-0% 0.05 42.6% 391 3.86 3.87 390 010.19
xzxx-H,0-0* 0.05 57.4% 3.93 3.87 3.87 3.85 010.22

Table S4: Unique isomers for the ligand configuration with an open coordination site at MnB
and H,O bound to MnA (0-H,0), grouped according to the overall oxidation state of the cubane
core, charge q and multiplicity 2S+1. Columns from left to right: Oxidation state of the cubane
core; name of isomer; Gibbs free energy relative to zzzz-0-0* (in eV); relative Boltzmann
population at thermal equilibrium (T = 298.15 K); spin populations of MnA-D. Further notes:
other spin populations over 0.15 with their atom name and number, § = structure obtained by
applying two constraints along at least one JT axis. Structures with Boltzmann populations
over 5.0% are highlighted in bold.

Ox. AG,e Spin populations

Structu Pop.
ructure " MnA MnB MnC MnD

Not
state [eV] otes
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q=0 2S+1=13

M l440H,0 2001 100% 304 295 288 288
3444 =1 2S+1 = 14
4744-0-H,0 1357 100% 3.04 388 294 294
=2 2S+1=15
3344 HyxoH0 870  0.0% 3.04 293 387 387
xz44-0-H,0 856  0.1% 391 391 299  3.00
4z4x-0-H,0 838 99.9% 304 3.8 297 3.86 010.15
q=-3 2S+1 =16

4zyx-0-H,O* 4.32 0.0% 3.04 3.80 3.84 3.84 010.34
4zxx-0-H,O 4.17 0.0% 3.00 3.85 3.88 3.87 010.16
3334 xz4x-0-H,O 4.10 0.1% 3.92 3.88 3.01 3.89 0O10.15

472x-0-H,0 404  1.0% 3.01 384 388 3.86 010.17
xzy4-0-H,0 404  12% 391 388 389  3.03
zzy4-0-H,0 392 977% 392 387 389 3.01 010.16

q=-4 2S+1 =17
xzyx-0-H,0* 072  0.0% 392 393 388 3.87 010.24
xzyy-0-H,0 047  0.0% 392 394 390 3.89
3333 xzxx-0-H,0 043  00% 392 387 387 3.89 010.19

xzyz-0-H,O* 0.29 0.0%  3.95 3.92 3.90 3.89
zzzx-0-H,O0* 0.14 0.0%  3.93 3.91 3.87 3.90 O10.17
xzzx-0-H,O0* -0.37  100% 3.91 3.90 3.87 3.89 010.15

Table SS5: Unique isomers for the ligand configuration with an open coordination site at MnB
and OH bound to MnA (0-OH), grouped according to the overall oxidation state of the cubane
core, charge q and multiplicity 2S+1. Columns from left to right: Oxidation state of the cubane
core; name of isomer; Gibbs free energy relative to zzzz-0-0* (in eV); relative Boltzmann
population at thermal equilibrium (T = 298.15 K); spin populations of MnA-D. Further notes:
other spin populations over 0.15 with their atom name and number, { = structure obtained by
applying two constraints along at least one JT axis. Structures with Boltzmann populations
over 5.0% are highlighted in bold.

Ox. AGe Spin populations

state Structure [eV] Fop. MnA MnB MnC MnD Notes
waa q=-1 25+ = 13
4444-0-OH 20.23 100% 2.94 2.97 2.92 2.91
W q=-2 25+1 = 14
4744-0-OH 14.04 100% 2.97 3.89 2.98 2.98
q=-3 28+1 =15
3344 yz44-0-OH 9.41 0.6% 3.88 3.91 3.02 3.02
4zy4-0-OH 9.28  99.4% 3.02 3.87 3.88 299 010.16
3334 q=-4 2S+1 =16
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4zxx-0-OH 553 0.0% 3.02 386 387 3.88 010.16

4zyz-0-OH 539 03% 3.01 385 388 3.89 010.17

yzy4-0-OH 526 369% 394 389 390 3.03 010.16

yzdx-0-OH 525 629% 393 389 3.04 3.90

q=-5 2S+1 =17

yzyx-0-OH* 205  0.1% 395 385 389 3.89 010.28
3333 xzxx-0-OH 200 04% 393 388 3.88 3.89 010.18

xzxz-0-OH 1.94  49% 391 392 389 3.90

xzyz-0-OH 1.86  94.6% 393 386 390 390 0O10.16

Table S6: Unique isomers for the ligand configuration with OH bound to MnB and an open
coordination site at MnA (OH-0), grouped according to the overall oxidation state of the
cubane core, charge q and multiplicity 2S+1. Columns from left to right: Oxidation state of the
cubane core; name of isomer; Gibbs free energy relative to zzzz-0-o* (in eV); relative
Boltzmann population at thermal equilibrium (T = 298.15 K); spin populations of MnA-D.
Further notes: other spin populations over 0.15 with their atom name and number, = structure
obtained by applying two constraints along at least one JT axis. Structures with Boltzmann
populations over 5.0% are highlighted in bold.

Ox. AG e Spin populations
state  oteture ev] % MnA MnB MnC MnD O
1444 q=-1 2S+1 =13
4444-OH-o0 20.35 100% 3.04 2.90 2.91 291
q=-2 2S+1 =14
3444 444x-OH-o 14.67 0.0% 304 295 296 3.86
z444-OH-o 1445 100% 390 294 298 298
3344 q=-3 2S+1 =15
744x-OH-o 9.50 100% 3.90 2.99 3.01 3.89
q=-4 2S+1 =16
zxy4-OH-o 5.60 02% 389 389 390 3.03
3334 zx4x-OH-o0 5.59 04% 394 388 3.03 390
z4yx-OH-o0 5.55 0.8% 391 3.03 387 387 0O10.15
z4yz-OH-o 544  98.6% 3.93 3.05 391 3.88
q=-5 2S+1 =17
zzyx-OH-o* 2.84 0.0% 395 387 388 3.88 010.19
1333 zxzx-OH-o* 2.09 0.0% 3.89 391 3.88  3.89
zxyx-OH-o* 2.03 0.1% 392 391 3.88 3.85 010.18
yyyx-OH-o* 1.90 28.9% 3.89 3.91 3.84 3.88 010.18
xxxx-OH-o0* 1.88 71.0% 390 3.89 389 3.87
S7
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Table S7: Unique isomers for the ligand configuration with an OH and an H,O ligand, grouped
according to the overall oxidation state of the cubane core, charge q and multiplicity 2S+1.
Columns from left to right: Oxidation state of the cubane core; name of isomer; Gibbs free
energy relative to zzzz-0-0* (in eV); relative Boltzmann population at thermal equilibrium (T
= 298.15 K); spin populations of MnA-D. Further notes: other spin populations over 0.15 with
their atom name and number, f = structure obtained by applying two constraints along at least
one JT axis. Structures with Boltzmann populations over 5.0% are highlighted in bold.

Ox. AG e Spin populations
state Structure [eV] Fop. MnA MnB MnC MnD Notes
q=-1 25+1 = 13
4444  4444-H,0-OH 19.28  29.6% 2.98 2.94 2.93 2.93
4444-OH-H,0 19.26  70.4% 3.03 2.93 2.93 2.93
q=-2 2S+1 = 14
x444-OH-H,0 14.04 0.0% 391 2.98 2.98 2.98
3444  z444-OH-H,0 14.03 0.0% 3.91 2.97 2.99 2.99
444x-H,0-OH 13.71  41.9% 3.03 2.99 2.99 3.88
4744-H,0-OH 13.69 58.1% 3.01 3.88 2.99 299 7
q=-3 2S+1=15
zz44-OH-H,0 9.50 0.0% 3.92 3.86 3.03 3.03
44xx-OH-H,0 9.31 0.0% 3.02 3.01 3.86 388 T
4x4x-OH-H,O 9.25 0.0% 3.03 3.88 2.99 388 T
3344 z44x-OH-H,0 9.21 0.1% 3.92 3.02 3.02 3.90
x44x-H,0-OH 9.19 0.3% 3.90 3.03 3.03 3.90
y44x-H,0-OH 9.17 0.8% 3.91 3.03 3.03 3.90
xz44-H,O-OH 9.16 1.3% 3.89 3.92 3.02 3.02
44yx-H,0-OH 9.10 5.9% 3.05 2.98 3.88 3.88
474x-H,0-OH 9.05 91.5% 3.04 3.88 2.99 3.88
q=4 2S+1=16
4xxx-H,0-OH* 5.47 0.0% 3.02 3.87 3.88 3.89 ¥
4xyy-H,0O-OH 5.46 0.0% 3.02 3.88 3.88 3.89 ¥
4zyx-H,O-OH* 5.44 0.0% 3.07 3.85 3.85 3.85 010.28
4zzz-H,0-OH 5.40 0.0% 3.01 3.88 3.88 388 T
zx4x-OH-H,0 5.36 0.0% 3.92 3.89 3.03 390 F
4zxx-H,0O-OH 5.36 0.0% 3.03 3.88 3.88 387 ¥
3334 4xzx-H,O-OH 5.35 0.0% 3.03 3.88 3.89 3.88 T
zy4x-OH-H,0 5.34 0.0% 3.92 3.90 3.04 391 ¢
x4yz-OH-H,0 5.34 0.0% 3.92 3.06 3.90 390 T
7z4yx-OH-H,0 5.33 0.0% 3.93 3.04 3.89 389 7
4xyx-H,O-OH 5.30 0.1% 3.04 3.87 3.88 387 F
4zyz-H,0-OH 5.28 0.2% 3.03 3.87 3.87 3.88 T
x4yx-H,O-OH 5.22 3.0% 3.92 3.01 3.90 3.90
xz4x-H,0-OH 5.18  12.7% 3.91 3.91 3.02 390 T
yz4x-H,0-OH 5.13  83.8% 3.91 3.91 3.03 3.90
S8
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3333

q=-5
zxyx-OH-H,0*
yzyx-H,O-OH*
yzyy-H,O-OH*
xzyy-H,O-OH*
xxyx-H,O-OH
yzzx-H,0-OH*

25+1 =17

2.09 0.1%
2.05 0.4%
2.04 0.5%
2.03 0.7%
1.98 5.5%
191 92.8%

3.92
3.93
3.91
3.91
3.93
3.93

3.89
3.87
3.88
3.89
3.87
3.86

3.89
3.88
3.89
3.89
3.90
3.90

3.88
3.88
3.87
3.88
3.89
3.90

T
010.25

010.18, 1
010.16,
010.16, 1
010.16,

Table S8: Unique isomers from the first PCET pathway, comprising those with two OH
ligands, those with one oxo and one OH ligand, and those with two oxo ligands; grouped
according to the overall oxidation state of the cubane core, charge q and multiplicity 2S+1.
Columns from left to right: Oxidation state of the cubane core; name of isomer; Gibbs free
energy relative to zzzz-0-0* (in eV); relative Boltzmann population at thermal equilibrium (T
= 298.15 K); spin populations of MnA-D. Further notes: other spin populations over 0.15 with
their atom name and number, 7 = structure obtained by applying two constraints along at least
one JT axis. Structures with Boltzmann populations over 5.0% are highlighted in bold.

Ox. AG,e Spin populations
Structu Pop. Not
state ructure [eV] P MnA MnB MnC MnD otes
q=-5 28+1-14
050.35
=()- 0 B
3444 x444-0-0 19.80 0.4% 3.76 2.71 3.04 3.04 06 0.17
050.39
=()- o B
444x-0-0 19.66  99.6% 2.71 2.67 3.01 3.89 060,38, +
=-5 2S+1 =15
xx44-OH-0O 13.70 0.0% 3.77 3.87 3.02 299 060.15,
44xx-0O-OH 13.59 0.0% 3.02 2.75 3.87 3.87 050.30,
4x4x-0O-OH 13.58 0.0% 3.01 3.78 3.00 389 7
010.18
- - 0 ?
44yx-O-OH 13.57 0.0% 3.03 2.76 3.85 3.85 05 0.30
3344 44yz-O-OH 13.47 0.0% 3.02 2.76 3.88 3.87 050.30,
x44x-OH-0O 13.36 2.7% 3.78 3.03 3.04 3.91
44yx-OH-O 13.33 4.1% 2.76 3.04 3.88 3.88 060.33
y44x-0-OH 13.32  14.4% 3.90 2.77 3.02 390 050.29, 1
x44x-0-OH 13.31 17.5% 3.90 2.77 3.02 3.90 050.29
4x4x-OH-0O 13.30  26.7% 2.76 3.88 3.03 3.90 060.30,
4y4x-OH-O 13.30 34.4% 2.76 3.90 3.03 3.90 060.31,
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3334

q=-5
4zzz-HO-HO
xz4z-HO-HO
4xyy-OH-OH
4xyy-HO-HO
4xxx-OH-OH*
4xxx-HO-HO*
4xyx-OH-OH
x4xx-OH-OH
4xzx-HO-HO
x4xx-HO-HO
y4yx-OH-OH
4yyx-HO-HO
yy4x-OH-OH
y4yx-HO-HO
x4yz-OH-OH
xx4x-HO-HO
x4yz-HO-HO
xx4x-OH-OH
yy4x-HO-HO

2S+1 =16

7.68
7.63
7.44
7.42
7.40
7.40
7.31
7.29
7.27
7.26
7.25
7.24
7.22
7.22
7.20
7.19
7.17
7.10
7.09

0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.1%
0.1%
0.1%
0.2%
0.4%
0.4%
0.9%
1.4%
2.5%
40.1%
53.7%

3.01
3.90
3.01
3.04
3.02
3.03
3.04
3.91
3.03
3.91
3.92
3.04
3.90
391
3.92
3.90
3.93
3.91
3.92

3.87
3.88
3.90
3.91
3.89
3.89
3.89
3.06
391
3.06
3.05
3.89
3.90
3.05
3.05
3.88
3.05
3.88
3.89

3.87
3.03
3.88
3.88
3.88
3.88
3.87
3.88
3.88
3.88
3.88
3.87
3.04
3.89
3.90
3.03
3.90
3.03
3.04

3.87
3.88
3.89
3.89
3.88
3.89
3.86
3.89
3.89
3.90
3.89
3.88
3.91
3.839
3.90
3.90
3.90
3.90
3.92

10.16

10.16

— = =k = O —F = O —F —b —F —F —F —F = —F —F —F

Table S9: Unique isomers from the second PCET pathway, comprising those with two OH
ligands, those with one oxo and one OH ligand, and those with two oxo ligands; grouped
according to the overall oxidation state of the cubane core, charge q and multiplicity 2S+1.
Columns from left to right: Oxidation state of the cubane core; name of isomer; Gibbs free
energy relative to zzzz-0-0* (in eV); relative Boltzmann population at thermal equilibrium (T
= 298.15 K); spin populations of MnA-D. Further notes: other spin populations over 0.15 with
their atom name and number, 1 = structure obtained by applying two constraints along at least
one JT axis. Structures with Boltzmann populations over 5.0% are highlighted in bold.

Ox.

4 Grel

Spin populations

state Structure [eV] Fop. MnA MnB MnC MnD Notes
q=-4 25+ = 13
4444 , 05 0.42
4444-0-0 23.58 100% 2.63 2.61 3.02 3.02 06 0.43
q=-4 25+1 =14
4744-O-OH 17.31 0.0% 2.98 3.77 3.01 3.01 7
3444 4x44-OH-0O 17.20 0.0% 2.69 3.87 3.01 3.02 060.36,
y444-O-OH 17.12 0.0% 3.88 2.71 3.01 3.01 050.32
444x-0-OH 16.95 12.6% 3.00 2.70 2.99 3.88 050.34
444x-OH-O 16.90 87.4% 2.70 2.99 3.02 3.89 060.37
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q=-4 2S+1 =15
yz44-HO-HO  11.04  0.0% 3.88 3.87 3.04 3.04 *
xx44-OH-OH 1097  0.0% 3.89 3.87 3.01 3.02 *
44xx-OH-OH 1091  0.0% 3.02 3.00 387 3.88 7
44yx-OH-OH 1082  0.0% 3.04 3.01 3.86 3.86
44yz-OH-OH  10.76  02%  3.02 3.02 3.88 3.88
4y4x-OH-OH  10.74  0.5%  3.02 3.88 3.02 3.89 *
3344 My<HOHO 1074 03% 302 302 387 387
44yz-HO-HO 1073 1.0%  3.02 3.03 3.88 3.88 f
4x4x-OH-OH 1071  23% 3.02 3.87 301 389 +
4y4x-HO-HO ~ 10.70  3.2%  3.02 3.89 3.02 389 *
4x4x-HO-HO  10.67 10.8%  3.01 3.88 3.02 3.89 *
x44x-OH-OH  10.66 11.3% 390 3.03 3.03  3.90
y44x-OH-OH  10.66 16.2% 391 3.03 3.03  3.90
x44x-HO-HO  10.65 23.9% 390 3.03 3.03  3.90
y44x-HO-HO  10.64 302% 3.89 3.03 3.03 390 f
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II1. Interatomic distance analysis

In the following, histograms of the interatomic distances between each Mn center and every
one of its coordinating atoms is provided. For the most part, these show a common pattern: two
peaks representing bonds not lengthened by JT distortions and JT-distorted bonds, respectively,
and outliers above 2.5 A representing partly dissociated structures.
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Figure S2: Interatomic distance distributions (in A) for MnA and its coordination partners
(bonds highlighted in blue in the insets). a) r((MnA-O4), b) r(MnA-OAc) along x axis, c)
r(MnA-03), d) r(MnA-OAc) along y axis, €) r((MnA-0O2), f) r(MnA-O6).
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Figure S3: Interatomic distance distributions (in A) for MnB and its coordination partners
(bonds highlighted in blue in the insets). a) r(MnB-03), b) r(MnB-OV) along x axis, ¢) r(MnB-
04), d) r(MnB-OV) along y axis, ¢) r((MnB-O1), f) r(MnB-O5).
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Figure S4: Interatomic distance distributions (in A) for MnC and its coordination partners
(bonds highlighted in blue in the insets). a) r(MnC-02), b) r(MnC-OV) along x axis, ¢) r(MnC-
01), d) r((MnC-OAc) along y axis, ¢) r(MnC-04), f) r(MnC-OV) along z axis.
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Figure S5: Interatomic distance distributions (in A) for MnD and its coordination partners
(bonds highlighted in blue in the insets). a) r(MnD-O1), b) r(MnD-OAc) along x axis, c)
r(MnD-02), d) r(MnD-OV) along y axis, ) r(MnD-03), f) r(MnD-OV) along z axis.
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IV. Nudged elastic band simulation results

In the following, figures summarizing the results of the nudged elastic band calculations NEB
1-6 are provided, showing the reactant and product structures, electronic energy changes along
the minimum energy pathways, and significant bond distance changes along the minimum
energy pathways indicating a reaction has taken place. Small changes in Mn-O interatomic
distances (below 0.4 A) typically represent a JT or redox isomerization, while larger changes
point toward bond dissociations.
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Figure S6: Results summary of the NEB 1 and NEB 2 calculations. a,d) Reactant and product
structures with energies calculated at the B3LYP-D3/ZORA-def2-TZVP//B3LYP-D3/ZORA-
def2-SVP level of theory. b,e) Energy changes along the minimum energy paths, calculated at
the B3LYP-D3/ZORA-def2-SVP level of theory. c,f) Bond length changes along the minimum
energy paths, in both cases showing fluctuation between two JT minima.
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Figure S7: Results summary of the NEB 3 and NEB 4 calculations. a,d) Reactant and product
structures with energies calculated at the B3LYP-D3/ZORA-def2-TZVP//B3LYP-D3/ZORA-
def2-SVP level of theory. b,e) Energy changes along the minimum energy paths, calculated at
the B3LYP-D3/ZORA-def2-SVP level of theory. c,f) Bond length changes along the minimum
energy paths, in both cases the emergence of JT distortions in line with the studied degradation
process can be observed before bond cleavage.
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Figure S8: Results summary of the NEB 5 and NEB 6 calculations. a,d) Reactant and product
structures with energies calculated at the B3LYP-D3/ZORA-def2-TZVP//B3LYP-D3/ZORA-
def2-SVP level of theory. b,e) Energy changes along the minimum energy paths, calculated at
the B3LYP-D3/ZORA-def2-SVP level of theory. c,f) Bond length changes along the minimum
energy paths, in both cases JT distortions in line with the studied degradation are present in

both the reactant and product structure.
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